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Abstract

Background To determine the impact of sodium
butyrate on the activation of the reactive oxygen spe-
cies (ROS)/nuclear factor kappa B (NF-kB)/NLR
family pyrin domain containing 3 (NLRP3) signaling
pathway and angiogenesis in human retinal micro-
vascular endothelial cells (HRMECs) caused by high
glucose (HG).

Methods HRMECs were grown for 24 h or 72 h in
HG solution (30 mmol/L D-glucose) with 5 mM NaB.
Using Cell Counting Kit-8, the effects of HG and
NaB levels on the viability of HRMECs were exam-
ined. Using various kits, intracellular ROS levels,
lactate dehydrogenase (LDH), and Malondialdehyde
(MDA) in cell supernatants were measured. Western
blot, Immunofluorescence, and Real-time quantitative
polymerase chain reaction were employed to quan-
tify protein and messenger RNA expression. Using
wound-healing and tube formation tests, the migra-
tory proficiency and angiogenesis of HRMECs were
evaluated.

Results NaB demonstrated a reduction in ROS pro-
duction, as well as the release of LDH and MDA in
HG-induced HRMECs. Additionally, NaB led to a
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decrease in protein expression of phosphorylation of
NF-xB, NLRP3, Caspase 1, interleukin, vascular cell
adhesion molecule-1 and intercellular adhesion mol-
ecule-1. The impact of HG on zonula occluden-1, a
tight junction protein, was attenuated by NaB. Fur-
thermore, NaB inhibited the migration and tube for-
mation of HRMECs partly by ROS/NF-kB/NLRP3
pathway.

Conclusion NaB suppresses the activation of ROS/
NF-kB/NLRP3 signaling pathway and angiogenesis
in HRMECs induced by HG.

Keywords Sodium butyrate - Nuclear factor
kappa B - NLRP3 - Angiogenesis - Human retinal
microvascular endothelial cells

Abbreviations

NaB Sodium butyrate

HRMECs Human retinal microvascular endothelial
cells

HG High glucose

NF-«xB Nuclear factor kappa B

ROS Reactive oxygen species

NLRP3 NLR family pyrin domain containing 3

CCK-8 Cell Counting Kit-8

LDH Lactate dehydrogenase

MDA Malondialdehyde

IF Immunofluorescence

RT-gPCR Real-time quantitative polymerase chain
reaction

mRNA Messenger RNA
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IL-1B Interleukin-1§

VCAM-1 Vascular cell adhesion molecule-1

ICAM-1  Intercellular adhesion molecule-1

Z0-1 Zonula occluden-1

TJ Tight junction

DM Diabetes mellitus

DR Diabetic retinopathy

PDR Proliferative diabetic retinopathy

SOX4 SRY (sex determining region Y)-box 4

TXNIP Thioredoxin-interacting protein

HDAC:s Histone deacetylases

T1DM Type 1 diabetes mellitus

VEGFR2 Vascular endothelial growth factor
receptor2

T2DM Type 2 diabetes mellitus

BRB Blood retina barrier

GPCRs G-protein coupled receptors

oxLDL Oxidized low-density lipoprotein

JAMs Junctional adhesion molecules

NAC N-Acetylcysteine

GSH Glutathione

TMAO Trimethylamine N-oxide

TMA Trimethylamine

Introduction

Diabetes mellitus (DM) comprises a collection of
chronic metabolic disorders primarily arising from
inadequate absolute or relative insulin secretion, or
impaired utilization of insulin. Currently, the global
count of adults afflicted by diabetes is estimated to be
around 463 million in 2019. It is predicted that this
number could escalate to 700 million by the year
2045 [29]. Diabetic retinopathy (DR) is a progressive
retinal microvascular ailment intricately linked with
prolonged periods of hyperglycemia. About 75% of
patients with the diabetic course over 15 years suf-
fer from DR. After 25 years of diabetes, 20% of these
DR patients will be affected by proliferative diabetic
retinopathy (PDR), which seriously threatens eyesight
[2]. The pathogenesis of DR is characterized by HG-
induced sterile inflammation, oxidative stress, and
visible microvascular alterations, such as abnormal
permeability, retinal ischemia—reperfusion injury,
neovascularization, and macular edema. Current
treatment of DR includes retinal photocoagulation,
vitrectomy, and anti-VEGF therapy. Still, these meth-
ods mainly delay the progression of DR and cannot
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improve the patient’s visual function, and there are
many limitations and iatrogenic complications [16].
There is an urgent need for a novel and effective ther-
apeutic approach to decelerate the advancement of
DR.

Persistent oxidative stress and chronic low inflam-
mation mutually promote endothelial dysfunction,
which critically initiates the progression of diabetic
microvascular damage [20]. Elevated levels of reac-
tive oxygen species (ROS) can result in damage to ret-
inal endothelial cells, heightened microvascular per-
meability, and attraction of inflammatory cells to the
site of inflammation [26]. The nuclear factor kappa
B (NF-xB) plays a pivotal role in triggering various
inflammatory factors and has been demonstrated tobe
involved in endothelial dysfunction and angiogenesis.
Gu et al. found that SRY (sex determining region Y)-
box 4 (SOX4) enhances inflammation and angiogen-
esis in retinal endothelial cells through the activation
of the NF-xB signaling pathway [34]. Another key
player, the NLR family pyrin domain containing 3
(NLRP3) inflammasome, represents a group of intra-
cellular innate immune proteins and sensors that react
to the stimulation of pathogen- and damage-asso-
ciated molecular patterns. It has also been observed
that disturbances in glucose levels serve as a pivotal
trigger, setting off a cascade of heightened sterile
inflammatory reactions driven by the NLRP3 inflam-
masome [19]. Recent research found that the ROS/
thioredoxin-interacting protein (TXNIP)/NLRP3 axis
was involved in the enhanced retinal microvascular
permeability and apoptosis caused by HG levels in
diabetics [4]. Sodium butyrate (NaB) is a fatty acid
derivative that is common in foods that are part of the
daily diet. Additionally, NaB is produced in consid-
erable quantities by the gut microbiota in the colon
via the fermentation of indigestible dietary fibre [14].
Butyrate functions as an endogenous inhibitor of
histone deacetylases (HDACsS), leading to increased
histone acetylation the rate of and reduced electro-
static repulsion between DNA and histone proteins.
As a result, the chromatin structure becomes more
relaxed, causing alterations in the gene expression
profile [6]. Notably, butyrate’s anti-inflammatory
effects have been attributed to its ability to inhibit the
activation of the NLRP3 inflammasome through the
redox signaling pathway [33, 39]. Recent studies have
unveiled the therapeutic potential of NaB in address-
ing metabolic disorders. To reduce metabolic stress,
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for instance, researchers found that NaB inhibited
inflammatory reactions in the digestive tract. Accord-
ing to Khan and Jena, NaB has been suggested to
potentially reduce plasma glucose levels in mice with
type 1 diabetes mellitus (T1DM) by modulating the
p38/ERK MAPK pathway [12]. Moreover, Chen et al.
demonstrated that NaB may block neovascularization
by blocking the TNXIP/vascular endothelial growth
factor receptor2 (VEGFR2) pathway [36].

Indeed, it appears that NaB’s antioxidant, anti-
inflammatory, and neovascularization suppressing
properties may be responsible for the positive impacts
it has on tissues. However, the specific effect of NaB
on the behavior of HRMECs in type 2 diabetes mel-
litus (T2DM) remains poorly understood. Therefore,
the primary objective of our study was to investigate
how NaB influences the ROS/NF-kB/NLRP3 signal-
ing pathway and angiogenesis in HRMECs exposed
to HG.

Materials and methods
Cell culture

HRMECs were sourced from Procell (Wuhan, China,
CP-H130) and cultured in Endothelial cell medium
(ECM, ScienCell, 1001) supplemented with 10%
fetal bovine serum (Gibco, 10099141C) and 100 U/
ml streptomycin/penicillin (10,000 U/ml, Gibco,
15,140,148) at a temperature of 37 °C under a con-
trolled environment of 5% CO2 and 95% ambient
air. The HRMECs were categorized into differ-
ent groups as administrated by: D-glucose (Sigma,
50-99-7), NaB (Sigma, 156-54-7), mannose (Sigma,
3458-28-4), N-Acetylcysteine (Sigma, 38,520-57-9)
and Trimethylamine N-oxide (Sigma, 1184-78-7).
The HRMECs used were at 3—-5 passage numbers to
ensure consistency and reproducibility of the experi-
mental results.

Cell viability assay

The viability and growth of HRMECs were evalu-
ated using the Cell Counting Kit-8 (CCK-8, Biosharp,
BS350A). In a nutshell, HRMECs were seeded at
a density of 2x 103 per well in a 96-well plate and
allowed to adhere for 24 h. Subsequently, the cells
were cultured in serum-free medium for a duration of

12 h to stimulate cell growth. After 72 h, one group
was subjected to stimulation with varying concentra-
tions of D-glucose (0, 5.5, 15, 30 mM) and 5.5 mM
Mannose, while another group was treated with NaB
at concentrations of 0, 1, 5, and 10 mM. Following
this, 10 pl of CCK-8 solution was added to each well,
and the plates were further incubated at 37 °C for 2 to
4 h. We next checked the absorbance at 450 nm. At
least 3 sets of experiments were conducted.

Western blot assay

Cell lysates were prepared by combining RIPA lysis
buffer(Beyotime, PO013B), PMSF (Beyotime, ST505)
and a phosphatase inhibitor cocktail (Beyotime,
P1082) to extract total proteins. The protein con-
centrations in the cell lysates were measured using
a BCA protein assay kit (Beyotime, P0010). Sam-
ples were subjected to sodium dodecyl sulfate—poly-
acrylamide gel electrophoresis (SDS-PAGE) with
gel densities ranging from 5 to 14% for separation.
After blocking with 5% nonfat milk for 2 h, the PVDF
membranes(Millipore, ISEQ00010) were incubated
overnight with antibodies against p65 (Proteintech,
80,979-1-RR, 1:1000), p-p65 (Proteintech, 82,335-
1-RR, 1:1000), caspase-1 (Proteintech, 81,482-1-RR,
1:1000), IL-1p (Proteintech, 66,737-1-Ig, 1:1000),
NLRP3 (Abcam, ab263899, 1:1000), ICAM-1 (Pro-
teintech, 15,364-1-AP, 1:1000), VCAM-1 (Pro-
teintech, 66,294-1-Ig, 1:1000), ZO-1 (Proteintech,
66,452-1-Ig, 1:1000). Subsequently, the membranes
were washed three times with TBST and then incu-
bated with secondary antibodies (Proteintech,
SA00001-1 and SA00001-2) for 2 h at room tempera-
ture. Relative glutamate dehydrogenase (GAPDH,
Proteintech, 60,004-1-Ig, 1:5000) used as an internal
control.

RNA extraction and real-time quantitative PCR
(RT-qPCR)

According to the manufacturer’s instructions, total
RNA was extracted from HRMECs using TRIzol rea-
gent (Invitrogen, 15,596,026). The isolated RNA was
then reverse transcribed into complementary DNA
using PrimeScript RT Master Mix (Takara, RRO36A).
RT-gqPCR was performed utilizing TB Green Premix
Ex Taq (Takara, RR820A). The primer sequences for
PCR amplifications were sourced from Primer Bank
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(https://pga.mgh.harvard.edu/primerbank/) and syn-
thesized by Qingke Biotechnology (Beijing, China).
The specific primer sequences are provided in the
table below:

Gene Name  Sequence (5°—3")

NLRP3 Forward: CGTGAGTCCCATTAAGATGGAGT
Reverse: CCCGACAGTGGATATAGAACAGA

Caspasel Forward: TTTCCGCAAGGTTCGATTTTCA

Reverse: GGCATCTGCGCTCTACCATC
IL-1B Forward: ATGATGGCTTATTACAGTGGCAA
Reverse: GTCGGAGATTCGTAGCTGGA

Immunofluorescence (IF)

HRMECs were fixed in freshly produced 4% para-
formaldehyde (Byotime, P0099) at 4 °C for 30 min.
Following this, the cells were washed three times
with PBS for 10 min each wash. To block non-spe-
cific binding, the cells were blocked with 1% BSA
(Biosharp, BS114) in PBS for 1 h at room tempera-
ture. Subsequently, the samples were subjected to
three PBS washes before being exposed to ZO-1 anti-
body (Proteintech, 66,452-1-Ig, 1:100) at 4°C and a
relative humidity of 70% overnight. After three PBS
washes, the cells were treated with secondary anti-
bodies conjugated with Alexa Fluor 488 (Abcam,
ab150077, 1:500) for 1 h at 37 °C in a humidified
dark room. The cell nuclei were stained using4’,
6-diamidino-2-phenylindole (DAPI, Sigma, D9542).
The fluorescence images were captured using a con-
focal microscope (Nikon, Tokyo, Japan).

Tube formation

Cells were plated onto a Matrigel-coated 96-well
plate at a density of 2x105 cells per well (Corn-
ing, 354,230). Following a 12-h incubation at
37 °C, various media conditions were introduced to
the plate, including NG (5.5 mM D-glucose), HG
(30 mM D-glucose), NG with NaB (5.5 mM D-glu-
cose+5 mM NaB) or HG with NaB (30 mM D-glu-
cose +5 mM NaB). After that, an inverted microscope
was used to take pictures of the tubes. The number of
branch points within the tube network was quantified
using Image J software.
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Scratch test

Cells were evenly distributed in 6-well plates at a
density of 2x105 cells per well. Following a 12-h
period of serum deprivation in FBS-free ECM, the
cells were subjected to a scratch using a 1 mL pipette
tip, rinsed with PBS, and stimulated at 37 °C for 72 h
with different media. Scratches were photographed
at 0 and 24 h to demonstrate cell confluence. Using
Image] software, the average widths of the scratch
wounds were quantified. The migration distance was
determined by calculating the difference between the
scratch width at 24 h and its width at O h.

Measurement of ROS production

The fluorescent probe 2’, 7’-dichlorofluorescein
diacetate (H2DCF-DA, obtained from Med Chem
Express, HY-D0940) was employed to measure
intracellular levels of ROS. This probe is sensitive
to oxidation and undergoes a transformation when
exposed to ROS, resulting in the production of a vis-
ible compound known as DCF. To evaluate intracel-
lular ROS levels, cells were treated with a concentra-
tion of 10 uM H2DCF-DA in the culture medium for
a duration of 30 min at a temperature of 37 °C. Sub-
sequently, images were captured using a fluorescence
microscope, and the acquired images were quantita-
tively analyzed utilizing ImageJ software.

Maleic dialdehydc assay (MDA)

The amount of MDA was measured by using com-
mercial detection kits from the Jiancheng Institute of
Biotechnology in Nanjing, China (A003-1-2). The
obtained results were analyzed in accordance with the
guidelines provided by the manufacturer of the kits.

Cell cytotoxicity (LDH) test

After subjecting HRMECs to a 72-h treatment with
NaB (5 mM), the culture supernatants were care-
fully transferred to a new 96-well plate. The plate
was then placed in a dark environment at room tem-
perature and allowed to incubate for 30 min. The
measurement of absorbance was carried out using a
micro-plate reader, with excitation set at 450 nm. The
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Cytotoxicity LDH Assay Kit utilized for this purpose
was obtained from Med Chem Express, with the cata-
log number HY-K1090.

Statistical analysis

The experiments were repeated three times to ensure
statistical significance (SD). Statistical analyses were
conducted using Graphpad Prism, version 8.0 (Graph-
pad Software, San Diego, CA, USA). To assess the
presence of statistically significant differences among
the groups, one-way analysis of variance (ANOVA)
followed by Bonferroni’s multiple comparison test
was employed. Two-sided P-values were used, with
significance considered at P <0.05.

Results

High concentrations of NaB have a harmful effect on
HRMEC:s viability

Firstly, we found no significant difference in cell
viability between the control group (none-glucose)
and the mannose group compared to the NG group
(normal-glucose). However, when the glucose con-
centration was increased to 15, 30, and 50 mM, we
observed a significant increase in cell viability in
the HG group compared to the NG group (Fig. 1A).
Based on this result, we intervened with cells using
30 mM glucose in subsequent experiments [15].
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Fig. 1 Effects of glucose or NaB at different concentrations
on HRMECs viability. Groups: (1) Control: no D-glucose;
(2) NG: 5.5 mM D-glucose; (3) Mannose: 5.5 mM mannose;
(4) 15 mM: 15 mM D-glucose; (5) 30 mM: 30mMD-glucose;
(6) 50 mM: 50 mM D-glucose. A Cell viability of HRMECs

Subsequently, we found that post-intervention with 1
and 5 mM NaB showed no significant change in cell
viability compared to the control group, but cell via-
bility significantly decreased after intervention with
10 mM NaB, suggesting that a high concentration of
NaB can inhibit the activity of HRMECs (Fig. 1B).
Therefore, the concentration of NaB used in subse-
quent experiments was 5 mM.

NaB suppressed the oxidative stress induced by HG
in HRMECs

The HG-stimulated group exhibited significantly
higher ROS levels compared to the NG group
(Fig. 2A and B). And increased MDA generation
and LDH release due to enhanced cell damage were
also seen after HG administration (Fig. 2C and D).
All above adverse alterations were considerably
decreased by 5 mM NaB treatment.

NaB decreased the activation of NF-kB/NLRP3
inflammasome pathway and upregulation of
VCAM-1 and ICAM-1 induced by HG in HRMECs

The NF-xB/NLRP3 inflammasome pathway was
activated by HG compared to the NG group, as evi-
denced by the increased protein expression of p65
phosphorylation (Fig. 3 and B), mRNA and protein
expression of NLRP3 (Fig. 3C, D and E), Caspasel
(Fig. 3C, D and F) and IL-1p (Fig. 3C, D and G)
after 30 mM glucose incubation for 72 h. And 5 mM
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when no D-glucose, 5.5 mM mannose, 5.5, 15-, 30-, and
50-mM D-glucose. B Cell viability of HRMECs when NaB at
0, 1, 5, and 10 mM with no D-glucose. NG, normal glucose,
5.5 mM; “P<0.05; “P<0.01; “"P<0.001. Each experiment
was repeated at least three times
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Fig. 2 ROS level, MDA and LDH production affected by glu-
cose and NaB in HRMECs. Groups: (1) NG: 5.5 mM D-glu-
cose; (2) NG +NaB: 5.5 mM D-glucose +5 mM NaB; (3) HG:
30 mM D-glucose; (4) HG+NaB: 30 mM D-glucose+5 mM
NaB. A H2DCF-DA of ROS level in HRMECs (green fluo-
rescence). B Quantitative analysis of the fluorescence inten-

NaB treated cells in a HG medium decreased these
alterations. Simultaneously, the protein expression of
VCAM-1 and ICAM-1 significantly increased after
being cultured in HG media for 72 h in HRMECs, but
the treatment of 5 mM NaB reversed these changes
(Fig. 3H and I).

NaB protected the impaired barrier function induced
by HG in HRMECs

Increased endothelial permeability is often attrib-
uted to zonula occludens-1 (ZO-1) down regula-
tion. HG stimulation led to a significant reduction
in the protein expression of ZO-1 at cell junctions in
endothelial cell monolayers, a phenomenon that was
reversed by 5 mM NaB (Fig. 4A and B). IF staining
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sity that represents intracellular ROS levels. C MDA levels in
HRMEC:s after NG, NG + NaB, HG, HG + NaB administration
for 72 h. D LDH levels in HRMECs after NG, NG + NaB, HG,
HG +NaB administration for 72 h. *P<0.05 and ™"P<0.001
compared with the NG group; P <0.05 compared with the HG
group. Each experiment was repeated at least three times

demonstrated that HG decreases the protein expres-
sion of ZO-1, while NaB successfully prevented this
effect (Fig. 4C).

NaB reduced the migration and tube formation
stimulation induced by HG in HRMECs

In vitro scratch assays were employed to assess the
influence of NaB on cell migration. The number of
migrating cells was markedly increased following HG
treatment, whereas it was significantly attenuated by
treatment with 5 mM NaB (Fig. 5A and C). Also, the
tube formation data showed that HRMECs had more
branching points after being exposed to HG, but less
after being exposed to NaB (Fig. 5B and D).
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Fig. 3 NF-kB/NLRP3 inflammasome pathway activation and IL-1p protein expression. E NLRP3 mRNA expression in

level, VCAM-1 and ICAM-1 expression level affected by glu-
cose and NaB in HRMECs. Groups: (1) NG: normal glucose,
5.5 mM D-glucose; (2) NG+NaB: 5.5 mM D-glucose +5 mM
NaB; (3) HG: 30 mM D-glucose; (4) HG+NaB: 30 mM
D-glucose+5 mM NaB. A p-p65 and p65 protein expression
in HRMECs after NG, NG+ NaB, HG, HG+NaB adminis-
tration for 72 h. B Quantitative analysis of the gray value of
western blot that represents p-p65/p65 protein expression. C
NLRP3, Pro-caspasel, Caspasel and IL-1p protein expression
in HRMECs after NG, NG+NaB, HG, HG+NaB adminis-
tration for 72 h. D Quantitative analysis of the gray value of
western blot that represents NLRP3, Pro-caspasel, Caspasel

HRMEC:s after NG, NG +NaB, HG, HG + NaB administration
for 72 h. F Caspasel mRNA expression in HRMEC:s after NG,
NG +NaB, HG, HG+NaB administration for 72 h. G IL-1§
mRNA expression in HRMECs after NG, NG+ NaB, HG,
HG+NaB administration for 72 h. H VCAM-1 and ICAM-1
protein expression in HRMECs after NG, NG+ NaB, HG,
HG+NaB administration for 72 h. I Quantitative analysis of
the gray value of western blot that represent VCAM-1 and
ICAM-1 protein expression. "P <0.05 and “P <0.01 compared
with the NG group; #P<0.05 and #P <0.01 compared with
the HG group. Each experiment was repeated at least three
times
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Fig. 4 ZO-1 expression affected by glucose and NaB in
HRMECs. Groups: (1) NG: normal glucose, 5.5 mM D-glu-
cose; (2) NG +NaB: 5.5 mM D-glucose +5 mM NaB; (3) HG:
30 mM D-glucose; (4) HG+NaB: 30 mM D-glucose+5 mM
NaB. A ZO-1 protein expression in HRMECs after NG,
NG+ NaB, HG, HG+NaB administration for 72 h. B Quan-
titative analysis of the gray value of western blot that repre-

NaB inhibited HG-induced activation of ROS/NF-xB/
NLRP3 pathway and angiogenesis in HRMECs

Through immunofluorescence assays, we discov-
ered that the ROS inhibitors N-Acetylcysteine
(NAC) and NaB both suppressed the HG-induced
ROS increase. Simultaneously, the ROS activator
Trimethylamine N-oxide (TMAO) reversed NaB’s
inhibitory effect on ROS (Fig. 6A). Similarly, both
NAC and NaB suppressed HG-induced oxidative
stress and cell damage, and TMAO reversed NaB’s
inhibitory effect (Fig. 6B). Additionally, via West-
ern blot analysis, we found that NAC and NaB
inhibited the activation of the HG-induced NF-xB/
NLRP3 signaling pathway and the downstream
expression of caspase-1 and IL-1p, while TMAO
reversed NaB’s inhibitory effect (Fig. 6C). Finally,
through cell scratch and angiogenesis experiments,
we observed that both NAC and NaB inhibited HG-
induced migration and angiogenesis in HRMECs,
and TMAO ameliorated NaB’s inhibitory effect on
cell migration and angiogenesis (Fig. 6D and E).
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sents ZO-1 protein expression. C ZO-1 protein expression in
HRMEC:s after NG, NG + NaB, HG, HG + NaB administration
for 72 h detected by IF (ZO-1 stained by green fluorescence,
nucleus stained by DAPI). “P<0.01 compared with the NG
group; *P<0.05 compared with the HG group. Each experi-
ment was repeated at least three times

Discussion

DR stands as a primary contributor to vision
impairment and blindness. However, a genuine rem-
edy capable of retarding the advancement of DR
is still conspicuously absent [25]. NaB possesses
anti-inflammatory, anti-angiogensis, and antioxi-
dant qualities that help to reduce the generation of
pro-inflammatory cytokines while increasing the
expression of antioxidant enzymes [5], which has
been studied as treatment or prevention in inflam-
matory bowel disease [22], colorectal cancerl§,
brain damages13, liver injury [17], et al. However,
its involvement in the pathophysiology of DR is
unknown. Our study demonstrated that NaB admin-
istration could inhibit NF-kB/NLRP3 inflamma-
some activation and oxidative stress induced by
HG in HRMECs. And NaB could prevent HRMECs
migration and tube formation by suppressing the
activation of the ROS/NF-kB/NLRP3 pathway
induced by HG. Therefore, our research outcomes
have unveiled that NaB holds significant promise
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Fig. 5 Cell migration and tube formation affected by glu-
cose and NaB in HRMECs. A Groups: (1) NG: normal glu-
cose, 5.5 mM D-glucose; (2) NG+NaB: 5.5 mM D-glu-
cose+5 mM NaB; (3) HG: 30 mM D-glucose; (4) HG +NaB:
30 mM D-glucose+5 mM NaB. Cell migration diatance in
HRMECs after scratched for 24 h with NG, NG+ NaB, HG,
HG + NaB administration. B Tube formation in HRMECs after

as a novel therapeutic and protective strategy for
addressing DR.

The buildup of ROS caused by hyperglycemia is
linked to mitochondrial malfunction, local inflam-
mation, cell death, and microvascular dysfunc-
tion. Overproduction of ROS, cell death, and local
inflammation are all intimately related and have a
significant influence on all stages of DR pathogen-
esis35. The elevated production of pro-inflammatory
cytokines and free radicals, coupled with processes

ints
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NG, NG+NaB, HG, HG+NaB administration. C Quantita-
tive analysis of the cell migration diatance of scratch test. D
Quantitative analysis of the number of branching points of
tube formation. “"P<0.01 and ““P<0.001 compared with the
NG group; *P<0.05, #P <0.01 compared with the HG group.
Each experiment was repeated at least three times

like leukocytosis, or the leukocyte adherence to reti-
nal capillaries, contribute to amplified vascular per-
meability, loss of capillary pericyte, and the disrup-
tion of the blood retina barrier (BRB). Adhesion
molecule (ICAM-1 and VCAM-1) and leukocyte
activation increases are linked to DR development37.
Our study demonstrated that exposure to HG substan-
tially increased the generation of ROS and inflamma-
tory cytokines, as well as enhanced cell migration in
HRMECs. Concurrently, NaB exhibited multifaceted
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Fig. 6 Activation of ROS/NF-kB/NLRP3 pathway and
angiogenesis affected by glucose and NaB in HRMECs.
Groups: (1) HG: 30 mM D-glucose; (2) HG+ N-Acetyl-
cysteine (NAC, ROS inhibitor): 30 mM D-glucose+5 mM
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fluorescence detection of cellular ROS levels. B Measurement
of MDA and LDH levels. C Western blot analysis of NLRP3/
NF-xB pathways, caspase-1, and IL-1f expression levels. D
Scratch assay to assess cell migration. E In vitro angiogen-
esis assay to evaluate angiogenesis. "P<0.05; “P<0.01;
**P <0.001. Each experiment was repeated at least three times
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biological effects, influencing cell signaling path-
ways via HDAC inhibition, modulation of mitochon-
drial activity, and interactions with G-protein cou-
pled receptors (GPCRs)41. Edenil et al. conducted a
study in which EA. hy926 cells were pretreated with
butyrate (0.5 mM) two hours prior to exposure to oxi-
dized low-density lipoprotein (oxLDL). The aim was
to investigate the influence of butyrate pretreatment
on endothelial cells. The results of their study indi-
cated that endothelial cells pretreated with butyrate
exhibited reduced levels of superoxide ion, hydro-
gen peroxide, and nitric oxide in response to oxLDL
challengel. Oral butyrate and inulin supplementation
substantially boosted SOD activity in type 2 diabe-
tes, according to Neda Roshanravanet et al. SOD lev-
els that are high may boost cellular defense against
superoxide and peroxynitrite anions24. In our study,
NaB significantly abrogated HG-induced oxidative
stress of HRMECs. As for one phenomenon observed
in our study that an increase in HRMECs cell viabil-
ity under HG condition, which may indicate that the
cells undergo adaptive changes when faced with a
high glucose environment. High glucose conditions
typically increase intracellular glucose metabolites,
which may trigger the activation of various intracellu-
lar signaling pathways that could protect cell growth
and survival [27]. Our experimental results show that
HRMECs cell viability increases under high glucose
conditions, possibly due to adaptive mechanisms in
high glucose environments, such as enhanced anti-
oxidant capacity or activation of repair mechanisms.
This adaptive response may be a way for the cells to
maintain their physiological functions [40].

The joint upstream event to remodel all four classi-
cal pathogenetic pathways of DR is always thought to
be hyperglycemia-induced ROS production [7]. Prior
research has suggested that the excessive generation
of ROS plays a pivotal role in the activation of the
NLRP3 inflammasome [32]. We had confirmed NaB
reduced ROS generation, so we further studied if NaB
has any effect on NF-KB/NLRP3 pathway. Gu et al.
showed that treatment with 5 mM NaB resulted in the
reduction of increased IL-1p secretion in the superna-
tant of mesangial cells induced by LPS or HG stimu-
lation. Additionally, they observed that NaB inhibited
the activation of the NF-xB/IxB-a signaling pathway
in glomerular endothelial cells exposed to high glu-
cose conditions [9]. Jiang et al. found that sodium
butyrate might help prevent cow mastitis by relieving

LPS-induced series of inflammatory responses in
bovine macrophages via inhibiting histone deacety-
lation and the canonical NF-kB, NLRP3 signaling
pathway [10]. In this study, we aimed to investigate
the effect of NaB on the NF-kB/NLRP3 pathway
in HRMECs exposed to HG conditions. Our results
indicate that NaB effectively decreased the activa-
tion of the NF-kB/NLRP3 pathway induced by HG in
HRMECs.

NPDR, the early stage of DR, is featured by
increased retinal blood vessel permeability owing to
the breakdown of BRB. The BRB is composed of
both an inner and an outer barrier. The inner BRB is
formed by tight junctions (TJ) between retinal capil-
lary endothelial cells, while the outer BRB is com-
posed of tight junctions between retinal pigment
epithelial cells. The main inner and outer BRB TJ
proteins were built on occludins, ZO proteins, clau-
dins, and junctional adhesion molecules (JAMs)
together [3]. Indeed, ZO-1, occludin, claudin-1, and
claudin-5 are among the key TJ proteins that con-
tribute to maintaining the integrity of the BRB [38].
Studies have indicated that HG can lead to a reduc-
tion in ZO-1 and occludin protein levels in retinal
endothelial cells [11], and we got the same result in
HG-induced HRMECs. Sodium butyrate improved
the gastrointestinal barrier and the blood—brain bar-
rier by upregulation of occludin and ZO-1 [8]. We
found in our study that 5 mM NaB reversed the
decrease in ZO-1 expression induced by HG in
HRMECs.

N-Acetylcysteine (NAC), abbreviated as NAC, is
an amino acid derivative known for its capacity as an
antioxidant to diminish oxidative stress within cells
[28]. By elevating the levels of glutathione (GSH),
it aids cells in defending against damage caused by
free radicals and oxidative molecules, thereby shield-
ing cells from the impacts of oxidative stress [21].
Due to its antioxidative properties, NAC has been
investigated for potential therapeutic applications
in diseases such as cardiovascular ailments, neuro-
logical disorders, and inflammatory conditions [23].
Research suggests that utilizing NAC to reduce oxi-
dative stress may offer assistance in managing and
treating DR [31].Trimethylamine N-oxide (TMAO)
is a metabolite generated by gut microbiota, typi-
cally originating from certain nutrients in food such
as choline and L-carnitine found in meats. These sub-
stances are metabolized by gut microbes to produce
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trimethylamine (TMA), which is then oxidized into
TMAO in the liver [42]. TMAO is believed to be
associated with inflammation and oxidative stress,
potentially affecting vascular homeostasis by acti-
vating inflammatory pathways and influencing the
balance of oxidation—reduction [30]. Therefore, this
study aims to investigate the impact of NaB on the
ROS/NF-kB/NLRP3 pathway using ROS inhibitor
NAC and ROS activator TMAO, further exploring
alterations in the migratory capacity and vascular for-
mation ability of HRMECs. And we found that NaB
inhibited HG-induced activation of ROS/NF-xB/
NLRP3 pathway and angiogenesis in HRMECs:,
which can be a new treatment for DR. However, we
need further follow-up animal experiments on DR to
validate the drug’s safety and effectiveness in vivo.

In conclusion, our studies showed that NaB
holds the potential to attenuate the activation of the
ROS/NF-«kB/NLRP3 pathway and angiogenesis in
HRMEGCs, indicating that NaB can be a new thera-
peutic and protective approach for DR. Our study
provides new ideas for DR prevention and treatment.
And what’s more, in vivo and clinical trials will be
further refined in future.
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