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Abstract
Numerous studies have revealed that hyperglycemia is a pivotal driver of diabetic vascular complications. However, the
mechanisms of hyperglycemia-induced endothelial dysfunction in diabetes remain incompletely understood. This study aims
to expound on the underlying mechanism of the endothelial dysfunction induced by hyperglycemia from the perspective of
long non-coding RNAs (lncRNA). In this study, a downregulation of SNHG15 was observed in the ischemic hind limb of
diabetic mice and high glucose (HG)-treated HUVECs. Functionally, the overexpression of SNHG15 promoted cell
proliferation, migration, and tube formation, and suppressed cell apoptosis in HG-treated HUVECs. Mechanistically,
SNHG15 reduced thioredoxin-interacting protein (TXNIP) expression by enhancing ITCH-mediated ubiquitination of
TXNIP. TXNIP overexpression abrogated the protective effect of lncRNA SNHG15 overexpression on HG-induced
endothelial dysfunction. The following experiment further confirmed that SNHG15 overexpression promoted angiogenesis
of the ischemic hind limb in diabetic mice. In conclusion, SNHG15 is a novel protector for hyperglycemia-induced
endothelial dysfunction via decreasing TXNIP expression.

Introduction

Diabetes is a common metabolic disorder characterized by
hyperglycemia; it affects more than 400 million people
worldwide [1]. Diabetic vascular complications, pre-
dominantly characterized by damaged vascular endothelial
function, are the leading cause of mortality in diabetic

patients [2]. Increasing evidence shows that hyperglycemia
is a vital factor that triggers vascular endothelial dysfunc-
tion [3, 4]. During the progression of diabetes, a hyper-
glycemic state leads to aberrant angiogenesis and enhances
endothelial permeability, ultimately resulting in the onset of
diabetic vascular complications [5]. However, to date, the
mechanisms underlying hyperglycemia-induced endothelial
dysfunction remain unclear.

Small nucleolar RNA host genes (SNHGs) are a group of
long non-coding RNAs (lncRNAs) that have been reported to
participate in the regulation of vascular endothelial cell function.
For instance, SNHG1 relieves hypoxia-reoxygenation-induced
vascular endothelial cell impairment [6]. SNHG6 expression is
obviously elevated in the serum of patients with atherosclerosis;
its overexpression aggravates human umbilical vein endothelial
cell (HUVEC) injury induced by low-density lipoproteins [7].
Moreover, SNHG12 facilitates angiogenesis during ischemic
stroke [8], while SNHG15 and SNHG16 are involved in the
growth of endothelial cells in glioma and hemangioma tissues,
respectively [9, 10]. However, whether these lncRNAs are
associated with hyperglycemia-induced endothelial dysfunction
remains unclear. In our preliminary experiment, the expression
levels of the aforementioned lncRNAs were assessed in high
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glucose (HG)-treated HUVECs. qRT-PCR results revealed a
significant decrease in only the SNHG15 expression level after
HG treatment (Supplementary Fig. 1A–E), indicating that
SNHG15 may be a potential regulator of hyperglycemia-induced
endothelial dysfunction.

Therefore, in the present study, we investigated the role
of SNHG15 in hyperglycemia-induced endothelial dys-
function and the underlying mechanism. Moreover, we
assessed whether SNHG15 could function as a potential
target for the treatment of diabetic endothelial dysfunction.

Materials and methods

Diabetic model of murine hind limb ischemia

Male 6-week-old C57BL/6J mice were commercially obtained
from Shanghai SLAC Laboratory Animal Co., Ltd. (China).
All animal experiments were approved by the Ethics Com-
mittee of The First Affiliated Hospital, School of Medicine,
Zhejiang University. Diabetes was induced by intraperitoneally
injecting streptomycin (STZ, 50mg/kg) for five consecutive
days. The blood glucose levels of the mice were monitored.
Two weeks after the injection, the mice whose blood glucose
levels were more than 16mmol/L were considered to be dia-
betic (n= 25) [11–13]. The mice injected with the same
volume of citrate buffer (pH 4.5, the solvent of STZ) were
considered to be nondiabetic (n= 25). Following this, 8-week-
old diabetic and nondiabetic mice were subjected to left limb
ischemia, as described previously [11]. A sham procedure was
performed on the right hind limb. Laser Doppler perfusion
imaging (LDPI; Moor Instruments, UK) was utilized to
monitor the blood flow in the hind limb immediately after
surgery as well as 7, 14, 21, and 28 days after surgery. The
mice were sacrificed at five time-points (immediately after
surgery and 3, 7, 14, and 28 days after surgery) and the gas-
trocnemius tissues of their hind limbs were collected.

To assess the effect of SNHG15 on hyperglycemia-
induced endothelial dysfunction in vivo, 1 × 108 TU
SNHG15-overexpressing lentiviral vector (Lenti-SNHG15)
or its negative control (Lenti-NC) was injected into the
diabetic mice through the tail vein. Left hind limb ischemia
was induced and the blood flow in the hind limbs was then
measured as described above. All the diabetic mice survived
during the surgery. The limb function was measured on the
basis of the foot movement score (0= normal, 1= plantar
but not toe flexion, 2= no flexion, and 3= dragging of the
foot) before surgery and 3, 7, 14, 21, and 28 days after
surgery. Twenty-eight days after surgery, five Lenti-
SNHG15-treated mice and five Lenti-NC-treated mice
were sacrificed; the gastrocnemius tissues of their hind
limbs were then collected.

Isolation of primary endothelial cells

Primary endothelial cells were isolated from the gastrocnemius
tissues of the ischemic hind limbs of the mice, as described
previously [14]. In Brief, tissues were cut into small sections
and immersed in 0.2% type IV collagenase (Shanghai YESEN
Biotechnology Co., Ltd. China) for 30min. Next, the tissues
were filtered and centrifuged. The pellet formed was resus-
pended in PBS, and endothelial cells were isolated using DSB-
X biotinylated mouse CD31 antibody (eBioscience, CA) and
FlowComp Dynabeads (Invitrogen, USA).

Immunohistochemical staining

The gastrocnemius tissues of the hind limbs were processed
into 4-μm-thick paraffin-embedded sections. Immunohisto-
chemical staining was performed using CD31 antibody to
examine the capillary density, as described previously [15].

Cell culture and transfection

HUVECs were commercially obtained from Wuhan Procell
Life Technology Co., Ltd (China) and cultured in Endo-
thelial Cell Medium (Sciencell, USA) containing 5% fetal
bovine serum and 1% growth supplement. The cells were
then treated with a normal concentration of glucose (5 mM
D-glucose, NG group) or high concentration of glucose
(25 mM D-glucose, HG group) for 24 h.

For constructing the lentiviral vector, SNHG15/thioredoxin-
interacting protein (TXNIP) sequences were synthesized and
subcloned into the pWPXL vector (Hunan Fenghui Biological
Technology Co., Ltd. China). The pWPXL/pWPXL-SNHG15/
pWPXL-TXNIP, psPAX2, and pMD2G plasmid were co-
transfected into HEK293T cells using lipofectamine 3000.
Virus particles were harvested 72 h after transfection, filtered
through a 0.45-µm filter, and centrifuged (20,000 rpm, 4 °C).
Following this, Lenti-SNHG15 or Lenti-TXNIP was collected
and used to infect HUVECs with 8 µg/ml polybrene (Biosharp
Life Science, China).

qRT-PCR

The RNAprep Pure Cell Kit and RNAprep Pure Tissue Kit
(Tiangen, China) were used to extracting the total RNA
from HUVECs, gastrocnemius tissues, and primary endo-
thelial cells, respectively. Reverse transcription was per-
formed to synthesize cDNA using the PrimeScript RT
Reagent Kit (Takara, Japan). PCR was performed using the
SYBR Premix Ex Taq II Kit (Takara). The relative
SNHG15 and TXNIP expression levels were calculated
using the 2−ΔΔCT method. GAPDH was used as the endo-
genous control.
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Cell counting kit-8 assay

Cell proliferation was assessed using the cell counting kit-8
(CCK-8) assay. After Lenti-NC, Lenti-SNHG15, or Lenti-
SNHG15+ Lenti-TXNIP infection, HUVECs were seeded
in 96-well plates. Following this, HUVECs were treated
with NG or HG for 0, 24, 48, and 72 h and then incubated
with CCK-8 (10 μl, CoWin Biosciences, China) for 2 h. The
absorbance of each well was detected at 450 nm utilizing a
microplate reader (Bio-Rad, USA).

Transwell assay

Cell migration was assessed using the transwell assay.
HUVECs were incubated with HG or NG for 24 h. Next, the
serum-free medium (100 µl) containing 3 × 104 HUVECs
was transferred to the upper Transwell chamber (BD
Bioscience, USA). Medium (500 µl) containing 15% FBS
and 5 mM or 25 mM D-glucose was added to the lower
chamber. Twenty-four hours later, the cells that passed
through the filter were fixed with paraformaldehyde and
then stained with 0.1% crystal violet. Finally, the stained
cells were counted under a microscope.

Tube formation assay

Matrigel (BD Bioscience) was added into 24-well plates and
solidified by incubating at 37 °C for 30 min HUVECs were
incubated with HG or NG for 42 h. The cells were then
seeded on Matrigel at a density of 1 × 105 cells/well, fol-
lowed by incubation with HG or NG for another 6 h. Tube
formation was evaluated using an inverted microscope.

Cell apoptosis assay

After incubation with NG or HG for 48 h, HUVECs were
seeded in six-well plates. Cell apoptosis was measured using
the Annexin V-FITC Apoptosis Detection Kit (Univ-bio,
China). In brief, HUVECs were resuspended in 195 μl
annexin V-FITC binding buffer and then incubated with 5 μl
annexin V-FITC for 15 min at room temperature without
light. Next, HUVECs were stained with 10 μl propidium
iodide staining solution. After 5 min, cell apoptosis was
measured using a flow cytometer (BD Biosciences).

RNA pull-down assay

The biotinylated SNHG15 (sense) probe and negative
control [biotinylated antisense of SNHG15 (antisense)]
probe were commercially obtained from RiboBio (China).
The lysates of HUVECs were incubated with the sense
probe or antisense probe overnight at 4 °C, followed by

incubation with streptavidin magnetic beads (Invitrogen) for
1 h at 4 °C. Subsequently, TXNIP expression in the com-
plex bound by the sense or antisense probe was detected
using western blot analysis.

RNA-binding protein immunoprecipitation (RIP)
assay

The EZ-Magna RIP Kit (Millipore Corporation, USA) was
used to perform the RIP assay. HUVECs were lysed and
reacted with RIP buffer containing magnetic beads that
were conjugated with anti-TXNIP or anti-IgG. After iso-
lating purified RNA samples from the protein-RNA com-
plex, the SNHG15 expression level was determined by
qRT-PCR. IgG served as the normalization control.

Western blot

Western blot was conducted using a previously described
method [16]. The primary antibodies used in the present
study were as follows: anti-TXNIP (1:1000, Abcam, UK),
anti-beta actin (1:1000, Abcam), anti-FLAG (0.5 µg/ml,
Abcam), anti-HA (1:4000, Abcam), and anti-ITCH (1:1000,
Abcam). The secondary antibody was Goat Anti-Rabbit IgG
H&L (HRP) (1:5000, Abcam).

Cycloheximide (CHX)-chase assay

HUVECs were transfected with Lenti-SNHG15 or Lenti-
NC. Forty-eight hours after transfection, the original med-
ium was replaced with the fresh medium containing CHX
(10 μg/ml). Then, the expression of TXNIP was determined
using the western bolt at 0, 2, 4, 6 h after CHX treatment.

Co-immunoprecipitation (Co-IP) assay

To evaluate the effect of SNHG15 on the ubiquitination of
TXNIP, HUVECs were co-transfected with HA-ubiquitin
(Ub), FLAG-TXNIP, and Lenti-SNHG15 or Lenti-NC,
followed by treatment with MG132 (10 μM) for 4 h. The
Classic IP kit (ThermoFisher, USA) was used for the IP
assay. HUVECs were lysed using lyse buffer and incubated
with anti-FLAG antibody (Abcam) overnight at 4 °C. Pro-
tein complexes were precipitated using protein A/G agarose
beads. Subsequently, the precipitates were eluted and ana-
lyzed using western blot analysis.

To evaluate the effect of SNHG15 on the interaction
between ITCH and TXNIP, HUVECs were transfected with
Lenti-SNHG15 or Lenti-NC, followed by treatment with
MG132 (10 μM) for 4 h. Next, HUVECs were subjected to
co-IP using an anti-ITCH antibody (Abcam) and then
assessed using western blot analysis.
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Statistical analysis

Data are expressed as the mean ± SD. Statistical analysis
was performed using GraphPad Prism 6.0. Comparisons
between two experimental groups were made using Stu-
dent’s t-test. For multiple experimental groups, data were
analyzed by one-way ANOVA, followed by the Tukey post
hoc test for multiple comparisons. Results were considered
statistically significant when P < 0.05.

Results

SNHG15 was downregulated in HG-treated HUVECs
and ischemic hind limb of diabetic mice

Compared with NG-treated HUVECs, SNHG15 expression
was downregulated in HG-treated HUVECs (Supplementary
Fig. 1D). Hence, SNHG15 expression level was further
assessed under different glucose concentrations and different
treatment times. As shown in Fig. 1A, B, the expression
level of SNHG15 was decreased in HG-treated HUVECs in
a dose- and time-dependent manner. Next, unilateral femoral
artery ligation was performed in diabetic and nondiabetic

mice. Assessment of the blood flow by LDPI revealed that
compared with nondiabetic mice, perfusion recovery was
attenuated in diabetic mice at 7, 14, 21, and 28 days after
surgery (Fig. 1C), indicating that the diabetic model of
murine hind limb ischemia was successfully established.
Meanwhile, compared with nondiabetic mice, a significant
decrease in the SNHG15 expression level was observed in
the gastrocnemius tissues of the ischemic hind limbs of
diabetic mice (Fig. 1D). However, the SNHG15 expression
level was not significantly different in the gastrocnemius
tissues of the ischemic and nonischemic hind limbs of dia-
betic mice (Supplementary Fig. 1F). In addition, as shown in
Fig. 1E, endothelial cells isolated from the gastrocnemius
tissues of the ischemic hind limbs of diabetic mice had
significantly lower SNHG15 expression levels than those
isolated from the gastrocnemius tissues of the ischemic hind
limbs of nondiabetic mice.

SNHG15 overexpression promoted proliferation,
migration, and tube formation, and suppressed
apoptosis in HG-treated HUVECs

To assess the biological function of SNHG15 in
hyperglycemia-induced endothelial dysfunction, SNHG15

Fig. 1 The expression level of LncRNA SNHG15 in high glucose-
treated HUVECs and ischemic hind limbs of diabetic mice. A
SNHG15 expression was measured by qRT-PCR in HUVECs treated
with 5, 15, or 25 mM D-glucose or 5 mM D-glucose+ 20 mM man-
nitol. B SNHG15 expression was measured by qRT-PCR at 0, 12, 24,
and 48 h after normal glucose (NG; 5 mM D-glucose) or high glucose
(HG; 25 mM D-glucose) treatment of HUVECs. Unilateral femoral
artery ligation was performed on diabetic (n= 25) and nondiabetic
mice (n= 25). C Laser doppler perfusion imaging (LDPI) monitored
the foot blood flow of ischemic (left) and nonischemic (right) hind

limbs in diabetic and nondiabetic mice at five time-points (immedi-
ately after, and 7, 14, 21, 28 days after surgery). Mice were sacrificed
at five time-points (immediately after, and 3, 7, 14, 28 days after
surgery) and the gastrocnemius tissues of ischemic hind limbs in
diabetic and nondiabetic mice were collected. n= 5 in each group.
D SNHG15 expression was measured by qRT-PCR. E The primary
endothelial cells (ECs) were isolated from gastrocnemius tissues of
diabetic/nondiabetic mice’s ischemic hind limbs 28 days after surgery
and the SNHG15 expression was measured. *P < 0.05, **P < 0.01,
***P < 0.001 vs NG-treated HUVECs or nondiabetic mice.
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Fig. 2 The effect of lncRNA SNHG15 overexpression on pro-
liferation, migration, tube formation, and apoptosis of HG-treated
HUVECs. HUVECs were divided into four groups: NG, HG, HG+
lentivirus (Lenti)-SNHG15, and HG+ the negative control of Lenti-
SNHG15 (Lenti-NC). A SNHG15 expression was measured by qRT-
PCR. B Cell proliferation was detected by cell counting kit-8 (CCK-8)
assay. C Cell migration was measured by the transwell assay.

D Representative images of tube formation assay performed on
HUVECs were shown (scale bar = 400 µm). The tube length and
branch points were measured utilizing Image-Pro Plus software. E Cell
apoptosis was measured using flow cytometry. *P < 0.05, **P < 0.01,
***P < 0.001 vs NG; #P < 0.05, ##P < 0.01, ###P < 0.001 vs HG+
Lenti-NC.
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was overexpressed in HG-treated HUVECs through Lenti-
SNHG15 infection (Fig. 2A). Compared with NG-treated
HUVECs, cell proliferation and cell migration were
decreased (Fig. 2B, C) and cell apoptosis was increased
(Fig. 2E) in HG-treated HUVECs. Meanwhile, in HG-
treated HUVECs, tube formation was suppressed, as evi-
denced by the shorter tube length and fewer branch points
(Fig. 2D). In contrast, Lenti-SNHG15 increased cell pro-
liferation, promoted cell migration and tube formation, and
decreased cell apoptosis in HG-treated HUVECs
(Fig. 2B–E).

SNHG15 interacted with TXNIP in HUVECs

A bioinformatics database (RNA-Protein Interaction Pre-
diction) forecasted an interaction between SNHG15 and
TXNIP. As TXNIP has been identified to participate in
hyperglycemia-induced endothelial dysfunction [17], we
assessed whether SNHG15 interacted with TXNIP. As
shown in Fig. 3A, the sense of SNHG15, rather than its
antisense, specifically pulled down endogenous TXNIP
protein. Moreover, the RIP assay revealed a higher
SNHG15 level in the anti-TXNIP antibody precipitation
complex than in the anti-IgG antibody precipitation com-
plex (Fig. 3B). Furthermore, SNHG15 overexpression les-
sened the TXNIP protein level without changing the TXNIP
mRNA level (Fig. 3C, D) in HG-treated HUVECs.

SNHG15 decreased TXNIP expression by reinforcing its
ubiquitination

To further investigate the mechanism by which SNHG15
modulates TXNIP expression, HUVECs were transfected
with Lenti-SNHG15 or Lenti-NC, following which protein
synthesis was blocked using CHX (10 μg/ml). As shown in
Fig. 4A, the TXNIP protein level was continuously reduced
in SNHG15-overexpressing HUVECs in the presence of
CHX, indicating that SNHG15 facilitated the degradation of
TXNIP. We then verified whether SNHG15 affected
TXNIP stability through proteasome-mediated degradation.
As shown in Fig. 4B, the supplementation of
MG132 significantly increased the TXNIP expression level
in SNHG15-overexpressing HUVECs. Besides, abundant
HA-Ub was pulled down by FLAG-TXNIP in SNHG15-
overexpressing HUVECs in the presence of MG132
(Fig. 4C). A previous study revealed that the ubiquitin
proteasomal degradation of TXNIP protein was mediated by
ITCH, an E3 biquitin ligase, in cardiomyocytes [18]. To
confirm the interaction between TXNIP and ITCH in
HUVECs, a co-IP assay was performed. The results in
Fig. 4D depicted that the overexpression of SNHG15 pro-
moted the interaction between TXNIP and ITCH. These
data indicated that SNHG15 decreased TXNIP expression
by enhancing the ITCH-mediated ubiquitination of TXNIP.
In addition, the protein level of TXNIP was increased, while

Fig. 3 SNHG15 interacted
with thioredoxin-interacting
protein (TXNIP) in HUVECs.
A Detection of TXNIP
expression level using western
blot in the sample pulled down
by the biotinylated SNHG15
(sense) probe. The biotinylated
antisense of SNHG15 was
served as a negative control
(antisense) probe. B RNA-
binding protein
immunoprecipitation (RIP) of
HUVECs, followed by qRT-
PCR analysis to detect the
SNHG15 expression level (**P
< 0.01). HUVECs were treated
with Lenti-SNHG15+HG or
Lenti+HG, followed by the
measurement of C mRNA and
D protein levels of TXNIP
utilizing qRT-PCR and western
blot, respectively. β-actin was
used as an internal control.
*P < 0.05 vs HG+ Lenti-NC;
ns = no significance.
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the protein level of ITCH was decreased in HG-treated
HUVECs (Supplementary Fig. 2). This suggested the
potential roles of ITCH and TXNIP in HG-induced endo-
thelial dysfunction.

TXNIP mediated the regulatory effect of SNHG15 on
proliferation, migration, tube formation, and
apoptosis in HG-treated HUVECs

To determine whether SNHG15 could modulate HG-
induced endothelial dysfunction by regulating TXNIP
expression, HUVECs were transfected with Lenti-SNHG15
or Lenti-SNHG15+ Lenti-TXNIP. As shown in Fig. 5A,
Lenti-TXNIP infection removed the inhibitory effect of
Lenti-SNHG15 on TXNIP expression. In addition, TXNIP
overexpression reduced cell proliferation, suppressed cell
migration, damaged tube formation, and promoted cell
apoptosis in HG-treated HUVECs in the presence of Lenti-
SNHG15 (Fig. 5B–E). These data suggested that over-
expression of SNHG15 relieved HG-induced endothelial
dysfunction by suppressing TXNIP expression.

SNHG15 overexpression promoted angiogenesis in
ischemic hind limbs of diabetic mice

To determine whether SNHG15 overexpression could
alleviate hyperglycemia-induced endothelial dysfunction
in vivo, Lenti-SNHG15 or Lenti-NC was injected into
diabetic mice through the tail vein, followed which uni-
lateral femoral artery ligation was performed. As shown in
Fig. 6D, following Lenti-SNHG15 injection, SNHG15 was
successfully overexpressed in the gastrocnemius tissues of
the ischemic hind limbs of diabetic mice. The results of
LDPI showed that the overexpression of
SNHG15 significantly facilitated blood flow recovery in the
ischemic hind limb of diabetic mice at 7, 14, 21, and
28 days after surgery (Fig. 6A). In line with LDPI data, the
foot movement score demonstrated that the ischemic hind
limb function also improved following SNHG15 over-
expression (Fig. 6B). Immunohistochemical staining
showed that the capillary density was upregulated in the
ischemic hind limbs of diabetic mice treated with Lenti-
SNHG15 (Fig. 6C). In addition, Lenti-SNHG15 suppressed

Fig. 4 SNHG15 downregulated TXNIP expression by promoting
its ubiquitination. A After transfected with Lenti-SNHG15 or Lenti-
NC, HUVECs were incubated with cyclohexane (10 μg/mL) for 0, 2, 4,
and 6 h. TXNIP protein levels were measured by western blot. β-actin
was used as an internal control. ***P < 0.001 vs Lenti-NC. B After
transfected with Lenti-SNHG15 or Lenti-NC, HUVECs were treated
with or without MG132 (10 μM) for 4 h. TXNIP protein level was
measured by western blot. ***P < 0.001. C HUVECs were co-
transfected with HA-Ubiquitin (Ub), FLAG-TXNIP, and Lenti-

SNHG15 or Lenti-NC, followed by MG132 (10 μM) treatment for 4 h.
Then, cells were subjected to co-immunoprecipitation (co-IP) using an
anti-FLAG antibody, followed by western blot using anti-HA or anti-
FLAG antibody. WCL= whole-cell lysate. D HUVECs were transfected
with Lenti-SNHG15 or Lenti-NC, followed by MG132 (10 μM) treat-
ment for 4 h. Then, cells were subjected to co-IP using an anti-ITCH
antibody, followed by western blot using anti-TXNIP or anti-ITCH
antibody. β-actin was used as an internal control.
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Fig. 5 TXNIP mediated the regulatory effect of SNHG15 on pro-
liferation, migration, tube formation, and apoptosis in HG-treated
HUVECs. HUVECs were transfected with Lenti-NC, Lenti-SNHG15,
Lenti-SNHG15+Lenti-TXNIP, followed by HG treatment. A TXNIP
protein level was determined using western blot. β-actin was used as an
internal control. B Cell proliferation was detected by CCK-8 assay. C Cell

migration was measured by the transwell assay. D Representative images
of tube formation assay performed on HUVECs were shown (scale bar =
400 µm). The tube length and branch points were measured utilizing
Image-Pro Plus software. E Cell apoptosis was measured using flow
cytometry.*P < 0.05, **P < 0.01, ***P < 0.001 vs HG+Lenti-NC; #P <
0.05, ##P < 0.01, ###P < 0.001 vs HG+Lenti-SNHG15.
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TXNIP expression in the gastrocnemius tissues of the
ischemic hind limbs of diabetic mice (Fig. 6E), suggesting
that TXNIP also participated in the angiogenesis-promoting
effect of SNHG15 overexpression in vivo.

Discussion

Numerous studies have revealed that hyperglycemia is a
pivotal driver of diabetic vascular complications [3, 4].
However, the mechanisms underlying hyperglycemia-
induced endothelial dysfunction in diabetic patients
remain unclear. The main findings of the present study are
as follows: (1) SNHG15 expression was downregulated in
HG-treated HUVECs and ischemic hind limbs of diabetic
mice; (2) overexpression of SNHG15 mitigated HG-
induced endothelial dysfunction by reducing TXNIP
expression; and (3) overexpression of SNHG15 promoted
angiogenesis in vivo. These findings provide evidence that

SNHG15 is a novel regulator of hyperglycemia-induced
endothelial dysfunction during the progression of diabetes.

SNHG15 is a strongly conserved lncRNA located on
chromosome 7p13 [19]. Previous studies on SNHG15 have
focused on its role in cancer. For instance, SNHG15 has
been defined as an oncogene involved in several types of
cancer, such as hepatocellular carcinoma, non-small cell
lung cancer, and osteosarcoma [20–22]. However, the
function of SNHG15 in diabetic endothelial dysfunction has
rarely been studied. In the present study, we assessed
SNHG15 expression level in the hind limbs of diabetic mice
and HG-treated HUVECs. The downregulation of SNHG15
expression in these samples suggested that SNHG15 was
associated with hyperglycemia-induced endothelial dys-
function. The impairment of angiogenesis is the major
characteristic of diabetic vascular complications [23]. Sev-
eral studies have reported that HG treatment suppressed
tube formation in HUVECs [24, 25]. Consistent with pre-
vious findings, decreased tube formation was observed in

Fig. 6 The effect of SNHG15 overexpression on angiogenesis in
ischemic hind limbs of diabetic mice. Diabetic mice were injected
into Lenti-SNHG15 (1 × 108 TU, n= 5) or Lenti-NC (1 × 108 TU, n=
5) through the tail vein, followed by unilateral femoral artery ligation.
A LDPI monitored the foot blood flow of ischemic (left) and non-
ischemic (right) hind limbs in diabetic mice at five time-points. B The
function of the ischemic hind limb was measured by foot movement
score at six time-points (pre-surgery, and 3, 7, 14, 21, 28 days after

surgery). ***P < 0.001. Then, mice were sacrificed 28 days after
surgery and the gastrocnemius tissues of diabetic mice’s ischemic hind
limbs were collected. C The capillary density was examined by
immunohistochemical staining as the CD31+ capillary to the muscle
fiber ratio (scale bar = 100 µm). D LncRNA SNHG15 expression was
measured by qRT-PCR. E TXNIP protein level was measured by
western blot. β-actin was used as an internal control. *P < 0.05, ***P
< 0.001 vs Lenti-NC.
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HG-treated HUVECs in the present study; it was relieved
by SNHG15 overexpression. In addition, SNHG15 over-
expression increased cell proliferation, promoted cell
migration, facilitated tube formation, and decreased cell
apoptosis in HG-treated HUVECs. Moreover, the high
expression of SNHG15 promoted angiogenesis and
ischemic hind limb function in vivo. Based on these find-
ings, we identified the involvement of SNHG15 in diabetic
endothelial dysfunction for the first time.

LncRNAs modulate the expression level of the target
protein by affecting its stability [26]. For example, SNHG1,
a member of lncRNA SNHGs, disrupts the stability of p-
p38 protein by enhancing its ubiquitination [27]. In the
present study, TXNIP was found to be the downstream
protein of SNHG15 using RNA pull-down and RIP assays.
Furthermore, the CHX-chase assay and co-IP assay
revealed that SNHG15 promoted TXNIP degradation by
enhancing the ubiquitination of TXNIP. ITCH is an E3
ubiquitin ligase and its four WW domains interact with the
PPxY motif of TXNIP, thereby resulting in the ubiquiti-
nation of TXNIP [28]. ITCH-mediated ubiquitination of
TXNIP has been reported in the lung cancer cell line h1299,
rat neonatal cardiomyocytes, and macrophages [18, 29, 30].
In line with these findings, we found that SNHG15
enhanced the ubiquitination of TXNIP by increasing the
interaction between TXNIP and ITCH in HUVECs.

TXNIP is a multifunctional protein that plays an
important role in glucose uptake and metabolism [31].
Upregulated TXNIP levels have been detected in the plasma
samples of diabetic patients [32]. A previous study revealed
that STZ-induced diabetes could be prevented in TXNIP-
deficient HcB-19 mice [33]. In addition, Dunn et al. [17]
reported that TXNIP expression was induced in HG-treated
HUVECs and that the interference of TXNIP efficiently
reversed the inhibitory effect of HG on cell migration, cell
proliferation, and tube formation in HUVECs. Consistent
with these findings, we observed that TXNIP over-
expression reversed the protective effect of SNHG15 on
endothelial dysfunction under HG conditions. These find-
ings clearly indicate that TXNIP is a promising target for
the treatment of hyperglycemia-induced endothelial dys-
function in diabetes. Dunn et al. [24] reported that TXNIP
expression was upregulated in endothelial cells under HG
condition and that TXNIP overexpression triggered endo-
thelial dysfunction by suppressing the production of vas-
cular endothelial growth factor (VEGF). Therefore, we
speculated that VEGF could be the target gene of SNHG15-
TXNIP under hyperglycemic conditions in endothelial cells;
this hypothesis will be verified in future research.

To sum up, we found that SNHG15 expression was
downregulated under hyperglycemic conditions and that
SNHG15 overexpression improved hyperglycemia-
impaired endothelial dysfunction by reducing TXNIP

expression. Our findings indicate that SNHG15 is a novel
regulator of endothelial function and could provide new
insights into the mechanisms underlying the onset of
endothelial dysfunction during the progression of diabetes.
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