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Abstract

GLI on the pathogenesis of DR.

proteins were determined by western blotting.

in vivo.

via SIRT1/Notch1 pathway.

Background: Diabetic retinopathy (DR) is a common and potentially devastating microvascular complication of dia-
betes mellitus (DM). The main features of DR are inflammation and oxidative damage. Gliquidone (GLI) is confirmed to
be a hypoglycemic drug by oral administration. The current study is aimed to investigate the role and mechanism of

Methods: High glucose (HG)-induced human retinal endothelial cells (HRECs) were used to explore the anti-inflam-
matory and anti-oxidant effects of GLI on DR in vitro. Streptozotocin (STZ)-induced DM rats were used to investigate
the effects of GLI on retinal structures, inflammation, and oxidative stress. The levels of SIRT1/Notch1 pathway-related

Results: GLI treatment promoted the viability and inhibited the apoptosis of HG-induced HRECs. Meanwhile, the lev-
els of interleukin (IL)-6, IL-1(3, tumour necrosis factor alpha and reactive oxygen species were suppressed, while both
catalase and superoxide dismutase were elevated after GLI treatment in HG-induced HRECs. Furthermore, we found
that Silencing information regulator 2 related enzyme 1 (SIRT1) silencing reversed the inhibiting effects of GLI on the
levels of protein Notch1 and effector genes Hes1 and Hey?2. Similar anti-inflammatory and anti-oxidant effects of GLI
in STZ-induced DM rats were observed. Additionally, GLI administration also repressed vascular hyperpermeability

Conclusion: GLI may be an effective agent to improve DR through repression of inflammation and oxidative stress

Keywords: Gliquidone, diabetic retinopathy, inflammation, oxidative stress, SIRT1/Notch1 pathway

Background

Diabetic retinopathy (DR) is a severe microvascular
complication for diabetes mellitus (DM) patients, which
is a leading cause of vision impairment for working-age
adults worldwide [1, 2]. High level of blood glucose is the
main contributing factor to affect DR progression, trig-
gering pathological changes of the retinal cells [3]. In the
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pathogenesis of DR, endothelial dysfunction, inflamma-
tion, and oxidative stress are the three main pathological
features [4—6]. Currently, the prevalent treatments for
retinal vascular dysfunction such as intraocular injection
of anti-vascular endothelial growth factor (VEGF) drugs
and steroids have developed rapidly [7-10]. For exam-
ple, intraocular glucocorticoids are approved for clinical
use to treat diabetic macular edema, and topical ocular
treatment has been explored with novel selective gluco-
corticoid receptor agonists [7]. But some adverse effects
including retinal neuron destruction, irreversible retinal
damage, and even vision loss are still occurred [8-10].
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Gliquidone (GLI) is an anti-diabetic medication approved
for the clinical use and it is classified as a second-gener-
ation sulfonylurea [11-13]. However, researches on the
therapeutic efficacy of GLI on DR are relatively rare.

Silent information regulator 2 (SIR2), belonging to the
histone deacetylases family, functions as anti-inflamma-
tion and oxidation resistance [14]. There are seven hom-
ologues of SIR2 named as SIRT1, SIRT2, SIRT3, SIRT4,
SIRTS5, SIRT6, and SIRT7, respectively. SIRT1 has been
confirmed to be deeply involved in the progression of DR
[15, 16]. For instance, Jiang et al. found that resveratrol,
a specific activator of SIRT1, can remarkably promote
the viability of human retinal endothelial cells (HRECs)
and repress the secretion of inflammatory cytokines [15].
Ji et al. conducted a DR rat model and demonstrated a
decreased expression of SIRT1 in high glucose-induced
rat retinal endothelial cells (RRECs) and retinal tissues
of DR rats [16]. Meanwhile, they further indicated that
overexpressed SIRT1 can accelerate the proliferation of
RRECs [16]. Additionally, Notchl signaling is reported
as a downstream effector pathway of SIRT1 to affect the
development of human diseases [17-19]. Notch signal-
ing family is a well-known conserved pathway to regulate
inflammatory reactions and oxidative stress, [20] and cel-
lular processes such as proliferation, differentiation, and
apoptosis [21]. Meanwhile, Dou et al. believed that Notch
signaling plays vital roles in retinal angiogenic sprout-
ing/vasculature maturation/vascular stability [22]. As
one of the important receptors of Notch, the activation
of Notchl is confirmed to induce vascular permeability,
which increases the risk of DR [23]. More importantly, a
latest research revealed that SIRT1 can inactivate Notchl
signaling, eventually alleviating the development of sep-
sis [24]. Tian et al. constructed a diabetic nephropathy
(DN) mouse model and showed that GLI may improve
oxidative damage and renal interstitial fibrosis to delay
the progression of DN through inhibiting Notchl sign-
aling [25]. However, whether GLI interacts with SIRT1/
Notch1 pathway to affect DR progression is still unclear.

In this study, the function of GLI and its relationship
with SIRT1/Notchl pathway in the progression of DR
were preliminarily investigated. These results may pro-
vide a clinical therapeutic method for DR.

Methods

Reagents

Angio-proteomie (Boston, MA, USA) provided human
retinal endothelial cells (HRECs). Cell culture and trans-
fection-related reagents were from Invitrogen (Carls-
bad, CA, USA). SIRT1-siRNA (si-SIRT1-1/-2) and the
negative control (si-NC) were from Sangon Biotech
(Shanghai, China). The commercial kits for the meas-
urement of glucose and triglyceride contents were from
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Boxbio (Beijing, China). The caspase-3 assay kit was from
QCbio Science & Technologies (Shanghai, China). Sigma
Aldrich (San Luis, MO, USA) provided streptozotocin
(STZ) and the commercial kits for the measurement of
reactive oxygen species (ROS), catalase (CAT), superox-
ide dismutase (SOD), and inflammatory cytokines. 3-(4,
5-dimethyl-2-thiazolyl)-2,  5-diphenyl-2-h-tetrazolium
bromide (MTT) was from Aladdin (Shanghai, China).
Apoptosis detection kit and western blotting analysis-
related reagents were from Thermo Fisher Scientific
(Waltham, MA, USA). Rat VEGF ELISA kit, the primary
antibodies (Notchl, Hesl, Hey2, SIRT1, and GAPDH),
and the HRP-conjugated secondary antibody were pro-
cured from Abcam (Cambridge, UK).

DM in vitro model

HRECs were cultured in Dulbecco’s modified Eagle’s
medium containing 10% fatal bovine serum, 1% peni-
cillin/streptomycin at 37°C with 5% CO,. Afterwards,
HRECs were incubated with normal glucose (NG; 5
mmol/L), high glucose (HG; 30 mmol/L), and HG (30
mmol/L) + GLI (1 pg/ml), respectively. Lipofectamine
3000 was used to perform transfection experiments.

Measurement for the contents of glucose and triglyceride,
and glucose uptake

According to the manufacturer’s instructions, the glucose
and triglyceride contents in HRECs of each group were
measured using the corresponding commercial kits. The
results were assessed using a spectrophotometer at 505
nm (glucose) and 420 nm (triglyceride), respectively. In
addition, the 2-deoxy-D-glucose-6-phosphate (2DG6P)
uptake assay was performed in strict accordance with the
previous study [26].

Cell viability assay

HRECs (10000 per well) were seeded in 96-well plates for
24 h at 37°C, 5% CO,, followed by adding MTT (5 mg/
ml) to each well. After incubation for 4 h, the absorbance
at 450 nm was measured.

Caspase-3 activity assay

The activity of caspase-3 in HRECs was assessed using a
caspase-3 assay kit under a micro-plate reader with the
absorbance of 405 nm.

Cell apoptosis assay

Cell apoptosis was assessed by flow cytometric analysis.
In brief, cells (1 x 10° cells/mL) were cultured in 96-well
plates for 24 h, and then stained with V-FITC and PI
using an apoptosis detection kit at 25°C for 20 min in
the dark. The apoptotic cells were measured using a flow
cytometer (BD Biosciences).
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Animal model

All animal experiments in this study were in strict
accordance with the protocols stated in the Guide for
the Care and Use of Laboratory Animals and approved
by the ethical committee of Affiliated Qingdao Central
Hospital, Qingdao University. A total of 24 male Sprague
Dawley (SD) rats (200-220 g, 10 weeks) purchased from
EseBio (Shanghai, China) was allowed to adapt to the
laboratory environment before testing. One week later,
the rats were assigned into three groups (n = 8): the nor-
mal group, the DM group, and the DM + GLI group.
STZ (60 mg/kg body weight) dissolved in citrate buffer
(10 mM) was intraperitoneally (i.p.) injected into rats to
induce DM, while the rats injected with equal volume of
citrate buffer were served as the normal group. The level
of fasting blood glucose that more than 16.7 mmol/L was
served as the DM rats. Afterwards, GLI (50 mg/kg body
weight per day) dissolved in dimethylformamide (DMF)
was administrated to rats in the DM + GLI group lasting
for 12 weeks by intragastric administration [13]. The rats
in the normal and DM groups were administrated with
equal volume of DMF.

Assessment for retinal vascular permeability

After GLI administration, rats in each group were anes-
thetized by pentobarbital sodium (200 mg/kg; i.p.) and
then administered with Evans blue dye (30 mg/kg) via
femoral vein injection. Subsequently, phosphate buffer
saline was perfused into the left ventricle of rats and then
4% paraformaldehyde. The retinal tissues were then col-
lected. Evans blue dye was extracted in formamide and
quantified by absorbance measurement at 420 nm.

Analysis for inflammation, oxidative stress and VEGF level
According to the manufacturer’s instructions, the levels
of interleukin (IL)-6, IL-1f, tumour necrosis factor alpha
(TNF-)a, ROS, CAT, SOD, and VEGF in retina tissues of
DM rats and/or HG-induced HRECs were measured by
the corresponding commercial kits.

VEGF mRNA level measurement

The mRNA level of VEGF was detected by quantitative
real time PCR (qRT-PCR). In brief, total RNA extracted
from retinal tissues of DM rats was used for cDNA syn-
thesis and then for qRT-PCR analysis. The 224 method
was utilized to calculate the VEGF mRNA level and
GAPDH was used as the internal control.

Hematoxylin-eosin (HE) staining
The retinal tissues were fixed in 4% paraformaldehyde
for 24 h, followed by embedding in paraffin sectioned at
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5 pum thickness. All the sections were stained with H&E
staining immediately and then were observed by a light
microscopy.

Western blot

Proteins were extracted from HG-induced HRECs and
retinal tissues of DM rats using RIPA lysis buffer. The
protein concentrations were then determined using a
BCA kit. Then proteins were analyzed by 10% polyacryla-
mide gel electrophoresis, and transferred to PVDF mem-
branes. Before the primary antibodies incubation, the
membrane was blocked using 5% nonfat milk. Then the
membrane was incubated with the secondary antibody
for 1 h, and analyzed by ECL kit. GAPDH was internal
reference of Notchl, Hesl, Hey2, and SIRT1.

Statistical analysis

The data were analyzed using SPSS 22.0 software and
expressed in the form of mean + SD. Student’s t-test and
one-way ANOVA followed by Tukey’s multiple compari-
sons test were used for data analysis. P values < 0.05 were
considered statistically significant.

Results

HG treatment increases the contents of glucose,
triglyceride, and 2DG6P in HRECs

The contents of glucose, triglyceride, and 2DG6P in HG-
induced HRECs were measured. As illustrated in Fig. 1A-
C, we found that compared to the NG groups, HG
treatment significantly increased the contents of glucose,
triglyceride, and 2DG6P in HRECs (P < 0.01), suggesting
that a DM cell model was successfully established.

GLI promotes cell viability but inhibits the apoptosis

of HG-induced HRECs

The influences of GLI on HREC viability and apop-
tosis under HG conditions were then explored. We
demonstrated that in HRECs, HG treatment remark-
ably decreased the cell viability, but promoted caspase-3
activity and apoptosis (Fig. 2A-C, P < 0.01). After addi-
tion of GLI, HG-induced HRECs showed the increased
cell viability and the reduced caspase-3 activity and apop-
tosis rate (P < 0.01).

GLI suppresses the inflammatory responses and oxidative
stress caused by HG treatment in HRECs

Both inflammation and oxidative damage are confirmed
to affect DR progression [27, 28]. Therefore, the effects of
GLI on inflammatory cytokines (IL-6, IL-1B, and TNE-
a) and oxidative stress-related factors (ROS, CAT, and
SOD) in HG-induced HRECs were further investigated.
As expected, HG treatment significantly elevated the
levels of IL-6, IL-1p, TNF-a and ROS, and repressed the
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release of CAT and SOD (Fig. 3A-F, P < 0.01). However,  GLI represses Notch1 signaling in HG-induced HRECs
these situations were all reversed by GLI treatment (P <  Numerous studies have reported that Notchl signaling is
0.05). deeply involved in the pathogenesis of DR via regulation
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of inflammation and vascular permeability [23, 29]. The
interactions between GLI and Notchl signaling-related
genes were then studied. Western blotting analysis
showed that the protein levels of Notchl, Hesl and Hey2
were significantly increased in the HG group relative to
the NG group (Fig. 4, P < 0.01). Addition of GLI reversed
the promoting effects of HG treatment on the levels of
these proteins (P < 0.01).

GLl interacts with Notch1/SIRT1 pathway in HG-induced
HRECs

The inhibiting effect of SIRT1 on Notch-mediated
transcription has been confirmed in renal injured

endothelial cells [30]. As presented in Fig. 5A, we indi-
cated that the protein level of SIRT1 was remarkably
downregulated in the HG group compared to that in
NG group (P < 0.01). Meanwhile, GLI eliminated the
suppressive effect of HG on SIRT1 protein level (P <
0.01). Then, si-SIRT1-1/-2 was transfected into HRECs
to determine the transfection efficiency. Western blot-
ting revealed that SIRT1 protein level was significantly
reduced in HRECs after transfection (Fig. 5B, P < 0.01).
We chose si-SIRT1-1 for the subsequent experiments
due to the relatively high transfection efficiency. As
expected, transfection of si-SIRT1-1 partly eliminated
the inhibitory effects of GLI on the levels of Notchl,
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Fig.4 GLllinactivates Notch1 signaling in HG-induced HRECs. The protein levels of Notch1, Hes1, and Hey2 in HG-induced HRECs. **P < 0.01 vs. the
NG group. #P < 0.01 vs. the HG group. HG: 30 mmol/L glucose. NG: 5 mmol/L glucose. GLI: 1 ug/ml gliquidone
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Hesl, and Hey2 in HG-induced HRECs (Fig. 5C, P <
0.01).

GLI administration attenuates retinal injury in STZ-induced
DM rats

A DM rat model was established to further explore the
therapeutic effect of GLI on DR in vivo. The normal
group showed the intact retinal structure. A decrease
in retinal thickness was found in rats of the DM group
(Fig. 6A, P < 0.01). However, GLI administration
improved the morphological changes in the retinas (P <
0.05). The increased vascular permeability can result in
retinopathy and vision loss [31]. The Evans blue staining
assay was used to assess the retinal vascular permeability
in STZ-induced DM rats. We found a significant increase
in the retinal vascular permeability of DM rats (Fig. 6B,
P < 0.01). As expected, after administration of GLI, the
retinal vascular permeability was sharply decreased (P
< 0.01). As previously described, VEGF plays important
role in retinal vascular permeability [32]. Therefore, the
level of VEGF was then detected. As shown in Fig. 6C-
D, both the mRNA expression and protein level of VEGF
were elevated in the DM group (P < 0.01) but were
reduced in the DM + GLI group (P < 0.01).

GLl inhibits inflammation and oxidative injury in retinal
tissues of DM rats via SIRT1/Notch1 pathway

The effects of GLI administration on inflammation and
oxidative injury in retinal tissues of DM rats were also

explored. Similar to the results of in vitro model, DM rats
showed relatively high levels of IL-13, TNF-a, IL-6 and
ROS, and decreased levels of CAT and SOD (Fig. 7A-
F, P < 0.01). GLI administration partly improved these
adverse impacts (P < 0.01). In addition, we also found
that compared to the normal group, rats in the DM group
had decreased protein level of SIRT1, and increased
Notch1, Hes1 and Hey2 protein levels (Fig. 7G, P < 0.01).
GLI administration also reversed the effects of DM on
the levels of these proteins (P < 0.01).

Discussion
More than 80% DM patients may suffer from DR at the
first two decades of diabetes [34]. Although the man-
agement opinions for DR have greatly improved, some
severe side effects are still confirmed to affect the thera-
peutic efficacy [8—10]. Exploring effective drugs to fur-
thest decrease the side effects in the treatment of DR is
extremely urgent. GLI is a well-known hypoglycemic
agent in clinic [11]. Previous study has revealed the ther-
apeutic effect of GLI on diabetic nephropathy [25]. But
there still no researches on the possible function of GLI
on DR progression. This study for the first time uncovers
that GLI can relieve DR through regulation of endothe-
lial dysfunction, inflammation, and oxidative stress via
SIRT1/Notchl pathway, suggesting that GLI may be an
effective agent for the treatment of DR in clinic.
HG-induced HRECs are generally used as an in vitro
model of DR due to the crucial role in angiogenesis
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[29, 35, 36]. In this study, HG treatment significantly
increased the contents of glucose, triglyceride and
2DG6P in HRECs, which is consistent with the data of
Long et al. [36]. The results suggested that DR cell model
was established successfully. The pathological feature of
DR is not only manifested as the increased level of blood
glucose, but also the selective apoptosis of endothelial
cells [37]. Similarly, we demonstrated that in HG-induced
HRECs:, the cell viability was decreased, while the apop-
tosis was promoted. Addition of GLI promoted cell via-
bility and repressed apoptosis of HG-induced HRECs.
The experiments indicated that GLI treatment can effec-
tively inhibit the development of DR in a cellular level.
Meanwhile, our in vivo experiments that GLI adminis-
tration improved the decreased retinal thickness caused
by DM. Interestingly, Zhu et al. investigated the effect
of TGR5 receptor agonist (INT-777) on morphology of
retinal tissues in a STZ-induced rat model and found a
decrease in retinal thickness induced by diabetes, while
intravitreal injection of INT-777 alleviated such mor-
phological changes in the retinas, suggesting that TGR5
agonism is protective against diabetes-induced retinal
vascular injury [38]. As a result, we also believed that GLI
can alleviate retinal vascular injury in the progression of
DR. As well accepted, excessive inflammation responses
and oxidative damage are exited in the progression of
DR [27, 28]. In the current study, we found enhanced

inflammatory reactions and oxidative injuries in HG-
induced HRECs and STZ-induced DM rats. In addition,
we also demonstrated inflammatory reactions and oxi-
dative stress were relieved by GLI administration both
in vitro and in vivo. Similarly, Li et al. focused on the
protective effects of sulforaphane on inflammation and
peroxidation both in vitro and in vivo, and demonstrated
that sulforaphane can attenuate the development of DR
through inhibiting inflammation and oxidative stress in
HG-induced rat Miiller cells and STZ-induced DM rats
[39]. Combined the previous results, we concluded that
GLI may be also an effective agent to repress inflam-
mation and oxidative stress in DR progression. Vascu-
lar hyperpermeability is the initial pathologic feature in
DR capillaries, [40] and the increased level of VEGF is
confirmed to be closely associated with retinal vascular
permeability [32]. Previous researches have confirmed
that some agents such as blueberry anthocyanins [41],
resveratrol [42], and melatonin [43] can modulate vas-
cular permeability via suppression of VEGF level in DR
rats. In this investigation, as expected, DM rats showed
relatively high level of VEGE, while administration of
GLI repressed the release of VEGE. We speculated that
GLI may be helpful for the inhibition of vascular hyper-
permeability in the progression of DR. Based on the
above data, we believed that GLI may be also an effective
agent to ameliorate DR through suppressing a series of
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Fig. 7 GLlrepresses inflammation and oxidative injury in retinal tissues of DM rats via SIRT1/Notch1 pathway. (A) The level of IL-(3 in retina of DM
rat after GLI administration was measured by ELISA assay. (B) The level of TNF-a in retina of DM rat after GLI administration was measured by ELISA
assay. (C) The level of IL-6 in retina of DM rat after GLI administration was measured by ELISA assay. (D) The level of ROS in retina of DM rat after GLI
administration was measured by a commercial kit. (E) The level of CAT in retina of DM rat after GLI administration was measured by a commercial kit.
(F) The level of SOD in retina of DM rat after GLI administration was measured by a commercial kit. (G) The protein levels of SIRT1, Notch1, Hes1, and
Hey?2 in retina of DM rat after GLI administration was determined by western blotting. **P < 0.01 vs. the normal group. *P < 0.01 vs. the DM group.
GLI: 50 mg/kg body weight gliquidone

pathological processes of DR including endothelial cell
apoptosis, inflammation, oxidative damage, and vascular
hyperpermeability. In clinic, GLI may inhibit endothelial
dysfunction, inflammation responses, oxidative injuries
and vascular hyperpermeability, thereby contributing to
the improvement of poor prognosis of DR patients.
Notchl signaling and the corresponding effector genes
act as important roles in prevention of inflammation and
oxidative stress in numerous human diseases, such as
arthritis, [44] enteritis, [45] myocardial injury, [46] and
chronic obstructive pulmonary disease [47]. We specu-
lated that there may be some relationships between
GLI and Notchl signaling. As expected, the in vitro
and in vivo experiments showed that the protein lev-
els of Notchl and effector genes (Hesl and Hey2) were

elevated in HG-induced HRECs and STZ-induced DM
rats, which suggested that the activation Notchl signal-
ing may accelerate the development of DR. Similarly,
Miloudi et al. believed that the activation of Notchl
increases the risk of DR via inducing vascular perme-
ability [23]. Additionally, we further indicated that GLI
partly eliminated the promoting effects of HG on Notchl
signaling-related proteins. The results implied that GLI
can repress the activation of Notchl signaling. Notchl
signaling has been reported as a downstream effector
pathway of SIRT1 to affect disorder progression, such as
liver fibrosis, breast cancer, and lung cancer [17-19]. We
then further speculated GLI may also interact with SIRT1
in DR progression. Firstly, we found that SIRT1 protein
level was downregulated in HG-induced HRECs and DM
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rats. Similarly, a decreased expression of SIRT1 is found
in HG-induced RRECs and retinal tissues of DR rats [16].
However, GLI treatment significantly elevated the pro-
tein level of SIRT1, suggesting that GLI may induce the
production of SIRT1. Based on the results that GLI can
inactivate Notchl signaling, we suggested that GLI may
interact with SIRT1/Notchl pathway to affect DR pro-
gression. As expected, we found that downregulation of
SIRT1 partly attenuated the inhibiting effects of GLI on
the levels of Notchl signaling-related proteins. There-
fore, the SIRT1/Notchl signaling may be an important
regulatory pathway in DR, providing a direction for the
research of novel targeted drugs in clinic. Assuredly,
except for SIRT1/Notchl pathway, there are numerous
signaling pathways involved in DR progression, such as
PIGE/ERK [48], PLA2/COX-2/VEGE-A [49], TLR4/NE-
kappaB [50], and PI3K/Akt/mTOR [51]. We speculated
GLI may also ameliorate DR via these pathways. This is
may be a limitation of this study and we will elucidate
these issues in future studies. Additionally, some other
factors have been linked to the progression of DR such as
miRNAs [52, 53] and IncRNAs [54, 55]. The interaction
of GLI with them should be further explored.

Conclusions

In summary, the present investigation indicates that GLI
may be an effective agent to improve DR through inhibit-
ing inflammation and oxidative stress via SIRT1/Notchl
pathway. Our findings clarify the action mechanism
of GLI on the development of DR, and may provide an
effective drug for DR therapy in clinic.

Abbreviations
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