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ABSTRACT

Long noncoding RNAs (IncRNAs) regulate the progression of type 2 diabetes mellitus compli-
cated with obstructive sleep apnoea (T2DM-OSA). However, the role of the IncRNA nuclear
paraspeckle assembly transcript 1 (NEAT1) in T2DM-OSA remains unknown. This study aimed
to reveal the function of NEAT1 in T2DM-OSA and the underlying mechanism. KKAy mice were
exposed to intermittent hypoxia (IH) or intermittent normoxia to generate a T2DM-OSA mouse
model. HMEC-1 cells were treated with high glucose (HG) and IH to construct a T2DM-OSA cell
model. RNA expression was detected by gRT-PCR. The protein expression of Apelin, NF-E2-
related factor 2 (Nrf2), haem oxygenase-1 (HO-1), and up-frameshift suppressor 1 (UPF1) was
assessed using western blot. Cell injury was evaluated using flow cytometry, enzyme-linked
immunosorbent assay, and oxidative stress kit assays. RIP, RNA pull-down, and actinomycin
D assays were performed to determine the associations between NEAT1, UPF1, and Apelin.
NEAT1 expression was upregulated in the aortic vascular tissues of mice with T2DM exposed
to IH and HMEC-1 cells stimulated with HG and IH, whereas Apelin expression was down-
regulated. The absence of NEAT1 protected HMEC-1 cells from HG- and IH-induced damage.
Furthermore, NEAT1 destabilized Apelin mRNA by recruiting UPF1. Apelin overexpression
decreased HG- and IH-induced injury to HMEC-1 cells by activating the Nrf2/HO-1 pathway.
Moreover, NEAT1 knockdown reduced HG- and IH-induced injury to HMEC-1 cells through
Apelin. NEAT1 silencing reduced HMEC-1 cell injury through the Apelin/Nrf2/HO-1 signalling
pathway in T2DM-OSA.

Abbreviations: LncRNAs, long non-coding RNAs; T2DM, type 2 diabetes mellitus; OSA, obstruc-
tive sleep apnoea; NEAT1, nuclear paraspeckle assembly transcript 1; IH, intermittent hypoxia;
HMEC-1, human microvascular endothelial cells; HG, high glucose; Nrf2, NF-E2-related factor 2;
UPF1, up-frameshift suppressor 1; HO-1, haem oxygenase-1; qRT-PCR, quantitative real-time poly-
merase chain reaction; ELISA, enzyme-linked immunosorbent assay; GAPDH, glyceraldehyde
3-phosphate dehydrogenase; TNF-a, tumour necrosis factor-a; CCK-8, Cell Counting Kit-8; IL-1(,
interleukin-1(3; ROS, reactive oxygen species; MDA, malondialdehyde; SOD, superoxide dismutase;
RIP, RNA immunoprecipitation; SD, standard deviations; GSH, glutathione; AlS, acute ischaemic
stroke; HMGB1, high mobility group box-1 protein; TLR4, toll-like receptor 4.
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Intreduction treatment strategies, including roux-en-Y gastric

Type 2 diabetes mellitus (T2DM), which seriously
threatens human health, is a class of chronic dis-
orders and accounts for approximately 80% of
patients with diabetes mellitus, characterized by
an increased blood glucose level [1,2]. Obstructive
sleep apnoea (OSA) is a comorbidity of T2DM
and accompanied by intermittent hypoxia (IH)
and sleep fragmentation [3]. Although current

bypass surgery, can treat T2DM complicated with
OSA (T2DM-0SA), the incidence of T2DM-0OSA
remains high owing to the increasing incidence of
T2DM [4,5]. T2DM-OSA can cause peripheral
vascular diseases due to blood-borne factors not
reaching the affected tissues, and vascular
endothelial dysfunction is common [6,7]. Long-
term  hyperglycaemia, inflammation, and
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oxidative stress are precursors of vascular
endothelial cell injury in diabetes mellitus [8].
Thus, understanding the molecular mechanism
of vascular endothelial cell inflammation and oxi-
dative stress in T2DM-OSA may be necessary to
develop effective treatment strategies.

Long noncoding RNAs (IncRNAs) are large
RNA transcripts (>200 nt in length). LncRNAs
cannot encode proteins but can mediate gene pro-
duction through their association with DNA or
chromatin regulators in the nucleus [9].
Meanwhile, in the cytoplasm, IncRNAs modulate
gene expression by competing with microRNAs
[10]. Furthermore, IncRNAs posttranscriptionally
affect gene expression by binding to RNA-binding
proteins, which can modulate target mRNA
expression and stability [11]. Considerable evi-
dence has indicated that IncRNAs participate in
physiological and pathological cell activities [12].
Some studies have also reported that IncRNAs,
such as prostaglandin-endoperoxide synthase 2
and metastasis-associated lung adenocarcinoma
transcript 1 (MALAT1), were associated with the
pathogenesis of T2DM or T2DM-OSA [13,14].
Another IncRNA, nuclear paraspeckle assembly
transcript 1 (NEAT1), is highly expressed in
patients with T2DM [15]; however, its regulatory
role in T2DM, particularly in T2DM-OSA,
remains to be explored.

Apelin is an adipokine that contains a ligand
for the angiotensin-like receptor 1 (APJ), regulat-
ing blood pressure and neovascularization
[16,17]. Apelin exists in tissues in various mole-
cular isomers and is required for regulating oxi-
dative stress and angiogenesis [18]. Increasing
data have revealed that Apelin modulates insulin
sensitivity and glucose usage and participates in
the regulation of diabetic complications by bind-
ing to APJ receptors [19,20]. Furthermore,
decreased serum levels of Apelin may participate
in the regulation of mild cognitive impairment in
patients with T2DM [21]. However, data regard-
ing the molecular mechanism of Apelin in T2DM
or T2DM-OSA are lacking. Through the predic-
tion of the starBase database, we found that
NEATI and Apelin contained up-frameshift sup-
pressor 1 (UPF1)-binding sites. Therefore, we
speculate that NEAT1 can cause Apelin mRNA
instability by binding to UPFI1, thus regulating

downstream signalling pathways to affect the pro-
gression of T2DM-OSA.

This study analysed the role and the under-
lying mechanisms of NEAT1 in T2DM-OSA
using a T2DM-OSA mouse model and a T2DM-
OSA cell model. Given the association of Apelin
with the NF-E2-related factor 2 (Nrf2) signalling
pathway in the development of diabetes mellitus
[22], we hypothesized that NEAT1 modulates
vascular endothelial cell injury by inhibiting the
Apelin/Nrf2/haem oxygenase-1 (HO-1) signal-
ling pathway in T2DM-OSA, which was vali-
dated in this study. The results of this study
may shed new light on the treatment of T2DM-
OSA.

Materials and methods
Animals and exposures

The animal research programme was approved by
the Animal Care and Use Committee of Hunan
Provincial People’s Hospital. Beijing HFK
Biotechnology Co., Ltd. (Beijing China) provided
12-week-old T2DM animal model KKAy mice
(male; weight 36-39g), and these mice were
placed in a specific-pathogen-free room. The
mice were randomly assigned to two groups: the
T2DM group (control group, n=6) and the
T2DM +IH group (TADM-OSA group, n=6).
The mice in the T2DM group were treated with
normoxic air with 21% O, concentration for 4
weeks. For the intermittent hypoxic treatment in
the T2DM +IH group, 5% and 21% concentra-
tions of O, were used, and IH exposure lasted for
8h every day for 28 days. O, concentration was
reduced to 5% for 0.5min and then restored to
peak concentration for 1.5 min in each IH expo-
sure cycle. Moreover, the circulation rates for IH
exposure in the two groups were 30 cycles/h. At
the end of exposure, the mice were treated with
xylazine (10 mg/kg; Amgicam, Shanghai, China)
and then euthanized by cervical dislocation.
Whole aortic vascular tissues and serum were
collected from these mice for subsequent analyses.
The fasting blood glucose of each mouse was
measured using a glucose metre (Roche, Basel,
Switzerland).



Cell culture and treatment

Human microvascular endothelial cells (HMEC-1)
(ATCC, Manassas, VA, USA) were cultured in com-
plete growth medium (HMEC-1 cell-specific med-
ium; Procell, Wuhan, Hubei, China) at 37°C with 5%
CO,. We performed the protocols for IH and high
glucose (HG) treatment as previously described [23].
Briefly, HMEC-1 cells were maintained in Petri dishes
(6/12/24-well plates) and treated with 25 mM or 50
mM glucose (HG) for 16 h. Subsequently, one group
of HG-induced cells and a group of 25 mM glucose-
induced cells were stimulated with IH (1.5% of O, for
30 s and 21% of O, for 1.5 min) for 8 h, named the
HG and IH induction (HG+IH group) and IH
groups. The remaining cells were cultured in inter-
mittent normoxic air (21% of O,) for 8 h, named the
HG and control groups.

Cell transfection

Small hairpin RNA of NEAT1 (sh-NEAT1), UPF1
overexpression plasmid (oe-UPF1), Apelin over-
expression plasmid (oe-Apelin), small interfering
RNA of Apelin (si-Apelin), and the matched nega-
tive controls, including sh-NC, oe-NC, and si-NC,
were provided by Ribobio Co., Ltd. (Guangzhou,
Guangdong, China). HMEC-1 cells were main-
tained in Petri dishes (6/12/24-well plates) and
allowed to grow to 75% confluence in a 5% CO,
incubator. The aforementioned plasmids or oligo-
nucleotides were mixed with Opti-MEM and then
transfected into cells according to the manufac-
turer’s instructions for Lipofectamine 2000
(Invitrogen, Carlsbad, CA, USA). After 6h, the
transfected cells were maintained in HG medium
and exposed to IH for 8 h for subsequent assays.

Quantitative real-time polymerase chain reaction
(QRT-PCR)

Mouse aortic vascular tissues and HMEC-1 cells
were treated with TRIzol reagent (Sangon Biotech,
Shanghai, China) for RNA isolation. RNA concen-
tration was quantified using a trace nucleic acid
protein  analyser  (Thermo-Fisher  Scientific,
Waltham, MA, USA). Specific cDNA synthesis kits
(#KR116; Tiangen, Beijing, China) were used for
reverse transcription. The diluted complementary
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DNA product was measured according to the guide-
book of SYBR Green master mix (Thermo-Fisher
Scientific). The expression of NEAT1 and Apelin
was analysed using the 2~**“* method with normal-
ization to glyceraldehyde 3-phosphate dehydrogen-
ase (GAPDH). Primers were synthesized by Tsingke
(Beijing, China). Forward (F) and reverse (R) pri-
mers are shown below. H-NEAT1-F 5'-
GTGGCTGTTGGAGTCGGTAT-" and H-NEAT1-
R 5-TAACAAACCACGGTCCATGA-3;
M-NEATI-F 5-GGGGCCACATTAATCACAAC
-3 and M-NEATI-R 5-CAGGGTGTCCT
CCACCTTA-3', H-Apelin-F 5-CTGCTCTGG
CTCTCCTTGAC-3'" and H-Apelin-R 5-GAA
AGGCATGGGTCCCTTAT-3', M-Apelin-F 5'-GC
ATGAATCTGAGGCTCTGC-3" and M-Apelin-R
5-CTGGTCCAGTCCTCGAAGTT-3', H-GAPDH-
F 5'-CCAGGTGGTCTCCTCTGA-3'

and H-GAPDH-R 5'-GCTGTAGCC
AAATCGTTGT-3', and M-GAPDH-F 5-AGCC
CAAGATGCCCTTCAGT-3" and M-GAPDH-R
5'-CCGTGTTCCTACCCCCAATG-3'.

Western blot assay

Mouse aortic vascular tissue and HMEC-1 cell
lysates were prepared using NP-40 buffer
(Beyotime, Shanghai, China). Proteins (20 pg) quan-
tified using the standard curve method were sub-
jected to bis-tris-acrylamide gel electrophoresis and
membrane transfer. The nitrocellulose membranes
(Roche) were blocked with defatted milk in a cold
atmosphere and then interacted with primary anti-
bodies against Apelin (PA5-114860; 1:500; Thermo-
Fisher Scientific), Nrf2 (PA5-88084; 1:2000;
Thermo-Fisher Scientific), UPF1 (PA5-54031;
1:1,000; Thermo-Fisher Scientific), HO-1 (PA5-
119658; 1:1,000; Thermo-Fisher) and GAPDH
(regarded as a reference) (PA1-987; 1:5,000;
Thermo-Fisher Scientific), followed by secondary
antibody (ab205718; 1:5,000; Abcam, Cambridge,
UK) incubation. The images of blots were obtained
using an ECL system (UVP, Upland, CA, USA).

Enzyme-linked immunosorbent assay (ELISA)

Tumour necrosis factor-alpha (TNF-a), interleu-
kin (IL)-1pB, IL-6, and IL-8 levels in HMEC-1 cell
supernatants and mouse serums were measured
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using human or mouse ELISA kits (TNF-q,
#PT518 and #PT512; IL-1P, #PI305 and #PI301;
IL-6, #PI330 and #PI326; and IL-8, #PI640;
Beyotime). A mouse IL-8 ELISA kit (#EM1592)
was provided by Wuhan Fine Biotech Co., Ltd.
(Wuhan, Hubei, China). HMEC-1 cell superna-
tants and mouse serum were seeded in test sample
wells with captured antibodies. After incubation at
37°C for a defined time, the captured antibody-
bound cytokines were analysed using biotin-
labelled primary antibodies. Then, each well was
added with horseradish peroxidase-conjugated
conjugate, 3,3',5,5"-tetramethylbenzidine substrate,
and stop solution. The reaction plates were read
using a microplate reader (Thermo-Fisher
Scientific) at 450 nm.

Cell viability analysis

Cell viability assay was performed following the
suggestion of the producers of the Cell Counting
Kit-8 (#C0038; CCK-8, Beyotime). Briefly, HMEC-
1 cells with various treatments in 96-well plates
were incubated with 10 pL of CCK-8 reagent. After
4 h, a microplate reader (Thermo-Fisher Scientific)
was used to read the reaction plates at 450 nm.

Cell apoptosis detection

The Annexin V-FITC Apoptosis Detection Kit
(#CA1020, Solarbio, Beijing, China) was used to
measure the HMEC-1 cell apoptotic rate after var-
ious treatments. HMEC-1 cells were centrifuged at
200 rpm for 8 min and suspended in deionized
water-diluted binding buffer. Subsequently, the
cells were incubated with Annexin V-fluorescein
isothiocyanate and propidium iodide under light-
devoid conditions. After 5 min, cell apoptosis was
assessed using a flow cytometer (Thermo-Fisher
Scientific).

Reactive oxygen species (ROS) detection

HMEC-1 cells with various treatments were
washed using buffer when achieving an appropri-
ate density following the guidebook of Cellular
ROS assay kit (#ab113851; Abcam). The cells
were then stained with  2',7'-dichlorodi-
hydrofluorescein diacetate solution for 45 min in

darkness. After washing with buffer, the samples
were subjected to fluorescent microscopy
(Thermo-Fisher Scientific).

Malondialdehyde (MDA) assay

HMEC-1 cells were harvested after various treat-
ments and subjected to lysate using MDA Lysis
Buffer based on the procedures of the lipid perox-
idation MDA assay kit (#ab118970; Abcam). The
cells were then homogenized and centrifuged at
12,000 rpm. After 10 min, the TBA reagent was
added to each well and incubated at 95°C for 1h.
The reaction wells at 450 nm were finally read using
a microplate reader (Thermo-Fisher Scientific).

Superoxide dismutase (SOD) activity analysis

HMEC-1 cells and aortic vascular tissues were lysed by
adding Tris/HCI, according to the guidebook of the
SOD activity detection kit (#ab65354; Abcam). The
samples were then centrifuged, and the supernatant
was transferred to clean tubes. Various components,
including 2-(4-Iodophenyl)-3-(4-nitrophenyl)-
5-(2,4-disulfophenyl)-2 H-tetrazolium, monosodium
salt (WST) working solution, and Enzyme Working
Solution, were added to test wells. The reaction wells at
450 nm were finally read using a microplate reader
(Thermo-Fisher Scientific).

Glutathione (GSH) detection assay

The GSH Assay Kit (#ab239727; Abcam) was used to
analyse GSH production in HMEC-1 cells and aortic
vascular tissues. Briefly, pelleted cells and homoge-
nized tissues with SSA solution were maintained on
ice and then centrifuged at 12,000 rpm for 20 min.
The samples were transferred to new tubes and
diluted using GSH assay buffer. The reaction wells
were finally measured in a kinetic mode using
a microplate reader (Thermo-Fisher Scientific).

RNA immunoprecipitation (RIP)

The associations between NEATI1, Apelin, and
UPF1 were identified based on the manufac-
turer’s recommendations of the Magna RNA
immunoprecipitation kit (#17-700; Millipore,
Billerica, MA, USA). Magnetic beads



(Millipore) were conjugated with anti-IgG
(#2729; CST, Shanghai, China) or anti-UPF1
(#9435; CST) in advance. HMEC-1 cells were
lysed with complete RIP lysis buffer and incu-
bated with magnetic bead antibody complex at
4°C overnight. RNA was purified from the com-
plex and reverse transcribed to cDNA. Then, the
expression of NEAT1 and Apelin was deter-
mined using qRT-PCR.

RNA pull-down assay

Biotin-labelled NEAT1 and Apelin (sense and
antisense) were synthesized by Sangon Biotech.
The assay was performed using Biotin RNA
Labeling Mix (Roche). Briefly, HMEC-1 cell
lysates were prepared using RIP lysis buffer
and then incubated with biotinylated NEATI
or Apelin. The probe complexes were targeted
using streptavidin beads (Sigma, Louis, MO,
USA). Specific bands were identified by western
bolt with the use of anti-UPF1 (#9435; CST) and
Image] software.

Actinomycin D treatment assay

HMEC-1 cells were transfected with sh-NC, sh-
NEAT1, and oe-UPF1 alone or jointly, according
to the aforementioned method. After 48 h, acti-
nomycin D (Rechemscience, Shanghai, China)
was added to each well, lasting 0, 3, 6, 9, and 12
h. Finally, the cells were harvested for qRT-PCR
of Apelin expression.

Statistical analysis

The data were analysed using GraphPad Prism
(GraphPad Software, La Jolla, CA, USA) and are
presented as means + standard deviations. All
assays were performed in triplicate. The
Wilcoxon - Mann-Whitney test or Student’s
t-test was used to compare the data between the
two groups. Analysis of variance with Tukey’s test
was used for significant difference analysis among
three or more groups. P-values <0.05 were used to
indicate statistical significance.
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Results

NEAT1 expression was upregulated and apelin
expression was downregulated in the aortic
vascular tissues of mice with T”2DM exposed to IH

The study first detected the glucose levels in mice
with T2DM exposed to IH (T2DM-OSA). The
results showed that the glucose level was higher in
mice with T2DM-OSA than in mice with T2DM
(Figure 1a). NEAT1 expression level was increased
and Apelin, Nrf2, and HO-1 expression levels were
decreased in the aortic vascular tissues of the T2DM-
OSA group compared with those in the control
group (Figure 1b,c). As shown in Figure 1d,e, SOD
and GSH activities were inhibited in the aortic vas-
cular tissues of the T2DM-OSA group compared
with those in the aortic vascular tissues of the control
group. Furthermore, we analysed the levels of TNF-
a, IL-6, IL-1pB, and IL-8 in the serum of each mouse
using ELISA, and the results revealed that their levels
were significantly elevated in the T2DM-OSA group
compared with those in the control group
(Figure 1f). These data suggested that the T2DM-
OSA mouse model was successfully built and that
NEAT1 and Apelin were dysregulated in mice with
T2DM-OSA.

NEATT1 expression was significantly increased
and apelin expression was decreased in HMEC-1
cells exposed to HG and IH

We then developed a T2DM-OSA cell model by
exposing HMEC-1 cells to HG and IH, and the
expression of NEAT1 and Apelin was analysed in
the cell model. The results showed that treatment
with HG and/or IH, particularly their combina-
tion, upregulated the expression of NEATI1
(Figure 2a). We observed a decrease in Apelin
expression in both the HG and IH groups com-
pared with that in the control group. Notably, the
HG +IH group exhibited the most significant
decrease (Figure 2b,c). Furthermore, the results
of the CCK-8 assay indicate that the viability of
HMEC-1 cells was lower in both the HG and IH
groups than in the control group. Interestingly,
cell vitality in the HG +IH group was the lowest
among all groups (Figure 2d). As shown in
Figure 2e,f, apoptosis of HMEC-1 cells and the
serum levels of TNF-a, IL-6, IL-1P, and IL-8
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Figure 1. NEAT1 and Apelin are dysregulated in mice with T2DM exposed to IH. KKAy mice were divided into the T2DM + IH
group (mice exposed to intermittent hypoxia) and the T2DM group (mice exposed to intermittent normoxic air). (a) fasting blood
glucose was measured using a glucose meter in each mouse. (b) qRT-PCR was performed to detect NEAT1 and Apelin expression in
the aortic vascular tissues of each mouse. (c) protein expression levels of Apelin, Nrf2, and HO-1 were examined using western blot
in the aortic vascular tissues of each mouse. (d and e) SOD activity and GSH production were assessed using commercial assay kits in
the aortic vascular tissues of each mouse. (f) ELISA was performed to analyze the levels of TNF-q, IL-6, IL-1(, and IL-8 in the serum of

each mouse. **p < 0.01, ***p < 0.001.

were increased after stimulation using HG or IH,
and the increases were most significant after the
combined stimulation of HG and IH.
Furthermore, HG or IH treatment increased ROS
and MDA levels and inhibited SOD activity and
GSH production in HMEC-1 cells, and the combi-
nation treatment of HG and IH yielded the most
obvious changes (Figure 2gh). Thus, a T2DM-
OSA cell model was successfully developed.
Moreover, the combination of HG and IH drama-
tically increased NEAT1 expression and decreased
Apelin expression in HMEC-1 cells.

NEATT1 silencing attenuated HG- and IH-induced
HMEC-1 cell injury

We analysed the effects of NEAT1 knockdown on
HG- and IH-induced HMEC-1 cell damage. As

shown in Figure 3a, HG and IH treatment increased
NEAT1 expression, whereas the effect was relieved
after NEAT1 knockdown. Subsequently, we found
that HG and IH stimulation-induced cell viability
inhibition and cell apoptosis promotion were rescued
when NEAT1 expression was decreased (Figure 3b,c).
Consistently, the promoting effects of HG and IH
treatment on the serum levels of TNF-a, IL-6, IL-1,
and IL-8 were restored by decreasing NEAT1 expres-
sion (Figure 3d). The results of Figure 3e,f reveal that
the combination of HG and IH promoted ROS and
MDA production and inhibited SOD activity and
GSH level; however, these effects were counteracted
when NEAT1 expression was inhibited. Therefore,
the aforementioned findings suggested that NEAT1
knockdown protected HMEC-1 cells from HG- and
IH-induced damage.
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Figure 2. The combination of HG and IH dramatically increased NEAT1 expression and decreased Apelin expression in
HMEC-1 cells. HMEC-1 cells were divided into the control, HG, IH, and HG + IH groups. The RNA expression of NEAT1 and Apelin was
analysed using qRT-PCR (a and b). Apelin protein expression was analysed using western blot (c). Cell viability was analysed using
CCK-8 assay (d). Cell apoptosis was analysed using flow cytometry (e). TNF-q, IL-1B, IL-6, and IL-8 levels were analysed using ELISA (f).
(g) the Cellular ROS assay kit was used to analyze ROS levels. (h) the lipid peroxidation MDA, superoxide dismutase activity, and GSH
assay kits were used to detect MDA levels, SOD activity, and GSH production, respectively. *p < 0.05, **p < 0.01, ***p < 0.001.

NEAT1 destabilized apelin mRNA by recruiting
UPF1

The binding sites of UPF1 for NEAT1/Apelin are
shown in Figures S1A and SIB. According to the
RIP assay results, the UPF1 antibody significantly

enriched NEAT1 and Apelin compared with the IgG
antibody (Figure 4a). Moreover, we performed an
RNA pull-down assay using synthesized NEAT1 and
Apelin probes (both sense and antisense). The results
revealed that UPF1 production was higher in the
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Figure 3. NEAT1 knockdown protected HMEC-1 cells from HG- and IH-induced damage. HMEC-1 cells were divided into the
control, HG-IH, HG-IH + sh-NC, and HG-IH + sh-NEAT1 groups. NEAT1 expression was analysed using qRT-PCR (a). Cell viability was
analysed using CCK-8 assay (b). Cell apoptosis was investigated using flow cytometry (c). TNF-a, IL-13, IL-6, and IL-8 levels were
detected using ELISA (d). ROS level, MDA level, SOD activity, and GSH production were assessed using commercial assay kits (e and

f). *p < 0.05, **p < 0.01, ***p < 0.001.

NEAT1 and Apelin sense probe group than in the
antisense probe group (Figure 4b). To further inves-
tigate the relationships between NEAT1, UPF1, and
Apelin, we knocked down NEAT1 expression in
HMEC-1

cells and performed a RIP assay.

Interestingly, the enrichment of UPF1 antibody to
Apelin was significantly reduced after NEAT1 knock-
down (Figure 4c). As shown in Figure 4d, UPF1
protein expression was significantly upregulated
after transfection with the UPF1 overexpression



plasmid. Moreover, UPF1 overexpression signifi-
cantly reduced the mRNA and protein expression
levels of Apelin in the presence of NEATI; after
NEAT1 knockdown, the regulatory effect of UPF1
overexpression on the mRNA and protein expression
levels of Apelin was weakened (Figure 4e.f).
Furthermore, the degradation of Apelin mRNA was
slowed down after NEAT1 knockdown; however, this
effect was partially restored when UPF1 expression
was increased (Figure 4g). Taken together, the afore-
mentioned data indicated that NEAT1 destabilized
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Apelin overexpression reduced HG- and
IH-induced HMEC-1 cell damage by activating the
Nrf2/HO-1 signaling pathway

We further assessed the effects of ectopic Apelin
expression on HG- and IH-induced HMEC-1 cell
damage and the underlying mechanism. HG and IH
treatment decreased Apelin mRNA and protein
expression levels, whereas these effects were restored
by the upregulation of Apelin expression (Figure 5a,
b). Furthermore, HG and IH stimulation-induced
cell viability inhibition and cell apoptosis promotion

Apelin mRNA by recruiting UPF1. were relieved when Apelin expression was
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Figure 4. NEAT1 destabilized Apelin mRNA by recruiting UPF1. (a — ¢) RIP and RNA pull-down assays were performed to identify
the associations between NEAT1, UPF1, and Apelin in HMEC-1 cells. (d) the efficiency of UPF1 overexpression was analyzed using
western blot. (e and f) the effects of NEAT1 knockdown and UPF1 overexpression on Apelin expression in HMEC-1 cells were
determined using gRT-PCR and western blot assays. (g) actinomycin D assay was performed to investigate the effects of NEAT1
knockdown and UPF1 overexpression on Apelin mRNA degradation. *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 5. Apelin overexpression protected against HG- and IH-induced HMEC-1 cell injury by activating the Nrf2/HO-1
signalling pathway. HMEC-1 cells were divided into the control, HG-IH, HG-IH + oe-NC, and HG-IH + oe-Apelin groups. Apelin
expression was analysed using gRT-PCR and western blot (a and g). Cell viability was detected using CCK-8 assay (c). Cell apoptosis
was analysed using flow cytometry (d). TNF-a, IL-1pB, IL-6, and IL-8 levels were analysed using ELISA (e). ROS level, MDA level, SOD
activity, and GSH production were assessed using commercial assay kits (f and g). Nrf2 and HO-1 protein expression was detected
using western blot (h). *p < 0.05, **p < 0.01, ***p < 0.001.



upregulated (Figure 5¢,d). The promoting effects of
HG and IH treatment on TNF-a, IL-1p, IL-6, and IL-
8 production were also counteracted by upregulating
Apelin expression (Figure 5e). Moreover, HG and IH
stimulation promoted ROS and MDA production
and inhibited SOD activity and GSH level; however,
these effects were restored when Apelin expression
was increased (Figure 5f,g). Furthermore, HG- and
IH-treated HMEC-1 cells showed decreased Nrf2
and HO-1 protein expression; however, the HG-
and IH-induced effects were relieved after Apelin
introduction (Figure 5h). Therefore, these data
demonstrated that Apelin overexpression protected
against HG- and IH-induced HMEC-1 cell injury by
activating the Nrf2/HO-1 signalling pathway.

NEAT1 silencing decreased HG- and IH-induced
HMEC-1 cell injury by regulating apelin

Considering the aforementioned results, we further
validated whether the regulation of NEAT1 in HG-
and IH-induced HMEC-1 cell injury involved
Apelin. The data first showed that the inhibitory
effect of NEAT1 silencing on HG- and IH-induced
NEAT1 expression promotion was not affected by
a decrease in Apelin expression (Figure 6a).
However, the promoting effect of NEAT1 knock-
down on Apelin expression in HG- and IH-induced
HMEC-1 cells was relieved by decreasing Apelin
expression (Figure 6b,c). Subsequently, HG- and
IH-induced inhibition of cell viability and promo-
tion of cell apoptosis and TNF-a, IL-1f, IL-6, and
IL-8 production were restored after NEAT1 knock-
down; however, these effects were overturned when
Apelin expression was downregulated (Figure 6d-
f). Consistently, decreasing NEAT1 expression
relieved HG- and IH-induced effects on ROS level,
MDA level, SOD activity, and GSH production;
however, these effects were rescued after transfec-
tion with si-Apelin (Figure 6gh). Moreover, HG-
and IH-induced decreases in Nrf2 and HO-1 pro-
tein expression levels were remitted when NEAT1
expression was inhibited, whereas these results were
relieved by the downregulation of Apelin expres-
sion (Figure 6i). Taken together, NEAT1 silencing
protected against HG- and IH-induced HMEC-1
cell injury by modulating Apelin.
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Discussion

LncRNAs not only participate in tumour devel-
opment but also affect metabolism-related disease
occurrence. Considerable evidence has shown
that IncRNAs may be involved in the develop-
ment of T2DM and OSA [24,25]. For example,
MALAT1 was upregulated in brain tissues of
individuals with T2DM-OSA, and its knockdown
inhibited  the  hippocampal inflammatory
response in  T2DM-OSA  [14]. NEATI,
a member of the IncRNA family, is closely corre-
lated with T2DM progression and impacts T2DM
prognosis [26]. A study revealed that NEAT1
promoted diabetic retinopathy progression [27].
Another study indicated the involvement of
NEAT1 in OSA-related hypertension [28].
However, its function in T2DM-OSA has not
been reported. This study showed that NEAT1
expression was upregulated in the aortic vascular
tissues of mice with T2DM exposed to IH and
HG and IH-induced HMEC-1 cells. Additionally,
interference with NEATI1 expression inhibited
apoptosis, inflammation, and oxidative stress of
HG- and IH-triggered HMEC-1 cells. Subsequent
assays revealed that NEAT1-mediated regulation
of T2DM-OSA-like vascular endothelial cell
injury was associated with the Apelin/Nrf2/HO-
1 signalling pathway.

UPF1 is an RNA-binding protein responsible for
nonsense-mediated mRNA decay, which is an mRNA
quality-control mechanism [29,30]. Studies have
demonstrated that IncRNAs affect mRNA stability
by binding to UPFI. For example, ZFPM2-AS1 syner-
gized with UPF1 to destroy zinc finger protein, FOG
family member 2 mRNA stability [31]. SNAI3-AS1
promoted SMAD family member 7 mRNA stability
by binding to UPF1 [32]. Shi et al. revealed that
interference with the interaction of UPF1 and GAS5
limits the degradation of GASS, further regulating
glucose uptake and insulin signalling in diabetic adi-
pocytes [33]. Our data showed that NEAT1 regulated
Apelin expression by binding to UPF1. Moreover,
UPF1 overexpression reduced Apelin expression in
the presence of NEAT1, whereas the regulatory effect
of UPF1 overexpression on the mRNA and protein
expression levels of Apelin was weakened in the
absence of NEATI1. Thus, NEAT1 destabilized
Apelin mRNA by recruiting UPFI.
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Figure 6. NEAT1 silencing protected against HG- and IH-induced HMEC-1 cell injury by modulating Apelin. HMEC-1 cells were divided
into the control, HG-IH, HG-IH + sh-NEAT1, HG-IH + sh-NEAT1 + si-NC, and HG-IH + sh-NEAT1 + si-Apelin groups. NEAT1 expression was
assessed using gRT-PCR (a). Apelin expression was detected using qRT-PCR and western blot (b and c). Cell viability was analysed using CCK-8
assay (d). Cell apoptosis was analysed using flow cytometry (e). TNF-q, IL-1B, IL-6, and IL-8 levels were detected using ELISA (f). ROS level, MDA
level, SOD activity, and GSH production were assessed using commercial assay kits (g and h). Nrf2 and HO-1 protein expression was detected
using western blot (i). *p < 0.05, **p < 0.01, ***p < 0.001.



The progression of T2MD-OSA involves the reg-
ulation of some proteins. For example, high mobility
group box-1 protein combined with toll-like recep-
tor 4 to promote apoptosis and inhibit autophagy of
hippocampal neurons in T2DM-OSA [23]. Nrf2 par-
ticipated in the protective effect of Honokiol on
pancreatic B cells of rats with diabetes mellitus
under IH treatment [34]. Apelin is secreted by adi-
pose tissues and is expressed in several cell types,
such as gastric exocrine and islet cells, and partici-
pates in the regulation of neurological disorders,
hypertensive diseases, and metabolic disorders [35].
A study showed that patients with T2DM and mild
cognitive impairment presented a lower serum
Apelin level than those with normal cognitive func-
tion [21]. Our data showed that Apelin expression
was downregulated in the aortic vascular tissues of
mice with T2DM exposed to IH and HG and IH-
induced HMEC-1 cells. A diabetic rat model showed
that Apelin decreased renal ischaemia/reperfusion
by activating the Nrf2 pathway [22]. Nrf2 can reg-
ulate the transcription of the antioxidant enzyme
haem oxygenase HO-1, and the Nrf2/HO-1 pathway
is involved in the regulation of melatonin in HG-
induced ferroptosis in T2DM with osteoporosis
[36,37]. This study revealed that Apelin introduction
protected against HG- and IH-induced HMEC-1 cell
apoptosis, inflammation, and oxidative stress by acti-
vating the Nrf2/HO-1 signalling pathway. Moreover,
the absence of NEAT1 protected HMEC-1 cells from
HG- and IH-induced injury through Apelin. Thus,
NEAT1 knockdown reduced HG- and IH-induced
HMEC-1 cell injury through the Apelin/Nrf2/HO-1
signalling pathway.

Taken together, NEAT1 knockdown protected
HMEC-1 cells from HG- and IH-induced injury.
In terms of mechanism, NEAT1 destabilized
Apelin mRNA by binding to UPF1 and thus inac-
tivated the Nrf2/HO-1 pathway. However, the
mechanism was not verified using mouse model
assays, which should be considered. Nevertheless,
our study provides a novel insight into the occur-
rence of diabetic angiopathy. Furthermore, these
findings suggest that the interference of NEAT1
expression is effective against T2DM-OSA.
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