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Abstract
Background ‒ Diabetic retinopathy (DR), as a frequent
complication of diabetes mellitus, is a common cause of
vision impairment and blindness. Microglial activation
plays an important role in the pathological cascade of
DR, and novel potential therapeutics is needed to interfere
with this process. Petunidin (PET) is one of the most abun-
dant natural anthocyanins with the biological activities of
anti-inflammation, anti-cancer, and anti-microbial.
Objective ‒ The purpose of this study is to investigate the
effect of PET against lipopolysaccharide (LPS)-induced ret-
inal microglia inflammatory response as well as the under-
pinning mechanism.
Methods ‒ Cell viability was determined using MTT assay.
Cytokines secretion was determined using ELISA assay.
iTRAQ-based proteomic analysis was used for the identifica-
tion of differentially expressed proteins. Western blot ana-
lysis, Co-IP and immunofluorescence analysis were applied
in the study.
Results ‒ The results showed that PET pre-treatment sig-
nificantly reduced LPS-induced cytokines secretion in BV2
cells and primary retinal microglia, as well as lipocalin 2
(LCN2) upregulation in BV2 cells by suppressing activation
of O-GlcNAc modification and activation of NF‑κB. Further
study revealed that PET inactivated NF‑κB by down-regu-
lating OGT in BV2 cells, indicating that the protective effect
of PET against LPS-induced retinal microglia inflammatory

response was achieved by regulating OGT/NF-κB/LCN2
axis.
Conclusion ‒ Our findings may contribute to the potential
clinical use of PET in treating DR and suggest OGT/NF-κB/
LCN2 axis may be the potential therapeutic target of this
disease.
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1 Introduction

Diabetic retinopathy (DR), the major ocular complication
of diabetes mellitus, becomes a significant global health
issue [1]. Currently, anti-vascular endothelial growth factor
therapy demonstrates remarkable clinical benefits in
patients with later-stage DR; however, treating early-stage
DR remains challenging [2,3]. Laboratory and clinical evi-
dence indicate that before the onset of microvascular
changes, inflammation, and retinal neurodegeneration
may contribute to diabetic retinal damage in the early-
stage of DR [4–7]. Further investigation of the underlying
molecular mechanisms may provide targets for the devel-
opment of new early interventions. Microglia, the defense
and homeostatic cells of the immune system that originate
from bone marrow progenitor cells, is involved in the
pathological process of inflammation, oxidative stress,
angiogenesis, and tissue healing processes in DR [8–10].
Therefore, to investigate the possible regulatory role of
retinal microglial cells in early-stage DR may provide
new targets and insights for early intervention of DR.

Increased evidence indicates that the natural com-
pounds from fruits and vegetables, such as flavonoids,
exert a diverse array of biological and pharmacological
effects and are increasingly acknowledged as promising
candidates for therapeutic applications [11,12]. Anthocya-
nins as a subclass of flavonoids demonstrate a spectrum of
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health-promoting benefits in human diseases, such as
cancer, diabetes, obesity, and cardiovascular disease, due
to their antioxidant properties [13–15]. Petunidin (PET) is a
type of anthocyanin and exhibits anti-oxidative and anti-
inflammatory properties and active sites through both in
silico and in laboratory experiments [16,17]. Cai et al.
reported that PET prevents cardiomyocytes apoptosis by
inhibiting the production of ROS, reducing oxidative stress,
and regulating the NOX4 signaling [18]. Liu et al. have
reported that PET improves thyroid dysfunction by sup-
pressing apoptosis, oxidative stress, and Th1/Th17 differen-
tiation through regulation of the NOX4/PKM2 axis in HT
mice [19]. However, the anti-inflammatory effect and mole-
cular mechanism of PET’s pharmacological activity on DR
has never been explored.

In the present study, using lipopolysaccharide (LPS)-
stimulated BV2 microglia and primary retinal microglia
(PRMC) as in vitro model due to the previous reports
[20,21], we sought to examine whether PET has the protec-
tive effect against microglial dysfunction under diabetic
stress and further investigate the underlying mechanism.

2 Materials and methods

2.1 Chemicals and reagents

PET chloride (C16H13O7Cl), SN50, and nuclear factor-κB (NF-
κB) activator 1 were obtained from MCE (Shanghai, China).
Reagents for cell culture were obtained from Life
Technology (Waltham, MA, USA). The ELISA kits for TNF-α,
IL-1β, and IL-18 were obtained from Solarbio Biotech
(Beijing, China). Antibodies were obtained from Santa Cruz
Biotechnology (Dallas, CA, USA) and Abcam (Cambridge, MA,
USA) as follows: lipocalin 2 (LCN2) (cat. no. ab125075, Abcam,
1:1,000), p65 (cat. no. ab32536, Abcam, 1:1,000), O-GlcNAc (cat.
no. ab308178, Abcam, 1:1,000), OGT (cat. no. ab177941, Abcam,
1:1,000), and GAPDH (cat. no. sc-365062, Santa Cruz, 1:500).
Other chemicals and reagents were purchased from
Beyotime Institute (Nantong, China) and Sangon Biotech
(Shanghai, China).

2.2 Cell culture and treatment

The microglial cell line BV2 and HEK293T cells were
obtained from the American Type Culture Collection
(ATCC, Manassas, VA, USA). Cells were seeded at a density
of 20,000 cells/cm² and cultured in DMEM medium

supplemented with 10% fetal bovine serum (FBS), 100 U/mL
penicillin, and 100 μg/mL streptomycin at 37°C with a humi-
dified atmosphere of 95% air and 5% CO2.

PRMC was isolated from eyeball residues of an adult
human donor in Wuxi No. 2 People’s Hospital, Jiangnan
University Medical Center as previously reported [22,23].
The study was approved by the Ethics Committee (License
NO. YL202121) and signed informed consent was obtained
from the participant. Briefly, retinal tissues were dissected
from eyeball remnants, minced with scissors, and thor-
oughly mixed with trypsin digestion solution. The tissue
fragments were then filtered through a cell strainer and
seeded into poly-lysine-coated flasks containing DMEM/
F-12 medium supplemented with 15% FBS, 1% penicillin/
streptomycin, and 25 ng/mL macrophage colony-stimu-
lating factor (Beyotime, Nantong, China). After 1 week of
culture, the cells were characterized through Iba-1 immu-
nofluorescence staining before being used for subsequent
experiments.

Following treatment with various concentrations of
PET for 24 h, cells were primed with LPS at a concentration
of 0.1 μg/mL for an additional 24 h. For cell transfection,
pcDNA3.1-LCN2 or pcDNA3.1-OGT (Genescript, Nanjing,
China) was introduced into the cells using Lipofectamine
2000 (Life Technologies) according to the manufacturer’s
instructions.

2.3 Cell viability assay

MTT (3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium
bromide) assay was used to determine cell viability. After
treatment, MTT solution (0.5 mg/mL, 100 μL) was added to
the cell culture, which was further incubated for 3 h at
37°C. After removing the medium, DMSO (dimethyl sulf-
oxide, 150 μL) was added to the cell culture for 10 min
with gentle shaking. The absorbance was detected with a
microstrip reader (BioRad Laboratories, Hercules, CA, USA)
at 490 nm wavelength.

2.4 ELISA analysis assay

The levels of IL-1β, TNF-α, and IL-18 in the medium of BV2
cells or PRMC with the indicated treatment were analyzed
using ELISA kit according to the manufacturer’s instruc-
tions. The absorbance was measured at 450 nm using a
microplate reader (BioRad Laboratories, Hercules,
CA, USA).
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2.5 Western blot analysis

Whole-cell extracts were prepared in lysis buffer as pre-
viously described [24]. The lysates were centrifuged, and
the supernatants were collected. Protein concentrations
were determined using the Bradford assay. Twenty micro-
grams of protein were separated by 10% SDS-PAGE and
transferred to polyvinylidene fluoride membranes. The
membrane was then blocked and incubated with the pri-
mary antibody overnight at 4°C. After being washed three
times with TBST, the membrane was incubated with horse-
radish peroxidase-conjugated secondary antibody at 37°C
for 2 h. The antibody binding was detected using an
enhanced chemiluminescence detection kit.

2.6 iTRAQ-based proteomic analysis

Cells were harvested and lysed, and protein concentration
was determined using the BCA assay. Subsequently, the iTRAQ-
based proteomic analysis was divided into two phases. The
preliminary experimental procedure included the following
steps: protein extraction, protein quantification, proteolytic
digestion, mass spectrometry, and database searching. The

formal experiment was conducted based on the preliminary
steps and comprised iTRAQ peptide labeling, fractionation,
mass spectrometry analysis, and database comparison.

2.7 Dual-luciferase reporter assay

To evaluate the effect of p65 (NF-κB) on LCN2, HEK293T cells
were plated in 6-well plates and co-transfected with either
pcDNA3.1-vector or pcDNA3.1-p65, and either pGL3-LCN2 WT
or pGL3-LCN2 MUT (Genepharma, Shanghai, China) using
Lipofectamine 2000. Forty-eight hours after transfection, cells
were collected and analyzed using the Dual-luciferase
Reporter Assay System (Promega, Madison, WI, USA).

2.8 Co-immunoprecipitation (Co-IP) assay

Cell lysate was incubated with protein A/G agarose beads
conjugated to antibody for 24 h at 4°C. The beads were
subsequently washed three times with Tris-buffered saline
(TBS), and the immunoprecipitated proteins were eluted
using 2× SDS-PAGE sample buffer. The samples were then
analyzed by western blot analysis.

Figure 1: PET attenuated LPS-induced inflammatory status in BV-2 cells and PRMC. (a) The chemical structure of PET. (b) The effects of PET (0, 12.5, 25,
50, 100 µM) on cell viability of BV2 cells and PRMC were assessed by MTT assay. (c) The effects of PET (25 µM) on cell morphology of BV2 cells and
PRMC upon LPS treatment (0.1 µg/mL) were assessed. (d) The effects of PET (0, 12.5, 25, 50 µM) on TNF-α of BV2 cells and PRMC upon LPS treatment
(0.1 µg/mL) were assessed by ELISA assay. (e) The effects of PET (0, 12.5, 25, 50 µM) on IL-1β of BV2 cells and PRMC upon LPS treatment (0.1 µg/mL)
were assessed by ELISA assay. (f) The effects of PET (0, 12.5, 25, 50 µM) on IL-18 of BV2 cells and PRMC upon LPS treatment (0.1 µg/mL) were assessed
by ELISA assay. **p < 0.01 vs CT, ##p < 0.01 vs LPS (0.1 µg/mL). CT: the control group.
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2.9 Immunofluorescence analysis

Cells were fixed in 2% paraformaldehyde and permeabi-
lized in 0.1% Triton X-100, followed by incubation with
primary antibody and fluorescent-conjugated secondary anti-
body. Fluorescence was observed by Leica Microsystems
fluorescence microscope (Wetzlar, Germany). DAPI was
used to stain the nuclei.

2.10 Data analysis

Statistical analyses were performed with GraphPad
Software (San Diego, CA, USA). All data were presented
as the mean values ± SD for a minimum of three indepen-
dent experiments in triplicate. All comparisons were made

using one-way ANOVA followed by Tukey’s post hoc test,
with significant differences determined as p < 0.05.

3 Results

3.1 PET attenuates LPS-induced
inflammatory status in BV-2 cells
and PRMC

To determine the effects of PET (Figure 1a) on inflamma-
tory status induced by LPS stimulation, cell viability, cell
morphology, and cytokines levels were assessed in BV2
cells and PRMC. As showed in Figure 1b and c, PET showed
non-cytotoxic effects and attenuated LPS-induced cell

Figure 2: PET attenuated LPS-induced LCN2 upregulation in BV-2 cells. (a) Volcano plots of DEPs among three groups. (b) Heatmap analysis of DEPs
among three groups. (c) KEGG analysis of DEPs between PET and LPS groups. (d) The effect of PET (25 µM) on LCN2 in BV2 cells upon LPS treatment
(0.1 µg/mL) was assessed by Western blot analysis. **p < 0.01 vs CT, ##p < 0.01 vs LPS (0.1 µg/mL). CT: the control group. (e) The effect of LCN2
overexpression in BV2 cells was assessed by Western blot analysis. (f) The effect of LCN2 overexpression on TNF-α expression in BV2 cells upon the
indicated treatment was assessed by ELISA assay. (g) The effect of LCN2 overexpression on IL-1β expression in BV2 cells upon the indicated treatment
was assessed by ELISA assay. (h) The effect of LCN2 overexpression on IL-18 expression in BV2 cells upon the indicated treatment was assessed by
ELISA assay. **p < 0.01 vs LPS (0.1 µg/mL), ##p < 0.01 vs LPS (0.1 µg/mL) + PET (25 µM).
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morphology changes in BV-2 cells and PRMC. Then, the
expression levels of TNF‑α, IL‑1β, and IL‑18 were strongly
induced by LPS stimulation; however, PET pre-treatment
significantly attenuated the pro-inflammatory effects of
LPS (Figure 1d–f). The data indicated the robust anti-
inflammatory effects of PET in LPS‑treated BV-2 cells
and PRMC.

3.2 PET attenuates LPS-induced
inflammation via downregulation
of LCN2

To determine the anti-inflammatory target of PET upon
LPS stimulation, iTRAQ-based proteomic analysis was con-
ducted in BV2 cells. As shown in Figure 2a–c, there were
7,936 differentially expressed proteins (DEPs) identified in
the LPS vs CT groups, and 7,063 DEPs identified in the PET
vs LPS groups, among which, LCN2 was one of the most
dysregulated proteins. As shown in Figure 2d, western
blots analysis showed the consistent results compared to
proteomics. As shown in Figure 2e–h, LCN2 overexpression

was conducted, and which reversed the anti-inflammatory
effect of PET in LPS‑treated BV-2 cells. The data indicated
that LCN2 was the target of PET in LPS‑treated BV-2 cells.

3.3 PET reduces LCN2 expression by
relocating and inactivating NF-κB

To determine whether the inhibitory effect of PET on LCN2
expression was associated with regulation of transcription
factor, the JASPAR database and dual-luciferase reporter
assay were conducted. As shown in Figure 3a and b, based
on JASPAR database analysis, NF-κB (p65) was predicted to
be the up-regulatory transcription factor of LCN2, and
which was verified by results from dual-luciferase reporter
assay. As shown in Figure 3c, NF‑κB inhibitor SN50
decreased LCN2 expression in LPS-treated BV2 cells, con-
firming NF‑κB to be the transcription factor of LCN2. As
shown in Figure 3d, nucleus translocation and activation of
NF-κB were observed in BV2 cells with LPS stimulation.
However, PET pre-treatment notably attenuated the effect
of LPS by re-located NF-κB to cytoplasm.

Figure 3: PET reduced LCN2 expression by relocating and inactivating NF-κB (p65). (a) Predicted p65 binding motifs and sequences from the JASPAR website.
(b) p65 binding to LCN2 promoter were evaluated by dual luciferase reporter assay. **p < 0.01 vs Luc-LCN2 WT. (c) The effect of NF‑κB inhibitor SN50 (10 µg/
mL) on LCN2 expression in BV2 cells was assessed by western blot analysis. (d) The effect of PET on nucleus translocation and activation of NF-κB (p65) in BV2
cells was assessed by immunofluorescence analysis. **p < 0.01 vs CT, ##p < 0.01 vs LPS (0.1 µg/mL). CT: the control group.
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3.4 NF-κB activation attenuates PET’s anti-
inflammatory effects

To determine the role of NF‑κB in the PET’s anti-inflamma-
tory effects on LCN2 expression and cytokines secretion,
the activator of NF‑κB (NF-κB activator 1) was used in BV2
cells before the indicated treatment. As shown in Figure 4a
and b, NF-κB activator 1 (1 μM) significantly up-regulated
LCN expression both in mRNA and protein levels. As shown
in Figure 4c–e, NF-κB activator 1 (1 μM) further reversed
the anti-inflammatory effect of PET in LPS‑treated BV-2
cells by up-regulating cytokines secretion. The data indi-
cated that the regulatory effect of PET on LCN2 was asso-
ciated with the regulation of the NF‑κB signaling in
LPS‑treated BV2 cells.

3.5 PET inhibits NF-κB activation by
regulating O-GlcNAc modification

To determine the regulatory mechanism of PET on NF-κB
signaling, the O-GlcNAc modification of p65 was assessed in

BV2 cells. As shown in Figure 5a, LPS stimulation notably
induced the O-GlcNAc modification of p65; however, PET
pre-treatment markedly attenuated this effect. As shown in
Figure 5b, O-GlcNAc transferase (OGT) was up-regulated in
LPS-treated BV2 cells and down-regulated in LPS + PET-
treated BV2 cells, which was consistent to the change in
O-GlcNAcylation of p65 in BV2 cells. As shown in Figure 5c
and d, OGT overexpression partly reversed the O-GlcNAc
modification of p65 in LPS + PET-treated BV2 cells. The data
indicated that the regulatory effect of PET on NF-κB sig-
naling were associated with the O-GlcNAc modification of
p65 in LPS‑treated BV2 cells.

4 Discussion

PET is one of the most abundant natural anthocyanins,
widely found in Morus nigra, Berberis vulgaris, and
Ipomea batatas. A variety of bioactivities of PET are
reported, such as anti-inflammation, anti-cancer, and
renal-protective effects [19,25,26]. In this study, PET was
found to attenuate LPS-induced inflammation in BV-2 cells

Figure 4: NF-κB activation attenuated PET’s anti-inflammatory effects in BV-2 cells. (a) The effect of NF-κB activator 1 (1 µM) on the mRNA level of LCN2
in BV2 cells was assessed by real-time PCR analysis. (b) The effect of NF-κB activator 1 (1 µM) on the protein level of LCN2 in BV2 cells was assessed by
western blot analysis. (c) The effect of NF-κB activator 1 (1 µM) on TNF-α expression in BV2 cells upon indicated treatment was assessed by ELISA assay.
(d) The effect of NF-κB activator 1 (1 µM) on IL-1β expression in BV2 cells upon indicated treatment was assessed by ELISA assay. (e) The effect of NF-κB
activator 1 (1 µM) on IL-18 expression in BV2 cells upon indicated treatment was assessed by ELISA assay. **p < 0.01 vs LPS (0.1 µg/mL), ##p < 0.01 vs
LPS (0.1 µg/mL) + PET (25 µM). A: NF-κB activator 1.
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and PRMC, and which was achieved by reducing LCN2 and
inactivating NF-κB. In fact, LPS-induced microglial models
are commonly used to simulate retinal inflammation in DR,
and our in vitro experiments may suggest potential anti-
inflammatory effect of PET in this disease.

LCN2 is a member of the adipokine proteins and reg-
ulates several cellular processes in eukaryotes [27]. LCN2
contributes to chronic inflammation, making it to be an
important factor in several diseases including cancers, dia-
betes, obesity, and multiple sclerosis [28–30]. Gupta et al.
reported that increased LCN2 in the retinal pigment epithe-
lium cells drives dry age-related macular degeneration
pathology by regulating macroautophagy/autophagy and
inducing STING1-mediated inflammasome activation [31].
Wen et al. reported that the expression of LCN2 in micro-
glia/macrophages of DR is up-regulated by Kdm6a, and
which promotes and impairs glycolysis progression in
photoreceptor cells [32]. In this study, iTRAQ-based pro-
teomic analysis and western blot analysis confirmed that
LCN2 was upregulated in LPS group and downregulated in
LPS + PET group, and LCN2 overexpression reversed the
protective effect of PET in LPS-treated BV2 cells. The above

data indicated that LCN2 was the target of PET in attenu-
ating the inflammatory status of retinal microglia. Then, to
investigate the upstream transcription factor, the JASPAR
database and dual-luciferase reporter assay were con-
ducted and revealed that the NF-κB was the upregulatory
transcription factor of LCN2.

NF-κB is a transcription factor involved in various cel-
lular processes, especially in mediating inflammatory
responses [33,34]. In resting cells, NF-κB is retained in the
cytoplasm through its association with IκB proteins, which
mask the nuclear localization signals (NLS) within the p65
subunit. Upon stimulation with diverse cues such as
inflammatory cytokines or cellular stress, IκB undergoes
phosphorylation and subsequent proteasomal degrada-
tion, enabling p65 to undergo nuclear translocation. The
p65 subunit contains the major transcriptional activation
domain (TAD), particularly the C-terminal region (TA1/
TA2), which is essential for binding to DNA and activating
the transcription of NF-κB-responsive genes [35]. In BV2
microglia cells, decreased release of LCN2 mediated by
PET was associated with significant inhibition of NF-κB
nuclear translocation, and NF-κB activator 1 could reverse

Figure 5: PET inhibited NF-κB activation by regulating O-GlcNAc modification. (a) The effect of PET on O-GlcNAc modification of p65 was assessed by
Co-IP. (b) The effect of PET on the protein level of OGT in BV2 cells was assessed by western blot analysis. **p < 0.01 vs CT, ##p < 0.01 vs LPS. CT: the
control group. (c) The effect of PET on the interaction of OGT and p65 was assessed by Co-IP. (d) The effect of OGT knockdown on O-GlcNAc
modification of p65 was assessed by Co-IP. (e) The effect of OGT overexpression on O-GlcNAc modification of p65 was assessed by Co-IP. (f) The effect
of OGT overexpression on nucleus translocation and activation of NF-κB in BV2 cells was assessed by immunofluorescence analysis. OV: OGT
overexpression.
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the protective effect of PET on LCN expression and inflam-
mation, confirming that the drug interfered the production
of inflammatory factors by regulating NF-κB signaling
pathway. O-linked-β-N-acetylglucosamine (O-GlcNAcyla-
tion) is a distinctive posttranslational protein modification
targeting serine or threonine residues, via O-GlcNAc trans-
ferase and O-GlcNAcase [36]. Dysregulation of O-GlcNAcy-
lation in p65 contributes to many human diseases
including diabetes [37]. O-GlcNAc transferase (OGT)-
mediated O-GlcNAcylation can promote p65 phosphoryla-
tion, nuclear translocation, NF-κB transcriptional activity,
and levels of NF-κB transcriptional targets TNF-α in micro-
glia. Our data further confirmed that the regulatory effect
of PET on NF-κB signaling was associated with the OGT-
mediated O-GlcNAc modification of p65 in LPS‑treated BV2
cells. In addition, OGT overexpression partly reversed the
O-GlcNAc modification of p65 in LPS + PET-treated BV2
cells. The data may indicate that PET affects OGT activity
by downregulating OGT expression, but not directly
affecting OGT activity, and further study needs to clarify
this mechanism.

In conclusion, this study demonstrated the protective
effect and detailed mechanism of PET on LPS‑treated ret-
inal microglia, which was achieved through the suppres-
sion of LCN2 expression and the activation of NF-κB
signaling upon LPS treatment. In the context of DR, LPS-
induced microglial models are commonly used to under-
stand the complex molecular and cellular mechanisms
underlying retinal inflammation, and then which was
used in this study to preliminarily evaluate the effect of
PET; however, there are still numerous questions
regarding the in vivo anti-inflammatory effect of PET in
DR animal model. In addition, the potential side effects
(off-target effects) and pharmacokinetic properties of PET
still need to be investigated in further study. Therefore, the
present and a future in vivo study may contribute to the
pharmaceutical potential of PET and its derivatives in
therapy for DR.

Funding information: This work was supported by Science
and Technology Project of Jiangsu Administration of
Traditional Chinese Medicine (MS2022144).

Author contributions: Y.M.X. was responsible for concep-
tion and design of this study, conducted the experiment,
and wrote the manuscript.

Conflict of interest: There are no conflicts of interest
declared by the author. The manuscript’s content and pre-
paration are solely the responsibility of the author.

Data availability statement: The datasets generated during
and analyzed during the current study are available from the
corresponding author on reasonable request.

References
[1] Wang W, Lo ACY. Diabetic retinopathy: pathophysiology and

treatments. Int J Mol Sci. 2018;19(6):1816.
[2] Martinez-Zapata MJ, Salvador I, Martí-Carvajal AJ, Pijoan JI,

Cordero JA, Ponomarev D, et al. Anti-vascular endothelial growth
factor for proliferative diabetic retinopathy. Cochrane Database
Syst Rev. 2023;3(3):Cd008721.

[3] Sun WJ, An XD, Zhang YH, Zhao XF, Sun YT, Yang CQ, et al. The ideal
treatment timing for diabetic retinopathy: the molecular pathological
mechanisms underlying early-stage diabetic retinopathy are a
matter of concern. Front Endocrinol. 2023;14:1270145.

[4] Forrester JV, Kuffova L, Delibegovic M. The role of inflammation in
diabetic retinopathy. Front Immunol. 2020;11:583687.

[5] Spencer BG, Estevez JJ, Liu E, Craig JE, Finnie JW. Pericytes,
inflammation, and diabetic retinopathy. Inflammopharmacology.
2020;28(3):697–709.

[6] Sachdeva MM. Retinal neurodegeneration in diabetes: an
emerging concept in diabetic retinopathy. Curr Diab Rep.
2021;21(12):65.

[7] Rolev KD, Shu XS, Ying Y. Targeted pharmacotherapy against
neurodegeneration and neuroinflammation in early diabetic
retinopathy. Neuropharmacology. 2021;187:108498.

[8] Prinz M, Jung S, Priller J. Microglia biology: one century of evolving
concepts. Cell. 2019;179(2):292–311.

[9] Wang X, Xu C, Bian C, Ge P, Lei J, Wang J, et al. M2 microglia-derived
exosomes promote vascular remodeling in diabetic retinopathy.
J Nanobiotechnol. 2024;22(1):56.

[10] Hu A, Schmidt MHH, Heinig N. Microglia in retinal angiogenesis
and diabetic retinopathy. Angiogenesis. 2024;27(3):311–31.

[11] Azab A, Nassar A, Azab AN. Anti-inflammatory activity of natural
products. Molecules. 2016;21(10):1321.

[12] Serafini M, Peluso I, Raguzzini A. Flavonoids as anti-inflammatory
agents. Proc Nutr Soc. 2010;69(3):273–8.

[13] Lee YM, Yoon Y, Yoon H, Park HM, Song S, Yeum KJ. Dietary
anthocyanins against obesity and inflammation. Nutrients.
2017;9(10):1089.

[14] Calis Z, Mogulkoc R, Baltaci AK. The roles of flavonols/flavonoids in
neurodegeneration and neuroinflammation. Mini Rev Med Chem.
2020;20(15):1475–88.

[15] Slika H, Mansour H, Wehbe N, Nasser SA, Iratni R, Nasrallah G, et al.
Therapeutic potential of flavonoids in cancer: ROS-mediated
mechanisms. Biomed Pharmacother. 2022;146:112442.

[16] El Safadi M, Hassan HM, Ali A, Al-Emam A. Petunidin attenuates
vinclozolin instigated testicular toxicity in albino rats via regulating
TLR4/MyD88/TRAF6 and Nrf-2/Keap-1 pathway: A
pharmacodynamic and molecular simulation approach. Int
Immunopharmacol. 2024;143(Pt 3):113531.

[17] Fonseca Hernández D, Mojica L, Berhow MA, Brownstein K, Lugo
Cervantes E, Gonzalez de Mejia E. Black and pinto beans (Phaseolus
vulgaris L.) unique mexican varieties exhibit antioxidant and anti-
inflammatory potential. Food Res Int. 2023;169:112816.

8  Mengxi Yu



[18] Cai X, Yang C, Shao L, Zhu H, Wang Y, Huang X, et al. Targeting NOX
4 by petunidin improves anoxia/reoxygenation-induced
myocardium injury. Eur J Pharmacol. 2020;888:173414.

[19] Liu B, Li L, Wang X. Petunidin suppresses Hashimoto’s thyroiditis by
regulating Th1/Th17 homeostasis and oxidative stress. Cell
Immunol. 2024;403–404:104858.

[20] Ou Y, Huang Y, Yang X, Li L, Mei R, Yu Z, et al. Lycium barbarum
glycopeptide alleviates retinal inflammation by suppressing
microglial M1 polarization via NF-κB/MAPK pathways. Exp Eye Res.
2025;257:110452.

[21] Mazzeo A, Arroba AI, Beltramo E, Valverde AM, Porta M.
Somatostatin protects human retinal pericytes from inflammation
mediated by microglia. Exp Eye Res. 2017;164:46–54.

[22] Chen P, Ding N, Pan D, Chen X, Li S, Luo Y, et al. PET imaging for the
early evaluation of ocular inflammation in diabetic rats by using
[(18)F]-DPA-714. Exp Eye Res. 2024;245:109986.

[23] Hu X, Zhao GL, Xu MX, Zhou H, Li F, Miao Y, et al. Interplay between
Müller cells and microglia aggravates retinal inflammatory response
in experimental glaucoma. J Neuroinflammation. 2021;18(1):303.

[24] Litovchick L. Preparing whole-cell lysates for immunoblotting. Cold
Spring Harb Protoc. 2018;2018(7).

[25] Han L, Yan Y, Fan M, Gao S, Zhang L, Xiong X, et al. Pt3R5G inhibits
colon cancer cell proliferation through inducing ferroptosis by
down-regulating SLC7A11. Life Sci. 2022;306:120859.

[26] Wang R, Ren L, Wang Y, Hu N, Tie F, Dong Q, et al. Multi-protective
effects of petunidin-3-O-(trans-p-coumaroylrutinoside)-5-O-
glucoside on D-gal-induced aging mice. Int J Mol Sci.
2024;25(20):11014.

[27] Afridi R, Kim JH, Bhusal A, Lee WH, Suk K. Lipocalin-2 as a mediator
of neuroimmune communication. J Leukoc Biol.
2024;116(2):357–68.

[28] Yao F, Deng Y, Zhao Y, Mei Y, Zhang Y, Liu X, et al. A targetable LIFR-
NF-κB-LCN2 axis controls liver tumorigenesis and vulnerability to
ferroptosis. Nat Commun. 2021;12(1):7333.

[29] Songtao Y, Fangyu L, Jie C, Li Y. Identification of claudin-2 as a
promising biomarker for early diagnosis of pre-diabetes. Front
Pharmacol. 2024;15:1370708.

[30] Al Nimer F, Elliott C, Bergman J, Khademi M, Dring AM,
Aeinehband S, et al. Lipocalin-2 is increased in progressive multiple
sclerosis and inhibits remyelination. Neurol Neuroimmunol
Neuroinflamm. 2016;3(1):e191.

[31] Gupta U, Ghosh S, Wallace CT, Shang P, Xin Y, Nair AP, et al.
Increased LCN2 (lipocalin 2) in the RPE decreases autophagy and
activates inflammasome-ferroptosis processes in a mouse model
of dry AMD. Autophagy. 2023;19(1):92–111.

[32] Wen Y, Chen X, Feng H, Wang X, Kang X, Zhao P, et al. KDM6a
deficiency in microglia/macrophages epigenetically silences LCN2
expression and reduces photoreceptor dysfunction in diabetic
retinopathy. Metabolism. 2022;136:155293.

[33] Yu H, Lin L, Zhang Z, Zhang H, Hu H. Targeting NF-κB pathway
for the therapy of diseases: mechanism and clinical study. Signal
Transduct Target Ther. 2020;5(1):209.

[34] Li Q, Verma IM. NF-kappaB regulation in the immune system.
Nat Rev Immunol. 2002;2(10):725–34.

[35] Yoshioka Y, Sugino Y, Shibagaki F, Yamamuro A, Ishimaru Y,
Maeda S. Dopamine attenuates lipopolysaccharide-induced
expression of proinflammatory cytokines by inhibiting the
nuclear translocation of NF-κB p65 through the formation of
dopamine quinone in microglia. Eur J Pharmacol.
2020;866:172826.

[36] Qi B, Chen Y, Chai S, Lu X, Kang L. O-linked β-N-acetylglucosamine
(O-GlcNAc) modification: Emerging pathogenesis and a
therapeutic target of diabetic nephropathy. Diabet Med.
2024;42:e15436.

[37] Kim SJ, Yoo WS, Choi M, Chung I, Yoo JM, Choi WS. Increased
O-GlcNAcylation of NF-κB enhances retinal ganglion cell death in
streptozotocin-induced diabetic retinopathy. Curr Eye Res.
2016;41(2):249–57.

Petunidin inhibits inflammation  9


	1 Introduction
	2 Materials and methods
	2.1 Chemicals and reagents
	2.2 Cell culture and treatment
	2.3 Cell viability assay
	2.4 ELISA analysis assay
	2.5 Western blot analysis
	2.6 iTRAQ-based proteomic analysis
	2.7 Dual-luciferase reporter assay
	2.8 Co-immunoprecipitation (Co-IP) assay
	2.9 Immunofluorescence analysis
	2.10 Data analysis

	3 Results
	3.1 PET attenuates LPS-induced inflammatory status in BV-2 cells and PRMC
	3.2 PET attenuates LPS-induced inflammation via downregulation of LCN2
	3.3 PET reduces LCN2 expression by relocating and inactivating NF-&#x03BA;B
	3.4 NF-&#x03BA;B activation attenuates PET's anti-inflammatory effects
	3.5 PET inhibits NF-&#x03BA;B activation by regulating O-GlcNAc modification

	4 Discussion
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /POL (Versita Adobe Distiller Settings for Adobe Acrobat v6)
    /ENU (Versita Adobe Distiller Settings for Adobe Acrobat v6)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


