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SRY-box transcription factor 9 modulates Müller cell 
gliosis in diabetic retinopathy by upregulating 
TXNIP transcription
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Abstract: Diabetic retinopathy (DR), a common complication of diabetes, involves excessive proliferation and 
inflammation of Muller cells and ultimately leads to vision loss and blindness. SRY-box transcription factor 9 (SOX9) 
has been reported to be highly expressed in Müller cells in light-induced retinal damage rats, but the functional 
role of SOX9 in DR remains unclear. To explore this issue, the DR rat model was successfully constructed via 
injection with streptozotocin (65 mg/kg) and the retinal thicknesses and blood glucose levels were evaluated. Müller 
cells were treated with 25 mmol/l glucose to create a cell model in vitro. The results indicated that SOX9 expression 
was significantly increased in DR rat retinas and in Müller cells stimulated with a high glucose (HG) concentration. 
HG treatment promoted the proliferation and migration capabilities of Müller cells, whereas SOX9 knockdown 
reversed those behaviors. Moreover, SOX9 knockdown provided protection against an HG-induced inflammatory 
response, as evidenced by reduced tumor necrosis factor-α, IL-1β, and IL-6 levels in serum and decreased NLRP3 
inflammasome activation. Notably, SOX9 acted as a transcription factor that positively regulated thioredoxin-
interacting protein (TXNIP), a positive regulator of Müller cells gliosis under HG conditions. A dual-luciferase assay 
demonstrated that SOX9 could enhance TXNIP expression at the transcriptional level through binding to the 
promoter of TXNIP. Moreover, TXNIP overexpression restored the effects caused by SOX9 silencing. In conclusion, 
these findings demonstrate that SOX9 may accelerate the progression of DR by promoting glial cell proliferation, 
metastasis, and inflammation, which involves the transcriptional regulation of TXNIP, providing new theoretical 
fundamentals for DR therapy.
Key words: diabetic retinopathy, inflammation, Müller cell gliosis, SRY-box transcription factor 9 (SOX9), TXNIP 
promoter

Introduction

Diabetic retinopathy (DR), a microvascular complica-
tion of type 1 and type 2 diabetes, is characterized by 
exudation edema, hemorrhage, neovascularization, and 
the formation of a proliferation membrane on the retina, 
causing optic nerve impairment [1]. Increasing evidence 
indicates that DR is one of the most serious blinding 
diseases in the world [2, 3]. Statistically, the ratio of 
blindness caused by DR ranges from 15–17% in devel-

oped areas [4]. Notably, it is reported that oxidative 
stress, apoptosis, and inflammation can promote the 
development of DR [5, 6]. Studies in diabetic mice dem-
onstrated that inflammatory processes aggravated the 
occurrence of DR by upregulating the expression of a 
pro-inflammatory cytokine [7].

SRY-box transcription factor 9 (SOX9), a member of 
the SOX transcription factor family, maps to chromo-
some 17 characterized by the high mobility group of 
boxes, mediating cell survival by activating genes that 
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maintain pluripotency [8]. Increasing evidence indicates 
that high glucose (HG) concentration could upregulate 
the expression level of SOX9 in Müller cells [9]. In ad-
dition, Wang et al. showed that knockdown of SOX9 
decreased glial fibrillary acidic protein (GFAP) expres-
sion, indicating that SOX9 could induce reactive gliosis 
in Müller cells of rats [10]. SOX9 expression was as-
sociated with cell proliferation and migration. In mouse 
models of pulmonary fibrosis, the migration of pulmo-
nary fibroblasts was inhibited following SOX9 knock-
down [11]. Notably, the inflammatory reaction was also 
regulated by SOX9 expression. In chondrocytes cultured 
in vitro, the upregulation of SOX9 aggravated the inflam-
mation process by activating the nuclear transcription 
factor-κB signaling pathway, and SOX9 knockdown 
inhibited chondrocyte proliferation [12]. However, the 
regulatory role and specific mechanism involved in the 
effect of SOX9 on DR are still unknown.

Thioredoxin-interacting protein (TXNIP), a positive 
regulator of Müller cells gliosis, is highly expressed in 
various tissues under HG treatment [13, 14]. TXNIP has 
been found to regulate various biological reactions, such 
as the proliferation of glial cells, and the occurrence of 
apoptosis, autophagy, and inflammation responses [15, 
16]. In the middle and final stages of peripheral nerve 
injury, TXNIP knockdown was found to inhibit Schwann 
cell migration caused by the receptor for advanced gly-
cation end products [17]. Furthermore, overexpression 
of TXNIP promoted the migration of human aortic 
smooth muscle cells in a model of atherosclerosis [18]. 
Further mechanistic studies reported that the downregu-
lation of TXNIP exerted protective effects against DR 
damage by inhibiting the expression of GFAP and glio-
sis in Müller cells [19, 20]. The TXNIP promoter is 
sensitive to HG. Recent research by Lalit et al. sug-
gested that HG could promote the activities of the TXNIP 
promoters, further enhancing the transcriptional expres-
sion of TXNIP [21]. However, how HG regulates the 
activities and the transcriptional expression of the TXNIP 
promoters is entirely unclear.

In the present study, we aimed to investigate the 
regulatory role of SOX9 in cell function in the progres-
sion of streptozotocin (STZ)-induced DR, an acknowl-
edged model of type 1 DR. The expression of SOX9 and 
TXNIP in DR retinal tissues and HG-treated Müller cells 
was examined. In addition, the functional effects of 
SOX9 on cell viability, migration, and inflammatory 
responses were examined in HG-induced Müller cells. 
Furthermore, the association between SOX9 and TXNIP 
was explored by dual-luciferase analysis, and the results 
demonstrated that SOX9 transcriptionally regulated 
TXNIP expression. The function of SOX9 knockdown 

was reversed following TXNIP overexpression. Col-
lectively, these findings indicated that SOX9 played 
important roles in hyperglycemia-induced DR and that 
SOX9 exerted functions through the regulation of 
TXNIP.

Materials and Methods

Animal model
In the animal experiments, all the procedures were 

strictly conducted in consideration of the welfare of all 
animals and were in accordance with the Guide for Care 
of Dalian No. 3 People’s Hospital and approved by the 
Ethics Committee of the same institution (No. 2020-KT-
006). Healthy adult male Sprague Dawley rats were 
maintained under a 12 h light/dark cycle at a temperature 
of 21–23°C and 45–55% humidity for one week. Strep-
tozotocin (STZ) has been shown to destroy pancreatic 
island β cells and commonly used for the induction of 
DR in animals [22]. Rats were randomly groups: the STZ 
and control groups. The rats in the STZ group were in-
traperitoneally (i.p.) injected with STZ (65 mg/kg, Alad-
din, Shanghai, China) dissolved in sodium citrate buffer, 
and the rats in the control group received the same vol-
ume of sodium citrate buffer. At 3 days after injection, 
the rats in the STZ group were considered diabetic rats 
based on their blood glucose concentrations (>20 mmol/l) 
and applied in the following experiments. All rats were 
sacrificed at the end of four weeks, and bilateral eyes 
were enucleated and fixed in 4% paraformaldehyde at 
4°C overnight. The whole retinas were then dissociated, 
and sections were cut in the same orientation and always 
through the optic nerve head for subsequent histopatho-
logical analysis.

Hematoxylin and eosin (H&E) staining
Enucleated eyeballs were fixed in 4% paraformalde-

hyde and embedded in paraffin. Retinal tissues were 
sectioned in the same orientation at a thickness of 5 µm. 
The paraffin-embedded sections were deparaffinized and 
subjected to H&E staining for conventional histopatho-
logic examination of DR. Images were captured under 
a light microscope (200×; Olympus, Tokyo, Japan). The 
total retina was defined as the distance between the gan-
glion cell layer (GCL) and the photoreceptor layer [23]. 
The thickness of the total retina was evaluated using the 
Image-Pro Plus 6.0 analysis software.

Cell culture and treatment
Müller cells were obtained from Chi Scientific (Nan-

jing, China) and maintained in Dulbecco’s modified 
Eagle’s medium (DMEM)/F12 medium (Gibco, Thermo 
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Fisher Scientific, Waltham, MA, USA) containing 10% 
fetal bovine serum at 37°C with 5% CO2. Cells were 
cultured in a medium with 5.5 mmol/l glucose (NG 
group, MCE, Monmouth Junction, NJ, USA) and 25 
mmol/l glucose (HG group), respectively. Müller cells 
were cultured and infected with lentivirus. A lentivirus 
carrying short hairpin RNA (shRNA) against SOX9 (sh-
SOX9) was constructed to knock down SOX9, and a 
lentivirus containing negative control shRNA (shNC) 
was constructed as a control. For TXNIP overexpression, 
the Rattus TXNIP coding sequence was inserted into the 
lentiviral plasmids. Meanwhile, cells infected with an 
empty recombinant lentivirus were used as controls. 
After transfection for 72 h, the cells were co-incubated 
with 25 mmol/l glucose at 37°C with 5% CO2. Finally, 
the cells and supernatant were collected for further ex-
periments.

Analysis of cell viability
The methyl thiazole tetrazolium (MTT) assay was 

conducted to detect cell viability. In brief, following 
transfection and treatment, around 6 × 103 Müller cells 
were cultured in 96-well plates for 0, 24, 48, 72, and 96 
h, respectively. Subsequently, 0.5 mg/ml of MTT reagent 
(Beyotime, Shanghai, China) was added to each well and 
cultured at 37°C with 5% CO2 for another 4.5 h. Follow-
ing cultivation, dimethyl sulfoxide (150 µl) was added, 
and the cells were cultivated for 10 min in the dark. Cell 
viability was determined using a microplate reader 
(Agilent Technologies, Winooski, VT, USA) at 570 nm.

Determination of inflammatory cytokines contents
The concentrations of tumor necrosis factor-α 

(TNF-α), IL-1β, and IL-6 in the supernatant fluid of Mül-
ler cells were determined using ELISA kits (MultiScienc-
es Biotech, Hangzhou, China) following the manufac-
turer’s protocol. The absorbance at 450 nm was measured 
using a microplate reader (Agilent Technologies).

Dual-luciferase reporter assay
For detection of the correlation between SOX9 and 

TXNIP predicted by the JASPAR website, Müller cells 
were co-transfected with the TXNIP promoter-reporter 
vectors and SOX9 overexpression vectors. After trans-
fection for 48 h, the cells were washed twice with PBS 
(Sangon, Shanghai, China), and 250 µl of cell lysis buf-
fer (KeyGen Biotech, Nanjing, China) was then added. 
The luciferase activity was determined using the Dual-
Luciferase Reporter Assay Kit (KeyGen BioTech) fol-
lowing the manufacturer’s protocol. Renilla luciferase 
activity was used as an internal control.

Wound healing assay
Wound healing assays were conducted to assess Mül-

ler cell migration. After transfection and treatment, cells 
were treated with 1 µg/ml of mitomycin C (Sigma-Al-
drich, MilliporeSigma, St. Louis, MO, USA) in the se-
rum-free medium for 1 h. Subsequently, the cells in each 
group were scratched using 200 µl pipette tips and 
washed with a serum-free medium to remove cell debris. 
The wound gap area was visualized with a microscope 
(100×; Olympus) at 0, 12, and 24 h. The migration dis-
tances of the experimental groups were calculated.

Immunofluorescence staining
For immunofluorescence staining, the paraffin-embed-

ded sections were dewaxed and dehydrated with gradient 
alcohol. Following antigen repaired in the original repair 
solution, the sections were blocked with 1% bovine se-
rum albumin (BSA; Sangon) for 15 min and incubated 
with primary antibodies against SOX9 (1:100; ABclonal, 
Wuhan, China) and GFAP (1:100; ABclonal) at 4°C 
overnight. Then, retinas were nurtured with a secondary 
antibody (1:200; Invitrogen, Carlsbad, CA, USA) for 60 
min, followed by counterstaining with DAPI (Aladdin).

For the cell immunofluorescence experiments, the cell 
climbing sheets were fixed in 4% paraformaldehyde. 
After permeabilization in 0.1% Triton X-100 (Beyotime), 
the slides were blocked with 1% BSA. The slides were 
then incubated with SOX9 antibody (1:200, ABclonal) 
overnight, bound antibodies were detected with Cy3-
labeled secondary antibody rabbit IgG (1:200, Invitro-
gen) for 1 h, and the slides were incubated with DAPI. 
All stained sections and the cell climbing slides were 
visualized with a fluorescence microscope (400×; Olym-
pus).

Real-time PCR analysis
Total RNA was obtained from retinal tissue samples 

and cells treated with TRIpure (Bioteke, Beijing, China). 
Subsequently, first-strand cDNA for real-time PCR was 
generated using Super M-MLV Reverse Transcriptase 
(Bioteke). The real-time PCR reaction system was con-
structed according to the instructions of a SYBR Green 
kit (Solarbio, Beijing, China). Data were calculated by 
the 2-ΔΔCT method and standardized to the housekeeping 
gene GAPDH. The real-time PCR primers were used as 
follows: for SOX9 5′-GCACATCAAGACGGAGCAA-3′ 
(F) and 5′-AGGTGAAGGTGGAGTAGAGCC-3′ (R); 
for TXNIP 5′-ACGCTGACTTTGAGAACAC-3′ (F) and 
5′-AGCCAGGGACACTAACATA-3′ (R).

Western blot analysis
Total proteins were isolated from retinal tissues and 
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cells with RIPA buffer containing PMSF protease in-
hibitor (Solarbio). The concentration of proteins was 
measured with a BCA assay kit (Solarbio). Western blot 
protocol was performed according to standard proce-
dures. The antibodies included SOX9 (1:1,000, AB-
clonal), TXNIP (1:1,000; ABclonal), NLRP3 (1:1,000; 
ABclonal), cleaved caspase-1 (1:500; Affinity, Cincin-
nati, OH, USA), and rabbit IgG (1:3,000, Solarbio). 
Visualization of the bands was performed using an en-
hanced chemiluminescence kit (Solarbio).

Statistical analysis
All data were statistically analyzed with Tukey’s un-

paired t-test or multiple comparison one-way analysis 
of variance (ANOVA) using the GraphPad Prism soft-
ware 9. Results were expressed as the mean ± SD. A 
P-value <0.05 was considered to indicate a statistically 
significant difference.

Results

Effects of STZ-induced diabetes on the expression 
of SOX9 and TXNIP in the rat retina

An STZ induced-diabetes model was successfully 
established, and the blood glucose levels in the control 
and STZ groups were determined. As indicated in Fig. 
1A, the blood glucose levels in the STZ group were sig-
nificantly increased, confirming that the STZ-induced 
DR model was successfully established. The expression 
of SOX9 and TXNIP in the retina was detected by West-
ern blot and real-time PCR assay. Markedly increased 
mRNA and protein expression levels of SOX9 and 
TXNIP were observed in the STZ group, as shown in 
Fig. 1B. In addition, retinal thickness was measured us-
ing H&E staining after tissue harvest, and the total thick-
ness was defined and quantified in the control and STZ 
groups. The results revealed that the thickness of all 
retinal layers was significantly reduced in the STZ group 
compared with the control group (Fig. 1C). Immuno-
fluorescence staining was performed to detect the expres-
sion and location of SOX9 and GFAP in retinas. As in-
dicated in Fig. 1D, SOX9 immunoreactivity was mainly 
localized to the outer nuclear layer (ONL) in the control 
group. It was substantially increased in the diabetic 
retina, and it was augmented and variably extended into 
the inner nuclear layer (INL) and ganglion cell layer 
(GCL). Concurrently, Müller glial cells, labeled by 
GFAP, were restricted to the retinal GCL in the control 
group (Fig. 1E). However, GFAP immunoreactivity was 
augmented and variably extended into the outer plexi-
form layer (OPL) and ONL in the diabetic retina. These 
results revealed that SOX9 and TXNIP were signifi-

cantly expressed in the retinas of rats with STZ-induced 
diabetes and that retinal injury may lead to gliosis.

Effects of SOX9 on HG-induced proliferation and 
migration in Müller cells

The effect of SOX9 on cell proliferation and migration 
was determined in HG-induced Müller cells. As shown 
in Fig. 2A, HG induced a significant increase in the 
mRNA and protein expression levels of SOX9. Mean-
while, immunofluorescence analyses revealed that the 
expression levels of SOX9 were elevated in the cells 
following HG treatment (Fig. 2B), which was consistent 
with in vivo experiments. To further explore the regula-
tory role of SOX9, the expression of SOX9 was silenced 
under HG conditions, and the transfection efficiency was 
confirmed by Western blot assay (Fig. 2C). Subsequent-
ly, we identified the effect of SOX9 on HG-induced 
proliferation of Müller cells in vitro. As demonstrated in 
Fig. 2D, HG caused a time-dependent trend of increased 
cell viability. Conversely, cell viability was decreased 
by SOX9 knockdown in Müller cells treated with HG. 
In addition, the specific effect of SOX9 on HG-induced 
migration of Müller cells was further explored. As shown 
in Figs. 2E and F, the results of the wound healing assay 
showed that HG treatment significantly increased the 
migratory abilities of Müller cells, while SOX9 knock-
down significantly suppressed the elevated mobility 
under HG conditions.

Effects of SOX9 on the HG-induced inflammation 
response in Müller cells

To further investigate the effect of SOX9 expression 
on the inflammation reaction induced by HG, we first 
detected the levels of the inflammatory cytokines TNF-α 
and IL-6 by ELISA assay in the cells treated with HG 
for 48 h. As shown in Fig. 3A, HG treatment increased 
the secretion of TNF-α and IL-6, while SOX9 silencing 
suppressed the increased expression of the inflamma-
tory cytokines after HG stimulation. In addition, activa-
tion of the NLRP3 inflammasome was evaluated in HG-
induced Müller cells, as evidenced by the increased 
protein levels of NLRP3 and cleaved caspase-1, where-
as SOX9 knockdown attenuated NLRP3 inflammasome 
production under HG conditions (Fig. 3B). The present 
study also demonstrated that SOX9 downregulation in-
hibited HG-induced secretion of the pro-inflammatory 
cytokine IL-1β (Fig. 3C). These results demonstrated 
that the HG-induced inflammatory process was inhib-
ited by SOX9 silencing in Müller cells.
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Fig. 1.	 SRY-box transcription factor 9 (SOX9) and thioredoxin-interacting protein (TXNIP) expression in the retina of streptozoto-
cin (STZ)-induced diabetic rats. (A) Glucometric assessment of the blood glucose level in retina tissues. (B) The mRNA 
and protein levels of SOX9 and TXNIP were measured in retina tissues by real-time PCR and western blot. (C) Representa-
tive images of hematoxylin and eosin (H&E)-stained retinal sections from the control and STZ groups and quantification 
of the total retinal thickness. (D and E) Immunofluorescence staining for the expression of SOX9 and glial fibrillary acidic 
protein (GFAP) in the diabetic rat retina. Nuclei were fluorescently labeled with DAPI. SOX9, SRY-box transcription factor 
9; TXNIP, thioredoxin-interacting protein; GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; 
OPL, outer plexiform layer; ONL, outer nuclear layer. ***P<0.001 versus the control group.
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SOX9 activates TXNIP by binding to the TXNIP 
promoter

TXNIP is considered a positive regulator of Müller 
cells gliosis, so we explored the relationship between 
TXNIP and SOX9. The present study indicated that the 
mRNA and protein levels of TXNIP in the HG group 
were higher than those in the control group and that 

SOX9 knockdown inhibited TXNIP expression in HG-
treated Müller cells (Figs. 4A), indicating that SOX9 
positively regulated TXNIP expression. Furthermore, a 
dual-luciferase assay was conducted to confirm the cor-
relation between SOX9 and TXNIP. As indicated in Fig. 
4B, SOX9 expression markedly upregulated the lucifer-
ase activity by targeting the TXNIP promoter, indicating 

Fig. 2.	 Effect of SRY-box transcription factor 9 (SOX9) on cell proliferation and migration in HG-induced Müller cells. Müller 
cells were cultured in 5.5 mmol/l glucose (NG group) and 25 mmol/l glucose (HG group), respectively. (A) The expression 
of SOX9 after glucose treatments was detected by real-time PCR and western blot. (B) Immunofluorescence staining for 
the expression of SOX9 in the NG and HG groups. Müller cells were infected with a silenced SOX9 lentivirus or negative 
control. (C) Western blot was used to verify the efficiency of Müller cells at 72 h after lentivirus infection. The infected cells 
were subsequently treated with HG and the cells were used for the following assays. (D) An methyl thiazole tetrazolium 
(MTT) assay was conducted to assess cell viability at different points in time. (E) Representative images of the scratched 
areas at different time points are shown. (F) The rate of wound healing was assessed at 12 h and 24 h. NG, normal glucose; 
HG, high glucose. ***P<0.001 versus the NG group. ##P<0.01 versus the HG + negative control shRNA (shNC) group.
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that SOX9 could directly bind to the promoter of TXNIP 
and transcriptionally regulate TXNIP expression in Mül-
ler cells.

TXNIP overexpression reverses the cell functions 
of SOX9 in HG-induced Müller cells

Given that SOX9 activated TXNIP expression through 
binding to the TXNIP promoter, we further investigate 
whether TXNIP mediated the effect of SOX9 on Müller 
cell function. A lentivirus expressing TXNIP and empty 
vectors was constructed in SOX9-silenced Müller cells 
and treated with HG. As shown in Fig. 5A, the results 

showed that TXNIP expression was significantly reduced 
after SOX9 knockdown and that TXNIP overexpression 
increased the downregulated TXNIP level. Cell viabil-
ity and wound healing assay results revealed that TXNIP 
overexpression reversed the repressive effects of SOX9 
knockdown on Müller cell viability and migration (Figs. 
5B and C). SOX9 knockdown decreased the release of 
IL-1β, and NLRP3 protein expression and TXNIP over-
expression restored these changes (Figs. 5D and E). These 
findings suggested that SOX9 might exert its function 
in Müller cells by transcriptionally regulating TXNIP.

Fig. 3.	 Effect of SRY-box transcription factor 9 (SOX9) on inflam-
mation in high glucose (HG)-induced Müller cells. After 
treatment with HG for 48 h, Müller cells were used for the 
following experiments. (A) The levels of tumor necrosis 
factor-α (TNF-α) and IL-6 were measured by ELISA. (B) 
Western blot analysis for the expression of NLRP3 and 
cleaved caspase-1. (C) The IL-1β level was measured by 
ELISA. ***P<0.001 versus the normal glucose (NG) 
group. #P<0.05 and ##P<0.01 versus the HG + negative 
control shRNA (shNC) group.

Fig. 4.	I nteraction between SRY-box transcription factor 9 
(SOX9) and thioredoxin-interacting protein (TXNIP) 
in Müller cells. (A) The expression of TXNIP was 
detected in different groups by real-time PCR and west-
ern blot. (B) SOX9 overexpression and empty vectors 
were transfected into Müller cells with a vector con-
taining the TXNIP promoter sequence, and the lucif-
erase activity was determined at 48 h after transfection. 
***P<0.001 versus the normal glucose (NG) group. 
###P<0.001 versus the high glucose (HG) + negative 
control shRNA (shNC) group. &&&P<0.001 versus the 
TXNIP promoter + vector group.



SOX9 KNOCKDOWN ALLEVIATES DR

309|Exp. Anim. 2023; 72(3): 302–313

Discussion

DR is a common complication of diabetes and is the 
leading cause of vision loss [24]. Studies have demon-
strated that further consequences, including the rupture 
of the blood-retinal barrier, retinal edema, and vision 
loss, occurred during the period of DR [25, 26]. How-
ever, the progression of DR is not yet treated or pre-

vented effectively, leading to the rate of vision loss re-
maining surprisingly high [27, 28]. Therefore, in-depth 
study of the molecular mechanisms of DR is valuable 
and of clinical significance. In the present study, a DR 
rat model was successfully established by treating rats 
with STZ and the expression of SOX9 in retina was de-
tected in vivo. The regulatory function of SOX9 in rela-
tion to HG-treated Müller cell function was further in-

Fig. 5.	 Effect of thioredoxin-interacting protein (TXNIP) overexpression on SRY-box transcription factor 9 (SOX9)-mediated cell 
function in HG-stimulated Müller cells. The Müller cells co-infected with lentiviruses constructed for SOX9 knockdown 
and TXNIP overexpression and treated with high glucose (HG). (A) Western blot analysis for TXNIP after treatment with 
HG. (B) Representative images of the scratched areas at different time points. (C) The rate of wound healing was assessed 
at 24 h. (D) The IL-1β level was measured by ELISA at 48 h. (E) Western blot analysis for NLRP3 in Müller cells after 
treatment with HG for 48 h. **P<0.01 and ***P<0.001 versus the HG + negative control shRNA (shNC) group. #P<0.05 
and ##P<0.01 versus the HG + shSOX9 + LV-NC group.
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vestigated in vitro. To explore the specific mechanism, 
the association between SOX9 and TXNIP was further 
explored by a dual-luciferase analysis. The results re-
vealed that SOX9 was positively associated with TXNIP 
expression. Notably, TXNIP overexpression counter-
acted the repressive effects of SOX9 silencing under HG 
conditions. Collectively, data from the diabetes model 
proved that the regulation of SOX9 resulted in cell pro-
liferation, cell migration, and inflammation by promoting 
TXNIP transcription, further aggravating the pathologi-
cal processes of DR.

Commonly used STZ-induced rodent models show a 
rapid onset of type 1 diabetes and several symptoms of 
DR. Loss of retinal pericytes and capillaries, thickening 
of the vascular basement membrane, and increased vas-
cular permeability have been reported in STZ-induced 
rats [29, 30]. In the present study, we found that the 
retinas tended to be thinner in STZ rats than in control 
rats, which was consistent with previous studies [23, 31]. 
In our study, a model of DR rats was successfully estab-
lished, as evidenced by the elevation of the blood glucose 
concentration and decreased retina thickness. We also 
evaluated the role of SOX9 in STZ-treated rats with DR 
for the first time, and the results revealed that SOX9 and 
TXNIP expression was significantly increased both in 
DR rat retinas and HG-treated human retinal Müller 
cells. Previous studies reported that hyperglycemia 
caused an increase in SOX9 in pancreatic β-cells [32], 
and an increased level of SOX9 expression was observed 
in Müller cells of rats with light-induced retinal damage 
[33]. These cells were termed non-astrocytic inner reti-
nal glial (NIRG) cells. It has also been demonstrated that 
cells expressing SOX9 were similar to Müller glia and 
retinal progenitors that cells that expressed SOX9 was 
found similar to Müller glia and retinal progenitors that 
were primarily scattered across the inner retinal layer 
[34]. In the present study, SOX9 was mainly expressed 
in the ONL in control rats, and there were no cells that 
were labeled for SOX9 in the INL or GCL. After STZ 
treatment, SOX9 expression extended into the INL and 
GCL in the diabetic retina, suggesting that increased 
SOX9 might promote the downstream activation of the 
pathways of inflammatory responses [35]. It has been 
well documented that hyperglycemia can increase the 
expression of GFAP in Müller cells [36, 37]. GFAP is 
recognized as an important marker of reactive gliosis in 
Müller cells after retinal injury [38]. It has also been 
reported that Müller cells are activated by elevated ex-
pression of GFAP in the early stages of DR [39]. In the 
present study, GFAP was restricted to the retinal nerve 
fiber layer in the control group. However, its immuno-
reactivity was augmented and extended into the inner 

and outer plexiform layers in the diabetic retina, which 
was consistent with a previous report [40], suggesting 
that STZ treatment partially caused gliosis.

Müller cells, the predominant retinal glial cells, are 
responsible for maintaining the structure of the blood-
retinal barrier and ensuring the proper functioning of 
retinal neurons [41]. Recent evidence demonstrates that 
Müller cells are important drivers of DR [42]. More 
specifically, Müller cells have been shown to contribute 
to retinal damage by migrating to the vitreoretinal sur-
face and releasing inflammatory cytokines [43, 44]. In 
this sense, physiological dysfunction of Müller cells may 
contribute to the progression of DR. Therefore, explor-
ing the mechanisms and development of Müller cells in 
DR processes is crucial to establish an effective interven-
tion and ultimately avoid vision impairment. It has been 
demonstrated that high glucose concentrations induced 
Müller cell dedifferentiation and favored their migration 
ability [9]. The present study demonstrated that HG treat-
ment significantly promoted Müller cell proliferation 
and migration, and SOX9 knockdown decreased abnor-
mal proliferation and migration of cells under hypergly-
cemia conditions. In addition, research on the progres-
sion of DR found that inflammatory cytokines, including 
IL-1β, TNF-α, IL-8, and IL-6 were highly expressed in 
diabetic rats [45, 46]. Consistently, results of the present 
study indicated that SOX9 knockdown decreased HG-
induced inflammatory cytokines expression. Retinal 
inflammasome activation is an important factor for cell 
damage in DR. Li et al. found that the expression of 
NLRP3, cleaved caspase-1, and other inflammatory fac-
tors was upregulated in rat retinas of STZ-induced dia-
betic rats [47]. In our study, increased levels of inflam-
matory factors (NLRP3 and cleaved caspase-1) were 
regulated by SOX9 in Müller cells under HG conditions. 
Furthermore, the inflammatory reaction induces dysfunc-
tion of Müller cells, destroying the blood-retinal barrier 
and aggravating retinal dysfunction in persons with dia-
betes [48].

It has been demonstrated that the proliferation and 
migration of Müller cells increase capillary permeabil-
ity and angiogenesis, further aggravating the severity of 
DR [49]. Given that SOX9 induced gliosis of Müller 
cells, which was accompanied by multiple biological 
reactions, including cell proliferation and migration, 
further discussion of the underlying mechanisms of DR 
is warranted. It is worth noting that vascular endothelial 
growth factor (VEGF) plays a definitive role in the dis-
ease, and VEGF has been found to drive the proliferation 
and migration of vascular cells and promote vascular 
permeability and angiogenesis [50]. It has also been 
reported that SOX9 is positively correlated with the ex-
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pression of VEGF involved in active angiogenesis, and 
knockdown of SOX9 inhibited the expression of VEGF 
[51]. However, the association between SOX9 and VEGF 
expression was not investigated in the present study, and 
this may be an important area for future research.

It was shown recently that TXNIP exerts a key role in 
glucose metabolism. Ao et al. reported that TXNIP in-
duced the proliferation of retinal cells under HG condi-
tions [52]. Our study found that TXNIP was involved in 
the development of DR in vivo and in vitro. More im-
portantly, a previous study reported that TXNIP knock-
down inhibited cell migration and decreased VEGF-
triggered retinal angiogenesis in DR [53]. These findings 
suggest that TXNIP exerts an important role in DR that 
involves in VEGF-related vascular angiogenesis. Previ-
ous studies confirmed that TXNIP transcription is regu-
lated by multiple factors in the progression of DR. For 
instance, it was confirmed that TXNIP transcription is 
upregulated by carbohydrate response element-binding 
protein (Chrebp) in diabetic fatty (ZDF) rats [54]. It has 
also been reported that upregulation of SOX9 activated 
the transcription of Neurogenin-3, aggravating the sever-
ity of diabetes [55]. In our study, bioinformatics predic-
tion revealed that SOX9 could target the region of the 
TXNIP promoter, further promoting TXNIP transcrip-
tion. These results suggested that inhibition of SOX9 
and TXNIP is an important target for the treatment of 
DR. In summary, the increased expression of SOX9 
promoted the proliferation, migration, and inflammation 
by regulating TXNIP transcription.

Taken together, our data unraveled that SOX9 posi-
tively regulated gliosis in HG-treated Müller cells by 
targeting the TXNIP promoter. Meanwhile, glial cell 
proliferation, metastasis, and inflammation aggravated 
retinal dysfunction in persons with diabetes, further 
worsening the severity of DR. However, SOX9 knock-
down inhibited these biological processes caused by HG. 
Conversely, TXNIP overexpression restored the effects 
caused by SOX9 silencing. These findings help elucidate 
a new regulatory mechanism of DR and provide a refer-
ence for clinical medicine.
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