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Decreased expression of
Glucagon-like peptide-1
receptor and Sodium-glucose
co-transporter 2 in patients with
proliferative diabetic retinopathy

Hui Chen, Xiongze Zhang, Nanying Liao, Yuying Ji, Lan Mi,
Yuhong Gan, Yongyue Su and Feng Wen*

State Key Laboratory of Ophthalmology, Zhongshan Ophthalmic Center, Sun Yat-sen University,
Guangdong Provincial Key Laboratory of Ophthalmology and Visual Science, Guangzhou, China

Purpose: To investigate the expression of Glucagon-like peptide-1 receptor (GLP-
1R), sodium-glucose co-transporter (SGLT) 1, SGLT2, Glucose transporter type 1
(GLUT]) and GLUTZ in patients with diabetic retinopathy (DR).

Methods: We obtained peripheral blood mononuclear cells (PBMCs) and
vitreous samples from 26 proliferative DR (PDR) patients, 25 non-proliferative
DR (NPDR) patients, 25 non-DR (NDR) patients, and 26 nondiabetic patients
with idiopathic epiretinal membranes (ERMs, control). The protein level and
MRNA expression level of GLP-1R were quantified by immunoblot and gRT-
PCR and the levels of SGLT1, SGLT2, GLUT1, and GLUT2 expression were
determined by PCR. Their association with clinical parameters and PBMCs/
vitreous cytokine was analyzed. Furthermore, immunofluorescence staining of
GLP-1R and SGLT2 was carried out on samples of fibrovascular membranes
(FVMs) retrieved from 26 patients with PDR and 26 patients with ERMs.

Results: The transcriptional levels of GLP-1R and SGLT2 in PBMCs were
significantly more decreased in PDR patients than in patients without DR and
controls, which was simultaneously associated with an increased level of
expression of tumor necrosis factor (TNF)-o. and interferon (IFN)-y. The
expression levels of GLUT1 and GLUT2 were tightly correlated with their
SGLT partners, respectively. Further, Immunofluorescence staining showed
no positive staining of GLP-1R and SGLT2 was detected in the FVMs from PDR.

Conclusions: GLP-1R and SGLT2 were significantly decreased in PDR patients
which was associated with an increased level of expression of TNF-o.and IFN-.
These findings implicate that defective GLP-1R and SGLT2 signaling may
potentially correlate with immune response cytokines in patients with PDR.
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Introduction

Diabetic retinopathy (DR) is a diabetic microangiopathies
commonly occurred as a complication of type 2 diabetes mellitus
(T2DM), and the most common cause of sight-threatening
blindness worldwide (1). The molecular mechanisms
underlying this disease are therefore highly demanded for the
development of novel treatment strategies. Intensive studies has
been focused on the use of non-insulin anti-hyperglycaemic
agents, including agonists of glucagon-like peptide-1 receptor
(GLP-1R) and inhibitors of sodium-glucose co-transporter-2
(SGLT-2), in the treatments of T2DM.

Glucagon-like peptide-1 (GLP-1) has becoming a special
interest as a treatment target due to its broad regulatory roles in
maintaining glucose homeostasis. GLP-1 is postprandially
secreted by intestinal enteroendocrine L-cells, and enhances
the glucose-induced insulin release from pancreatic beta-cells
(2). The G-protein-coupled membrane receptor, GLP-1R, has
also been discovered in the pancreatic islets’ cells and in various
other kinds of tissues as well, including the kidney, heart, blood
vessels, central nervous system, and retina (Lin et al., 2018; Shi
et al., 2015). On the other hand, several glucose sensors, such as
electrogenic glucose transport SGLT 1/SGLT 2 and facilitative
glucose transporter (GLUT)1/GLUT 2, have been suggested to
associate with the glucose-exposure-induced GLP-1 secretions.
It has been proposed that glucose induces GLP-1 release through
SGLT1/SGLT 2, and to a lesser extent, GLUT 1/GLUT 2.

At the same time, anti-hyperglycaemic agents are
demonstrated to produce protective or neutral influences on
eye complications of diabetes. Previous studies have reported the
potential beneficial influences of GLP-1 agonists in the
treatments of diabetic retina through the functional
improvements of blood retina barrier and the inhibition of
neuronal apoptosis (3). Study on spontaneously diabetic fatty
rats reveals that alleviation of hyperglycaemia by the treatment
of SGLT-2 inhibitor is able to limit the development of
microvascular complications of diabetes such as diabetic
retinopathy (4).

However, underlying mechanisms of the protective effects of
anti-hyperglycaemic agents on DR patients remains unclear.
Currently, immunity dysregulation is considered as a significant
pathogenic mechanism in DR, both locally as well as
systematically (5). Metabolic imbalance concerning glucose
metabolism potentially results in a dysregulation in the
function and dissemination of T-lymphocytes, leading to
dysfunctional cell-mediated immune responses, which is
considered as a contributor to the pathogenesis of DR (6). In
addition, GLP-1Rs have been detected on immune cells, and its
anti-inflammatory effects include the inhibition of TNF-o (7).
Therefore, it appears feasible to speculate that GLP-1/GLP-1R
signaling is related to the functions of T-lymphocytes in
DR patients.
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In the present study, we quantified the expression levels of
GLP-1R, SGLT1, SGLT2, and the respective cognate basolateral
transporters (GLUT1 and GLUT2) in peripheral blood
mononuclear cells (PBMCs). The pro-inflammatory cytokines
associated with T helper cells including TNF-o, and IFN-y in
PBMCs and vitreous fluid were also measured. Subsequently,
these results were further confirmed in tissue samples obtained
from patients with proliferative DR (PDR).

Materials and methods
Patients

Twenty-six PDR patients, 25 non-proliferative diabetic
retinopathy (NPDR) patients, 25 non-DR (NDR) patients, and
26 nondiabetic patients with idiopathic epiretinal membranes
(ERMs) who received vitrectomy were recruited from the
Zhongshan Ophthalmic Center between Jan and July 2021
(Table 1). Patients with a medical history of intraocular
surgery, ocular trauma, ocular inflammatory diseases, trauma,
vitreous hemorrhage, uveitis, retinal detachment, systemic or
topical steroid treatment, and immunosuppressive drug
administration were excluded. All diagnoses were carried out
according to the 2002 standards of the American Diabetes
Association (8). Exclusion criteria included infectious disease,
diabetes-associated nephropathy (including patients with
chronic kidney disease in stage 3, proteinuria, and
macroalbuminuria, and patients receiving hemodialysis) and
patients who received intraocular or intravitreal treatments
and photocoagulation within 3 months upon recruitment.
Chronic kidney diseases were categorized according to the
clinical guidelines of the National Kidney Foundation Disease
Outcomes Quality Initiative. DR was diagnosed according to the
results of fluorescein fundus angiography (FF450 fundus
camera; Carl Zeiss, Germany). Furthermore, the Body mass
index (BMI) of patients was also collected. All recruited
patients were subcategorized into three groups based on the
Diabetic Retinopathy Disease Severity Scale: NDR, NPDR, and
PDR (9).

All experimental procedures were carried out following the
principles of the Declaration of Helsinki, and authorized by the
Human Ethics Committee of Zhongshan Ophthalmic Center of
Sun Yat-sen University. Each included patient was fully
informed and written informed consents were obtained.

Sample preparation

Whole blood specimens (12 mL, with anticoagulant lithium
heparin) were collected from all recruited patients and healthy
controls for isolation of PBMCs, protein and mRNA expression
tests. Blood sample aliquots were also obtained to conduct
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TABLE 1 Clinical and biochemical characteristics of type 2 diabetic patients and healthy control subjects.

Control(N = 26) NDR(N =25)
Sex(m/f) 13/13 12/13
Age(years) 628+ 6.9 643 + 8.7
BMI(kg/m2) 225+22 23.0+25
Diabetes Duration(years) 82 +34
FPG(mmol/l) 53+0.7 7.8 £1.6
HbAlc(%) 51+0.7 73+ 14

NPDR(N = 25) PDR(N = 26) P
11/14 14/12 0.916
61.6 £ 8.1 63.7 £ 6.0 0. 623
234 +22 25.1+44 0.011
9.7 £ 3.0 14.0 £ 2.0 <0.001*
9.6 +2.1 124+ 1.8 <0.001*
88+19 114 +1.8 <0.001*

DR, diabetic retinopathy; NDR, no apparent retinopathy; NPDR, non-proliferative retinopathy; PDR, proliferative diabetic retinopathy; BMI, Body mass index; FPG, fasting plasma glucose;

HbAlc, glycated hemoglobin.
Data are expressed as mean + SD.
* P <0.05.

fasting plasma glucose (FPG) and glycated hemoglobin
(HbA1lc) tests.

PBMCs isolation

PBMCs were extracted from heparinized blood samples
through Ficoll-Hypaque density gradient centrifugations
(Lymphoprep; Nycomed Pharma, Norway). PBMCs (2 x 106
cells/ml) were stimulated with phytohaemagglutinin (PHA) to
assess the production of TNF-o. and IFN-y. Isolated PBMCs
were stimulated for 48h, and subsequently used for TNF-o. and
IFN-vy analysis by ELISA.

Vitreous fluid

During pars plana vitrectomy, samples containing undiluted
vitreous fluid (0.5 ml) were obtained from 26 PDR patients, 25
NPDR patients, 25 NDR patients, and 26 nondiabetic patients
with ERMs. All the samples were preserved at —80°C until they
were needed for further analyses.

RNA extraction and quantitative
real-time PCR

TRIzol reagent (Carlsbad, USA) was utilized to extract
the total RNA of PBMCs and a reverse transcription kit
(Toyobo, Japan) was used for reverse transcription to cDNA.
qRT-PCR was conducted on a LightCycler CFX96 (BioRad,
USA) using QuantiFast SYBR Green PCR Kit (Qiagen,
Germany). The primers that were used in this study are
described as follows: GLP-1R forward: 5-GTT TCA TGA
TGG CCT GAG GT-3’, reverse: 5-CTG ACT ACT GAA TTG
GAA GGG G-3’; SGLT1 forward: 5-CTC CCT TTC TTA TTC
TCC CAG GAT-3’, reverse: 5-GCC CAG GAG ATC AAG GCT
ATA GTA-3’; SGLT2 forward: 5-ATA AAC AGC TGG GCT
GTC CC-3’, reverse: 5-CGT AAC CCA TGA GGA TGC AG-3’
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GLUT1 forward: 5-AGG GCT GGA GTG AGG GTA GT-3’,
reverse: 5-CAT ACA TCT GTG GGG CAG C-3’; GLUT2
forward: 5-AAA CAA AGC AAA TGT TCA GTG G-3,
reverse: 5-TGG GTC CCC AAA AGC TTA G-3’; TNF-a
forward5’-CCCAGGCAGTCAGATCATCTTC-3'.Reverse:5'-
AGCTGCCCCTCAGCTTGA-3',; IFN-vy forward: 5-TCAACTT
CTTTGGCTTAATTCTCTC-3, reverse: 5-ATATGGGTC
CTGGCAGTAACA-3" and B-actin forward: 5-GGA CTT
CGA GCA AGA GAT GG-3’, reverse: 5-AGC ACT GTG
TTG GCG TAC AG-3. B-actin acted as an internal control.
All samples were tested in triplicates. The single peak in the
melting curve was used for primer specificity confirmations. The
relative mRNA expression levels were estimated according to the
AACt method.

Immunoblotting

Protein samples of PBMCs isolated from T2DM patients as
well as healthy controls were prepared in RIPA buffer. Aliquots
of 60 ug protein were divided by 12% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and placed on
polyvinylidene fluoride (PVDF) membranes via semidry
electroblotting. The primary antibodies GLP-1R (Abcam, UK)
and B-actin (Abcam, UK) were used for immunoblotting:
Immunoblot was visualized on radiographic films using the
SuperSignal West Pico Substrate Kit (Pierce, USA), and the
software Image ] (National Institutes of Health, USA) was
applied for analysis. B-actin served as internal control.

Cytokine ELISA

The concentration of TNF-o and IFN-y in the supernatants
of collected PBMCs and vitreous fluid were determined by
DuoSet ELISA kits (R&D Systems) as instructed by the
manufacturer. The lowest detectable concentration of TNF-o
was 15.6 pg/ml and 9.4 pg/ml for IFN-y. These measurements
were performed in duplicate.
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Immunofluorescence staining of FVMs

The fibrovascular membranes (FVMs) of T2DM patients
with PDR (26 cases) were surgically detached through
membrane peeling during pars plana vitrectomy. ERM
resections were carried out on 26 idiopathic ERM patients as
control. As Table 1 shows, significant differences in age and
gender were not detected between the groups.

Samples of ERMs were embedded in an ideal cutting
compound, fast frozen, and preserved at -80°C within 1h
following collection of the fresh samples. The following
primary antibodies were used for immunofluorescence
staining: anti-GLP-1R polyclonal IgG (Abcam, ab214185,
1:300) and anti-SGLT2 polyclonal IgG (Abcam, ab180799,
1:200). DAPI (Sigma-Aldrich, D9542, 1:1000) was used for
visualization of the nuclear morphology. Immunofluorescence
staining was examined and images were captured under a
fluorescence microscope (DS-Ril-U2; Nikon, Japan)

Statistical analysis

SPSS software (version 22.0, SPSS Inc., USA) was used to
carry out statistical analysis. Nonparametric Kruskal-Wallis tests
or One-Way Analysis of Variance (ANOVA) was conducted for
the group variation analysis between T2DM patients and healthy
controls. Mann-Whitney U tests or t-tests were used for the
analysis between each group. Spearman’s correlation tests were
used to establish potential correlations between parameters. The
multivariable models of GLP-1R and SGLT2 were utilized to
better understand their clinical implications in relation to DR,
BMI, diabetes duration, FPG, HbAlc, age and sex. All graphs
were generated by GraphPad Prism version 5 and the data were
expressed as mean + SD. P < 0.05 was set as the cut-off for
statistical significance.

Results
Clinical features

Statistically significant differences (P =0.623) were not found
in the average age of T2DM patients (76 patients, of which 37
male and 39 female, average age 63.2 £ 7.6 years old) and normal
controls (26 patients, of which 13 male and 13 female, average
age 62.8 £ 6.9 years-old), as shown in Table 1. All T2DM
patients were divided in either one of the following three
groups: NDR (n=25), NPDR (n=25), and PDR (n=26). As a
result, the male/female ratios and average ages of each group
were as follows: NDR: 12/13, 64.3 + 8.7 years old; NPDR: 11/14,
61.6 + 8.1 years old; and PDR: 14/12, 63.7 * 6.0 years old.In
addition, statistically significant differences in gender were also
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not detected among the groups (P = 0.916). However, a
significantly higher BMI was found in T2DM patients than
healthy controls (P = 0.011). A significantly longer course of
disease was identified in PDR patients in comparison to NPDR
and NDR patients (P < 0.001). Statistically significant higher
HbAlc and FPG levels were found in PDR patients in
comparison to NPDR (P < 0.001) and NDR (P < 0.001) patients.

MRNA expression levels of GLP-1R,
SGLTY, SGLT2, GLUT], GLUTZ2, TNF-o
and IFN-y

We investigated the mRNA levels of GLP-1R, SGLT1,
SGLT2, GLUT1, GLUT2, TNF-0, and IFN-y in PBMCs
isolated from T2DM patients and healthy controls using qRT-
PCR (Figure 1). The findings indicated significantly lower
mRNA expression levels of GLP-1R (both P < 0.001) and
SGLT2 (P = 0.021 and P < 0.001, respectively) in PBMCs
isolated from PDR patients than that of NDR patients and
healthy controls. On the contrary, the mRNA expression levels
of TNF-o (both P < 0.001) and IFN-y (both P < 0.001) were
significantly higher in PDR patients in comparison to NDR
patients and controls. Meanwhile, we also found a significant
intercorrelation between the expression of SGLT1 and GLUT],
and also between SGLT2 and GLUT2 (Figures 2A, B). However,
the differences in the expression ratios of SGLT1/GLUT1
(P = 0.622) and SGLT2/GLUT2 (P = 0.087) were not
significant among different groups of patients.

mRNA Levels of GLP-1R and SGLT2 and
demographic factors

Figure 3 shows that the detected levels of GLP-1R (r =
-0.605, P < 0.001) and SGLT2 mRNA (r = -0.281, P =0.014) both
had a negative correlation with the course of disease in T2DM
patients. Meanwhile, we also discovered that the mRNA levels of
GLP-1R (r = -0.799, P < 0.001 and r = -0.788, P < 0.001,
respectively) and SGLT2 (r = -0.512, P < 0.001 and r = -0.507,
P < 0.001, respectively) indicated a negative correlation with the
levels of FPG and HbAlc as well.

GLP-1R protein levels in PBMCs

For further verification of the downregulation trend of GLP-
IR in DR patients, we tested the protein levels of GLP-1R in the
PBMC:s isolated from DR patients before receiving any clinical
treatments and healthy controls. As shown in Figure 4, we found
significantly decreased protein levels of GLP-1R in PDR patients
in comparison to both NDR patients (P < 0.001) as well as
normal controls (P < 0.001). Moreover, the protein levels and
mRNA expression levels of GLP-1R in every group were
significantly positively correlated (r = 0.604; P < 0.001).
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Multivariate regression analysis of GLP-1R and SGLT2 as
dependent variable in the T2D samples

Multiple linear regression analysis revealed that PDR
remained independently and negatively associated with GLP-
IR protein level and SGLT2 mRNA level after adjustment for
age, gender, BMI, diabetes duration, FPG and HbAlc (P=0.003
and P=0.028, respectively). Furthermore, in this model, diabetes
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duration was found independently and negatively associated
with GLP-1R mRNA expression (P=0.028) (Table 2).

Vitreous cytokines

The PBMCs and vitreous concentrations of TNF-o. and IFN-
Y according to DR status are shown in Figure 5. The detected

0.5

SGLT1/p-actin (fold)

0.0

control NDR NPDR PDR

0.5

GLUT1/B-actin (fold)

0.0

control NDR NPDR PDR

25

0.5

TNF-a mRNA/B-actin (fold)

0.0

control NDR NPDR PDR

The mRNA expression of GLP-1R and SGLT2 was decreased and that of TNF-a and IFN-y was elevated in DR patients. The mRNA expression of
GLP-1R, SGLT1, SGLT2, GULTL, GULT2, TNF-o. and IFN-v in freshly obtained PBMCs was quantified by real-time PCR and normalized to the
expression levels of B-actin. (PDR, n=26; NPDR, n=25; NDR, n=25; control, n=26) (A—G). The values represent the fold-change in comparison to

the controls. *P < 0.05, **P < 0.01, ***P < 0.001
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levels of TNF-o. and IFN-y in the PBMCs and vitreous fluid of
PDR patients (all P < 0.001) were statistically significantly
enhanced in comparison to those of NDR patients and healthy
controls. In addition, statistically significant correlations were
found among the concentrations of TNF-o. (r = 0.713, P < 0.001)
and IFN-y (r = 0.811, P < 0.001) in PBMCs and vitreous fluid
(Figure 5C, F).

Correlation between GLP-1R/SGLT2
expression and TNF-o/IFN-y expression

A negative correlation was found between the mRNA levels
of GLP-1R and SGLT2 in PBMCs on the one hand and mRNA
levels of TNF-o. and IFN-y on the other (Figure 2C-F).
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Meanwhile, negative correlations were also discovered between
the mRNA levels of GLP-1R and SGLT2 on one hand and TNE-
o and IFN-y on the other in PBMCs and vitreous fluid
(Figure 2G-N). These findings show that the expression of
GLP-1R and SGLT?2 is correlated to TNF-o/IFN-y Expression.

GLP-1R and SGLT2 Expression in FVMs of
PDR patients

In our experiments, positive staining of GLP-1R in the
FVMs collected from PDR patients was not identified.
Furthermore, positive staining of SGLT2 was also not
detected in the membranes collected from PDR

patients (Figure 6).
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FIGURE 3

Correlation analysis of mMRNA levels of GLP-1R and SGLT2 and demographic factors in T2DM patients and control group. mRNA levels of GLP-
1R and SGLT2 were both negatively correlated to the course of disease in T2DM patients (A, B). The mRNA levels of GLP-1R and SGLT2 were
also negatively correlated to the levels of FPG and HbAlc in T2DM patients and the control group (C—F).

Discussion

In this study, we provided evidence for the changes in GLP-
IR expression levels in DR patients. Moreover, we obtained the
quantitative expressions of SGLT1/SGLT2 and GLUT1/GLUT2
in DR patients. Our results have indicated that PDR
patients were characterized by decreased GLP-1R and SGLT2
expression, which was related to a higher expression of TNF-o.
and IFN-y. The expressions of GLP-1R and SGLT2 were
subsequently confirmed in the FVM collected from the PDR
patients by immunofluorescence. Additionally, we found that
the expression ratios of SGLT1/GLUT1 and SGLT2/GLUT2
were similar; meanwhile, both the expression levels of SGLT's
showed significant correlations with the expression of respective
GLUTSs genes. These results are in agreement with the
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finding that SGLTs interconnect to specific isoforms of
GLUTs (10).

In this study, we found that the level of GLP-1R was
significantly reduced in PBMCs isolated from PDR patients.
We also found that the levels of GLP-1R in eye samples collected
from PDR patients in advanced stages was not detectable, which
was consisted with previous study (11). As a gut incretin
hormone, GLP-1 is produced in intestine by L cells. GLP-1
participates in the regulation of glucose homeostasis through
stimulating insulin secretions and suppressing glucagon
releasing in response to glucose intakes (12). Meanwhile, GLP-
1 also produces functions glycemic independently in different
organs (13). The effects produced by GLP-1 in is reflected by the
local activations of GLP-1R (14). The expression of GLP-1R in
retinal pericytes and ganglion cells was previously demonstrated

frontiersin.org


https://doi.org/10.3389/fendo.2022.1020252
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Chen et al.

FIGURE 4

The protein expression of GLP-1R was decreased in DR patients (PDR: n=26; NPDR: n=25; NDR: n=25; control: n=26). Western blot analysis
(lane 1, healthy control; lane 2, NDR; lane 3, NPDR; and lane 4, PDR) and quantitation of GLP-1R from PBMCs. B-actin was applied as the

GLP-IR - W
pacen |

internal control. **P < 0.01, ***P < 0.001.

(15), while GLP-1/GLP-1R was also reported to produce
beneficial effects under the condition of hyperglycemia (16),
suggesting that GLP-1/GLP-1R has protective effects on the
integrity of retina in the first phases of DR caused by diabetes
(3). Consistently, one previous study demonstrated the

TABLE 2 Multivariate Regression Analysis With GLP-1R and SGLT2 as Dependent Variable in T2D samples.

Independent
Variables

Groups

NPDR
PDR

Age

Sex

BMI

Diabetes duration
FPG

HbAlc

GLP-1R/B-actin

1.5

0.5

0.0-

GLP-1R mRNA

B (95 %CI)

-0.046 (-0.147,0.055)
-0.011 (-0.138,0.160)

0.002 (-0.004,0.007)
0.011 (-0.067,0.089)
0.001 (-0.012,0.013)
-0.016 (-0.030,0.002)
-0.017 (-0.074,0.039)
-0.017 (-0.078,0.044)

Control NDR NPDR PDR
*k*
| ]
**k*
]
* %
* %% f
]
control NDR NPDR PDR

P

0.369
0.881

0.553
0.774
0.908
0.028*
0.551
0.589

GLP-1R protein

B (95 %CI)

-0.128 (-0.2821,0.027)
-0.341 (-0.569,-0.113)

0.000 (-0.008,0.008)
-0.040 (-0.160,0.079)
-0.010 (-0.029,0.010)
-0.011 (-0.033,0.011)
-0.018 (-0.104,0.069)
0.008 (-0.086,0.102)

(-
(-
(-
(-

0.106
0.003*

0.978
0.510
0.3175
0.339
0.686
0.868

10.3389/fendo.2022.1020252

its protective effects are still unknown.
We found a positive correlation between TNF-o. and IFN-y
production and expression levels of GLP-1R, which were

SGLT2 mRNA

B (95 %CI)

-0.104 (-0.236,0.027)
-0.217 (-0.411,-0.023)

0.006,0.007)
0.093,0.109)
0.003 (-0.014,0.019)
-0.007 (-0.025,0.012)
0.026 (-0.048,0.099)
-0.007 (-0.087,0.073)

0.001

(-
(-
0.008 (-
(-

neuroprotective abilities of GLP-1R agonists in DR of db/db
mice (17). Nonetheless, the possible mechanisms responsible for

0.119
0.028*

0.876
0.877
0.727
0.476
0.493
0.867

T2D, Type 2 diabetes; NPDR, non-proliferative retinopathy; PDR, proliferative diabetic retinopathy; BMI, Body mass index; FPG, fasting plasma glucose; HbAlc, glycated hemoglobin.

*P <0.05
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0.001

consistent with the observation that modulation in GLP-1R
signaling control host microbial responses and innate immune
responses in a mouse model (18).

An accumulating amount of studies have been reporting
about the immune dysfunction of T cells in DR (6, 19). A
continuous decline in T cell function can be caused by sustained
signaling in DR, and it has been well established that TNF-a,
IFN-y, and their distinct receptors are vital components of the
innate immune system. Consistent with these outcomes, we also
discovered higher expressions of TNF-o and IFN-y mRNA in
PBMC:s of DR patients compared to that of non-DR subjects,
which simultaneously showed a higher incidence of increased
TNF-o and IFN-y production in correlation to the progression
of DR severity.

In our study, we further assessed the role of SGLT1, SGLT2,
GLUT1, and GLUT?2 in GLP-1 release. GLUT's mainly consist of
GLUTs, such as GLUT5, GLUT7, GLUTY, and GLUT11, and
SGLTs (10, 20, 21). Of the SGLTs family, subtypes SGLT1 and
SGLT?2 have been intensively studied. Inhibitors of SGLT2 have
already been applied in the clinical treatments of patients with
diabetes (22). It is well known that SGLTs and GLUTs produce
active and facilitative effects, respectively. The relative roles of
SGLTs and GLUTSs in GLP-1 secretion induced by glucose have
been investigated in seminal studies using pharmacological and
genetic interference with SGLTs and GLUTSs (23-25), suggesting

Frontiers in Endocrinology

that they were essential for GLP-1 secretion induced by glucose
associated with the cAMP and Ca2+ signaling system (26, 27).
Consistent with studies linking decreased SGLT activity with
reduced GLP-1, our study found that GLP-1R and SGLT2 were
simultaneously decreased in PDR patients (28), these data
indicated that release of GLP-1in DR might be a process that
requires SGLT2-mediated glucose transport in the signal
transduction pathway.

Despite the lack of understanding of the regulation in this
process, evidence derived from mouse models and preclinical
and clinical research suggested that SGLT2 inhibitors produced
effects that reduced tissue inflammation (29-32). A recent study
also reported that SGLTs are absent in retinal endothelial cells
(33). Meanwhile, no clear evidence has been reported
demonstrating SGLT2 expression human retina cells. In the
present study, we provided evidence showing the potential
function and expression of SGLT2 in DR patients for the first
time. Recent studies also demonstrated the downregulation of
both SGLT2 and GLUT2 in T2DM patients (34). However,
conflicting results also showed upregulated SGLT2 expression in
patients with kidney diseases related to diabetes (35). The
contrasting results in those clinical studies were potentially
caused by multiple reasons, such as different techniques in
collecting human tissue and inclusion of different human
races, populations, and T2DM patient population. For this
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Immunofluorescence staining of GLP-1R, SGLT2, and DAPI in fibrovascular membranes of PDR patients. The staining reaction of GLP-1R and
SGLT2 (red) was clearly positive on the ERM of a patient of the control group. The DAPI stain (blue) showed numerous nuclei. No GLP-1R-
positive reactions and SGLT2-positive are detected on the FVM from PDR patient. Scale bar: 50 um

reason, further studies are necessary to explain the regulations of
SGLTs in DR.

We also found that the expression of GLUTs was reduced in
PBMCs isolated from PDR patients compared to healthy
controls. However, this change was not statistically significant
and entirely proportionate to the changes in the expressions of
SGLTs. As these two types of transporters were anatomically
linked, the covariance in the changes of expressions was further
proved in our study. In recent studies of the oxidative stress-
related inflammation responses caused by hyperglycemia, the
downregulated expression of GLUT1 in the retina was found to
be correlated to the reduced GLUT1 level on cell membranes due
to subcellular redistribution (36, 37). Previous research has also
identified the reduction of GLUTI1
streptozotocin-induced diabetes in rats (38), and the inhibition

in retina cells in
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of GLUT1 protein translations on the blood-brain barrier (BBB)
in diabetes (39).

Finally, we provided evidence indicating negative
correlations among disease duration of T2DM, FPG, HbAlc
and mRNA levels of GLP-1R and SGLT2 in DR patients, which
were consistent with previous studies of animal models in
addition to T2DM patients (34, 40). The results above imply
that the duration of disease in diabetes and the degree of
glycemic maintenance are of critical importance in diabetes
treatment and the prevention of related complications.

Our study has some limitations, including its observational
design and the proportionately small sample size. As retinal
vascular abnormalities are prevalent comorbidities of DR, and
GLP-1R analogs have already been used clinically in diabetes
and obesity, further pre- and clinical research is necessary to
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elucidate the regulative mechanism underlying GLP-1R/SGLT2
signaling in DR.

In conclusion, we investigated the role of glucose sensors,
including SGLT1, SGLT2, GLUT1, GLUT2, and GLP-1R in
patients with DR in the current study. Our results from
PBMCs and FVM demonstrated that GLP-1R and SGLT2
were less expressed in PDR patients than in healthy controls,
which was associated with increased TNF-o and IFN-y
production. These outcomes suggest that the restoration of
GLP-1R/SGLT2 signaling is potentially involved in regulation
of immune checkpoint molecules in DR patients. However, it is
still unknown if GLP-1R/SGLT2 signaling and GLP-1R analogs
could be used as potential immunomodulatory targets in DR
therapy. Further prospective studies are imperative to elucidate
the influence of GLP-1R/SGLT2 signaling on the progression
of DR.
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