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High glucose induces HSP47 expression and promotes
the secretion of inflammatory factors through the
IRE1α/XBP1/HIF‑1α pathway in retinal Müller cells
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Abstract. Diabetic retinopathy, a common complication of
diabetes, is the leading cause of blindness globally. Müller cells
are key players in diabetes‑associated retinal inflammation
and dysfunction. However, the pathological changes of Müller
cells in response to high glucose (HG) and the underlying
mechanism remain unclear. The aim of the present study was
to investigate the key role of heat shock protein 47 (HSP47)
in HG‑induced unfolded protein and inflammatory responses.
Primary mouse Müller cells were starved in serum‑free
DMEM overnight and then treated with HG (30 mM) for 0,
6, 12 or 24 h. It was observed that HG (30 mM) significantly
induced the protein expression of HSP47, inositol‑requiring
transmembrane kinase and endonuclease‑1α (IRE1α) and
spliced X‑box‑binding protein 1 (XBP1s) in primary mouse
Müller cells compared with the untreated group. In addition,
the immunoprecipitation results revealed that HSP47 directly
interacted with IRE1α, and this interaction was significantly
enhanced by HG exposure for 12 or 24 h compared with the
untreated group. Furthermore, small interfering RNA‑mediated
silencing of HSP47 significantly suppressed HG‑induced
activation of the IRE1α /XBP1s/hypoxia inducible factor‑1
subunit α (HIF‑1α) pathway and upregulation of the mRNA
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expression levels of the inflammatory cytokines vascular
endothelial growth factor, platelet‑derived growth factor
subunit B, inducible nitric oxide synthase and angiopoietin‑2 in
Müller cells. Furthermore, overexpression of IRE1α or HIF‑1α
partially attenuated HSP47‑siRNA‑mediated inhibition of
inflammatory cytokine expression in Müller cells. Collectively,
these results indicated that HG may induce HSP47 expression
and promote the inflammatory response through enhancing
the interaction between HSP47 and IRE1α, and activating the
IRE1α/XBP1s/HIF‑1α pathway in retinal Müller cells.
Introduction
Diabetic retinopathy (DR), a common complication of diabetes,
is the leading cause of vision impairment and blindness in the
working‑age population worldwide, displaying a continuous
increase in incidence and prevalence over the past decades (1‑3).
Initially, DR was considered as a microvascular complication
of diabetes and great efforts were made to develop strategies
aimed at alleviating vascular alterations (3‑5). However, due
to the multifactorial etiology underlying the pathological
process of DR, there is currently no effective treatment for
restoring normal vision in patients. DR has been considered
as a neurodegenerative disease, with an increasing number of
studies reporting the contribution of retinal inflammation and
glial cell activation to the development of DR (6,7). However,
the molecular mechanisms underlying the retinal inflamma‑
tion observed in response to high glucose (HG) remain to be
elucidated.
Müller cells, the most abundant type of glial cells in
the retina, serve a fundamental role in maintaining the
blood‑retinal barrier, controlling the metabolism of nutrients
and supporting the function of retinal neurons (8,9). Müller
cells are activated in DR, which is characterized by increased
expression of glial fibrillary acidic protein and the release
of inflammatory cytokines and chemokines (8,10,11). Thus,
elucidating the mechanism underlying the response of Müller
cells to HG may uncover new therapeutic targets for DR. The
release of growth factors and pro/anti‑inflammatory cytokines,
mitochondrial dysfunction and endoplasmic reticulum (ER)
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stress in HG‑induced Müller cells have been implicated in the
pathogenesis of DR (12‑14).
Heat shock protein 47 (HSP47), which is encoded by
the serpin family H member 1 gene, is a collagen‑specific
molecular chaperone localized in the ER (15). HSP47 inter‑
acts with procollagen in the ER, which is essential for the
folding and secretion of collagen proteins (15). Increased
HSP47 expression has been reported in numerous types of
cancer, including squamous cell carcinoma of the lung and
bronchial epithelium and gastric cancer (16,17), serving a
role in cancer cell invasion and extracellular matrix network
regulation (18). Sepulveda et al (19) revealed a novel role
for HSP47 in unfolded protein response (UPR) regulation
via directly binding with inositol‑requiring transmembrane
kinase and endonuclease‑1α (IRE1α). Moreover, HSP47 was
shown to trigger IRE1α activation, thereby inducing ER stress
arising from protein synthesis under stress‑induced tumor
environment conditions (20). IRE1α is a sensor of unfolded
protein accumulation in the ER that triggers the UPR. Once
activated, IRE1α splices 26 nucleotides from X‑box‑binding
protein 1 (XBP1) mRNA, leading to the generation of spliced
XBP1 (XBP1s), which subsequently translocates to the nucleus
and activates transcription of responsive genes (21). XBP1s
forms a transcriptional complex with hypoxia‑inducible
factor‑1 subunit α (HIF‑1α), thereby regulating the expression
of HIF‑1α targets via recruiting RNA polymerase II (22). ER
stress has been implicated in HG‑induced Müller cell injury
and inflammasome activation in DR (23). However, the role of
the HSP47/IRE1α/XBP1s/HIF‑1α pathway in the inflamma‑
tory response of Müller cells in DR remains elusive.
The present study aimed to investigate the effects of
HSP47 and the UPR transducer IRE1α /XBP1s pathway on
HG‑induced mouse retinal Müller cells. Moreover, whether
the effects of HSP47 on the expression of inflammatory cyto‑
kines in HG‑exposed Müller cells were mediated through the
IRE1α/XBP1s/HIF‑1α pathway was investigated. In addition,
the effects of HG on the expression of HSP47 and the interac‑
tion between HSP47 and IRE1α in Müller cells were assessed.
Furthermore, the effects of HSP47 on the activation of the
IRE1α/XBP1s/HIF‑1α pathway and the expression of inflam‑
matory cytokines were assessed following HSP47 silencing.
Collectively, the aim of the present study was to identify novel
therapeutic targets for alleviating the pathogenesis of DR.
Materials and methods
Mouse retinal Müller cell culture. Mouse retinal Müller cells
were isolated from C57BL/6 mice as previously described (24).
The mice [n=20; weight, 3‑5 g; sex, male (n=10) and female
(n=10); age, 7‑10‑day‑old] were purchased from Charles River
Laboratories (Beijing, China). After receiving them, the mice
were immediately euthanized by CO2 asphyxiation, with a
CO2 displacement rate of 20% of the chamber volume per
min. After confirming animal death by observing reduced
body temperature and pale skin, the eyes were enucleated
and washed in PBS containing penicillin (100 U/ml; Thermo
Fisher Scientific, Inc.) and streptomycin (100 µg/ml; Thermo
Fisher Scientific, Inc.). The retinas were then carefully isolated
from the eyeballs and washed in PBS to avoid contamination
with retinal pigment epithelium. Isolated retinas were cut

onto small pieces (1 mm) using micro scissors and gently
dissociated using a sterile Pasteur pipette. The cell aggregates
were centrifuged for 5 min at 896 x g at room temperature,
and resuspended in DMEM (Thermo Fisher Scientific, Inc.)
supplemented with 10% fetal bovine serum (Thermo Fisher
Scientific, Inc.), 5 mM glucose and antibiotic mixture. Müller
cells were plated (5x105) in a gelatin‑coated dish and main‑
tained at 37˚C in a humidified atmosphere with 5% CO2.
The culture medium was changed every 4‑5 days and cells
were passaged biweekly at a ratio of 1:3. Müller cells were
identified by their characteristic bipolar morphology and
immunostained with glutamine synthetase and glial fibrillary
acidic protein (data not shown) (25). The purity of Müller cells
was >90% after 2‑3 passages. For the HG experiments, retinal
Müller cells were starved in serum‑free DMEM overnight
and then treated with HG (30 mM) for 0, 6, 12 or 24 h. All
animal experimental procedures were approved by the Ethics
Committee for Laboratory Animals of the Nanjing Medical
University (approval no. 20181207). The date of the original
ethics approval was prior to 2020.
Cell transfection. The small interfering (si)RNA of HSP47
(HSP47‑siRNA sense, 5'‑GUUCCACCAUAAGAUGGUAGA
CAACAG‑3'; and antisense, 5'‑GUUGUCUACCAUCUUAUG
GUGGAACAU‑3') and scrambled control siRNA (con‑siRNA
sense, 5'‑CGAUUCGCUAGACCGGCUUCA UUGCAG‑3';
and antisense, 5'‑GCAAUGAAGCCGGUCUAGCGAAUCG
AU‑3') were provided by Sigma‑Aldrich (Merck KGaA) and
were transfected into cells (20 nmol/l) by Oligofectamine™
for 48 h (total volume, 20 µl; room temperature) following the
manufacturer's protocol (Invitrogen; Thermo Fisher Scientific,
Inc.). At 48 h post‑transfection, transfection efficiency was
determined via western blotting. Subsequent experiments
were also performed at 48 h post‑transfection. A total of 1 µl
of a 20 µM stock oligonucleotide was diluted in 16 µl of
Opti‑MEM® I Reduced Serum Medium (Thermo Fisher
Scientific, Inc.). The mix was added to cells (5x105) for
5‑10 min at room temperature. HA‑IRE1α and HA‑HIF‑1α
were purchased from Addgene. The genes encoding IRE1α
and HIF‑1α were cloned into a pcDNA3 vector (Invitrogen;
Thermo Fisher Scientific, Inc.) with the hemagglutinin tag.
siRNAs and recombinant plasmids were electroporated into
retinal Müller cells. Briefly, 5x105 cells were resuspended in
PBS 0.1X and gently mixed with the appropriate volume of
siRNA (10 nM) in a final volume of 400 µl into 0.4 cm electro‑
poration cuvettes. Cells were electroporated with two pulses of
850 V and 25 µF using a Biorad Gene Pulser II (Bio‑Rad
Laboratories, Inc.) apparatus and plated in DMEM medium
supplemented with Geneticin™ Selective Antibiotic (G418
Sulfate; cat. no. 10131027; Thermo Fisher Scientific, Inc.) at a
concentration of 800 µg/ml for 2 h at 37˚C, then cultured in
DMEM medium supplemented with Geneticin™ Selective
Antibiotic at a concentration of 800 µg/ml containing 20 mM
NH4Cl at 28˚C overnight. A scrambled siRNA and empty
pcDNA3 vector were used as controls. At 48 h post‑electropor‑
ation, transfection efficiency was determined via western
blotting.
Reverse transcription‑quantitative PCR (RT‑qPCR). Cells
were exposed to HG for 12 h prior to assessment via RT‑qPCR.
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Table I. Sequences of primers used for RT‑qPCR.
Gene
HSP47
IRE1α
XBP1s
VEGF
PDGF‑B
iNOS
ANGPT‑2
β‑actin

Primer sequences (5' to 3')
Forward: AAGATGGTAGACAACCGTGG
Reverse: GTCTCGCATCTTGTCTCCCTT
Forward: GTGGTCTCCTCTCGGGTTC
Reverse: CCGTCCCAGGTAGACACAAAC
Forward: AGCAGCAAGTGGTGGATTTG
Reverse: GAGTTTTCTCCCGTAAAAGCTGA
Forward: GAGGTCAAGGCTTTTGAAGGC
Reverse: CTGTCCTGGTATTGAGGGTGG
Forward: CATCCGCTCCTTTGATGATCTT
Reverse: GTGCTCGGGTCATGTTCAAGT
Forward: TCATGACATCGACCAGAAGC
Reverse: GGACATCAAAGGTCTCACAG
Forward: CCTCGACTACGACGACTCAGT
Reverse: TCTGCACCACATTCTGTTGGA
Forward: GGCTGTATTCCCCTCCATCG
Reverse: CCAGTTGGTAACAATGCCATGT

RT-qPCR, reverse transcription‑quantitative PCR; HSP47, heat shock
protein 47; IRE1α, inositol‑requiring transmembrane kinase and
endonuclease‑1α; XBP1s, spliced X‑box‑binding protein 1; VEGF,
vascular endothelial growth factor; PDGF‑B, platelet‑derived growth
factor subunit B; iNOS, inducible nitric oxide synthase; ANGPT‑2,
angiopoietin 2.

The total RNA of Müller cells was extracted using TRIzol®
(Thermo Fisher Scientific, Inc.). Total RNA was reverse tran‑
scribed into cDNA using the PrimeScript RT Reagent Kit with
gDNA Eraser (Takara Bio, Inc.) following the manufacturer's
protocol. The relative mRNA expression levels of HSP47,
IRE1α, XBP1s, vascular endothelial growth factor (VEGF),
platelet‑derived growth factor subunit B (PDGF‑B), inducible
nitric oxide synthase (iNOS) and angiopoietin 2 (ANGPT‑2)
were measured via qPCR using SYBR Green qPCR Master
Mix (Takara Bio, Inc.) on a 7500 Real‑Time PCR system
(Applied Biosystems; Thermo Fisher Scientific, Inc.). The
thermocycling conditions were as follows: 10 min initial dena‑
turation at 95˚C; 40 cycles of 15 sec denaturation (95˚C), 20 sec
annealing (56˚C) and 20 sec extension (72˚C). At the end of
each run, the instrument was set at 15 sec at 95˚C, 60 sec at
60˚C (melt curves analysis) and the final temperature was 95˚C
with 0.1˚C/sec slope. Fold changes were calculated using the
2‑ΔΔCq method (26) using β‑actin as the reference gene. The
sequences of the primers used for qPCR are listed in Table I.
Western blotting, antibodies and reagents. Retinal Müller
cells were harvested, washed with ice‑cold PBS and lysed
with 1X RIPA lysis buffer (Cell Signaling Technology, Inc.)
on ice for 30 min. The protein concentration was determined
using the BCA assay (Thermo Fisher Scientific, Inc.). The
proteins (10 µg per lane) were separated via 10% SDS‑PAGE
gel (EpiZyme, Inc.) and transferred to a PVDF membrane
(Merck KGaA). After blocking with 5% non‑fat milk in
TBST (200 mM Tris and 1.5 M NaCl with 0.1% Tween 20)
for 2 h at room temperature, the membranes were incubated
with the following primary antibodies at 4˚C overnight:
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Anti‑HSP47 [1:800; mouse monoclonal antibody (mAb);
cat. no. NBP1‑97491; Novus Biologicals, LLC], anti‑IRE1α
(1:1,000; rabbit mAb; cat. no. 3294; Cell Signaling Technology,
Inc.), anti‑XBP1s (1:500; rabbit mAb; cat. no. 40435; Cell
Signaling Technology, Inc.), anti‑HIF‑1α (1:800; rabbit mAb;
cat. no. 36169; Cell Signaling Technology, Inc.) and GAPDH
(1:2,000; rabbit polyclonal antibody; cat. no. AC027; ABclonal
Biotech Co., Ltd.). The membranes were sequentially probed
with a horseradish peroxidase‑conjugated goat anti‑rabbit IgG
(1:2,000; cat. no. AS014; ABclonal Biotech Co., Ltd.) or goat
anti‑mouse IgG (1:2,000; cat. no. AS003; ABclonal Biotech
Co., Ltd.) secondary antibody. GAPDH served as the loading
control. Protein bands were visualized using the enhanced
chemiluminescence substrate kit (Thermo Fisher Scientific,
Inc.). ImageJ v1.8.0 (National Institutes of Health) was used
for densitometry.
Immunoprecipitation. Mouse retinal Müller cells (5x106) were
harvested and lysed in 100 µl immunoprecipitation lysis buffer
(Thermo Fisher Scientific, Inc.) with proteinase/phosphatase
inhibitor (Roche Diagnostics) for 1 h on ice. The lysis solution
was centrifuged at 16,000 x g for 10 min at 4˚C. The protein
concentration of the lysis supernatants was determined using
BCA assays (Thermo Fisher Scientific, Inc.) and adjusted
to 1 mg/ml with lysis buffer. Samples were then incubated
with an anti‑HSP47 (1:50; mAb; cat. no. NBP1‑97491; Novus
Biologicals, LLC) or mouse IgG (1:500; rabbit mAb; cat.
no. 5946; Cell Signaling Technology, Inc.) antibody overnight
(12‑16 h) in a 4˚C fridge with gentle orbital rotation (7 x g).
Subsequently, 50 µl of Protein Magnetic beads (Thermo Fisher
Scientific, Inc.) were added into samples and incubated for
another 12 h at 4˚C. After incubation, the magnetic beads were
centrifuged at 3,000 x g for 2 min, washed three times with
ice‑cold PBS and the supernatant was discarded. The proteins
were eluted using 1X SDS protein gel sample loading buffer
and subjected to western blotting according to the aforemen‑
tioned protocol.
Statistical analysis. Each experiment in the present study
was performed at least in triplicate. All data are presented as
the mean ± SD. GraphPad Prism software v. 8.0.1 (GraphPad
Software, Inc.) was used to perform all statistical analyses.
Differences between multiple groups were analyzed using
one‑way or two‑way ANOVA followed by Bonferroni's post
hoc test. P‑values were two‑tailed and P<0.05 was considered
to indicate a statistically significant difference.
Results
HG exposure increases HSP47 expression in retinal Müller
cells. To investigate the expression and function of HSP47,
retinal Müller cells were isolated from C57BL/6 mice and
cultured in vitro. The cells were treated with 30 mM glucose
for 0, 6, 12 or 24 h, and the protein and mRNA expression
levels of HSP47 were detected via western blotting and
RT‑qPCR, respectively. Compared with the untreated group,
the protein expression level of HSP47 was significantly
increased in Müller cells after exposure to HG, reaching the
highest level at 12 h, with a slight decrease at a 24 h compared
with 12 h (Fig. 1A and B). Therefore, treatment with HG for
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Figure 1. HG induces HSP47 expression in retinal Müller cells. Protein expression levels of HSP47, IRE1α and XBP1s in retinal Müller cells following
exposure to HG (30 mM) for 0, 6, 12 or 24 h were (A) determined via western blotting and (B) semi‑quantified. (C) Relative mRNA expression levels of HSP47,
IRE1α and XBP1s in retinal Müller cells were determined via reverse transcription‑quantitative PCR. Data are presented as the mean ± SD (n=3). Comparisons
among multiple groups were analyzed using one‑way ANOVA followed by Tukey's post hoc test. *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001 vs. 0 h. HG,
high glucose; HSP47, heat shock protein 47; IRE1α, inositol‑requiring transmembrane kinase and endonuclease‑1α; XBP1s, spliced X‑box‑binding protein 1.

Figure 2. HG enhances the binding of HSP47 and IRE1α. (A) The interaction between HSP47 and IRE1α in retinal Müller cells was assessed by performing
immunoprecipitation following exposure to HG (30 mM) for 0, 6, 12 or 24 h. The HSP47/IRE1α complex was immunoprecipitated using an anti‑HSP47
antibody and assessed via western blotting using anti‑IRE1α and anti‑HSP47 antibodies. (B) Relative protein expression level of IRE1α was normalized
to HSP47. Data are presented as the mean ± SD (n=3). The circle, triangle (up arrow), square and triangle (down arrow) represent 0, 6, 12 or 24 h after HG
exposure, respectively. Comparisons among multiple groups were analyzed using one‑way ANOVA followed by Tukey's post hoc test. ***P<0.001 vs. 0 h. HG,
high glucose; HSP47, heat shock protein 47; IRE1α, inositol‑requiring transmembrane kinase and endonuclease‑1α.

12 h was selected for subsequent experiments. As expected,
a similar trend was observed for HSP47 mRNA expression
levels (Fig. 1C).

HG induces UPR in retinal Müller cells. To further examine
whether IRE1α was involved in the effect of HSP47 on retinal
Müller cells, the activation of the IRE1α/XBP1s pathway was
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Figure 3. HG activates the IRE1α/XBP1s/HIF‑1α pathway via HSP47. Retinal Müller cells were electroporated with con‑siRNA or HSP47‑siRNA. At 48 h
post‑electroporation, cells were exposed to HG (30 mM) for 12 h. (A) Protein expression levels of HSP47, IRE1α, XBP1s and HIF‑1α in retinal Müller cells
were (A) determined via western blotting and semi‑quantified for (B) HSP47, (C) IRE1α, (D) XBP1s and (E) HIF‑1α. Data are presented as the mean ± SD (n=3).
The circle, triangle (up arrow), square and triangle (down arrow) represented con‑siRNA without HG exposure, con‑siRNA with HG exposure, HSP47‑siRNA
without HG exposure and HSP47‑siRNA without HG exposure, respectively. Comparisons among multiple groups were analyzed using two‑way ANOVA fol‑
lowed by Bonferroni's post hoc test. *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001. HG, high glucose; HSP47, heat shock protein 47; IRE1α, inositol‑requiring
transmembrane kinase and endonuclease‑1α; XBP1s, spliced X‑box‑binding protein 1; HIF‑1α, hypoxia inducible factor‑1 subunit α; siRNA, small interfering
RNA; con, control.

examined. The expression of IRE1α and XBP1s was signifi‑
cantly increased in HG‑treated Müller cells (6, 12 and 24 h)
compared with untreated cells, exhibiting a similar trend to
HSP47 (Fig. 1A‑C). Immunoprecipitation was then performed
to determine the interaction between HSP47 and IRE1α, and
the data revealed that HSP47 could bind directly to IRE1α
in Müller cells, which was significantly enhanced when
cells were treated with HG for 12 or 24 h compared with the
untreated group (Fig. 2A and B). These results indicated that
HG‑induced activation of the IRE1α/XBP1s pathway in the
retinal Müller cells was regulated by HSP47.
HG activates the IRE1α /XBP1s/HIF‑1α pathway in retinal
Müller cells through HSP47. To determine the exact role of
HSP47 in regulating IRE1α and its downstream pathways,
HSP47 was silenced in Müller cells via siRNA transfection.
At 48 h post‑electroporation of HSP47‑siRNA or con‑siRNA,
Müller cells were exposed to HG for 12 h, and the protein
expression levels of HSP47, IRE1α, XBP1s and HIF‑1α
were measured via western blotting. The expression levels
of HSP47, IRE1α, XBP1s and HIF‑1α were significantly
decreased in the HSP47‑siRNA group compared with the
con‑siRNA group without HG treatment (Fig. 3). The decrease
in HSP47 in untreated retinal Müller cells, led to the suppres‑
sion of IRE1α, XBP1s and HIF‑1α expression (Fig. 3). In
con‑siRNA‑transfected cells, the expression levels of HSP47,
IRE1α, XBP1s and HIF‑1α were significantly enhanced by HG
compared with the untreated group (Fig. 3A‑E). Interestingly,

HG‑induced increases in IRE1α, XBP1s and HIF‑1α expres‑
sion levels were suppressed in HSP47‑silenced Müller cells
(Fig. 3A‑E). These results indicated that HSP47 served a
key role in IRE1α /XBP1s/HIF‑1α pathway activation in
HG‑induced retinal Müller cells.
HSP47 regulates the expression of inflammatory mediators in
retinal Müller cells through the IRE1α/XBP1s/HIF‑1α pathway.
It is well established that HG exposure leads to the high expression
of inflammatory mediators in Müller cells, further contributing
to the development of DR (8,27,28). As shown in Fig. 4, compared
with the untreated group, the expression levels of VEGF,
PDGF‑B, iNOS and ANGPT‑2 were significantly increased in
HG‑treated Müller cells, which was significantly attenuated in
HSP47‑silenced Müller cells. Transfection efficiencies of the
IRE1α and HIF‑1α overexpression vectors are presented in
Fig. S1. Overexpression of IRE1α or HIF‑1α partially reversed
the inhibitory effects of HSP47‑siRNA, resulting in significantly
increased expression levels of VEGF, PDGF‑B, iNOS and
ANGPT‑2 compared with the HSP47‑siRNA group. These results
demonstrated the effect of HSP47 on the IRE1α/XBP1/HIF‑1α
pathway and its involvement in the HG‑induced inflammatory
response in retinal Müller cells.
Discussion
The results of numerous studies have demonstrated the
occurrence of inflammation in the retinas of diabetic animal

6

SUN et al: HG INCREASES HSP47 AND INFLAMMATORY FACTOR LEVELS IN RETINAL MÜLLER CELLS

Figure 4. Expression of inflammatory cytokines in HSP47‑silenced retinal Müller cells. Retinal Müller cells were transfected with HSP47‑siRNA, HA‑IRE1α
or HA‑HIF‑1α plasmid. At 48 h post‑transfection, retinal Müller cells were exposed to HG (30 mM) for 12 h, and the relative mRNA expression levels of
(A) VEGF, (B) PDGF‑B, (C) iNOS and (D) ANGPT‑2 were measured via reverse transcription‑quantitative PCR. Data are presented as the mean ± SD (n=3). The
circle, triangle (up arrow), square, triangle (down arrow) and lozenge represent con‑siRNA without HG exposure, con‑siRNA with HG exposure, HSP47‑siRNA
with HG exposure, HSP47‑siRNA with HG exposure and HA‑IRE1α, and HSP47‑siRNA with HG exposure and HA‑HIF‑1α, respectively. Comparisons
among multiple groups were analyzed using one‑way ANOVA followed by Bonferroni's post hoc test. *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001. HG,
high glucose; HSP47, heat shock protein 47; siRNA, small interfering RNA; IRE1α, inositol‑requiring transmembrane kinase and endonuclease‑1α; HIF‑1α,
hypoxia inducible factor‑1 subunit α; VEGF, vascular endothelial growth factor; PDGF‑B, platelet‑derived growth factor subunit B; iNOS, inducible nitric
oxide synthase; ANGPT‑2, angiopoietin 2; HA, hemagglutinin; con, control.

models and suggested the contribution of Müller cell activa‑
tion to neovascularization and fibrosis during the progression
of DR (8,29,30). As a subset of retinal innate immune cells,
Müller cells maintain the nutrition of the retina through ion
channels, ligand receptors and transmembrane transporters.
High blood glucose levels and the leakage of retinal vessels
leads to the activation and dysfunction of Müller cells (8,29,30).
Several pathological changes in Müller cells are associated
with the progression of DR, including abnormal regulation
of neurotransmitters and potassium, release of growth factors

and pro/anti‑inflammatory cytokines, and the loss of Müller
cells (31,32). To the best of our knowledge, the present study
was the first to demonstrate the critical role of HSP47 in the
regulation of inflammatory mediator levels in HG‑exposed
retinal Müller cells through the IRE1α/XBP1/HIF‑1α pathway
using mouse primary Müller cells.
ER stress is a common pathological pathway in a number
of ophthalmic diseases, such as DR, glaucoma, cataract and
macular degeneration (33‑36). The findings of the present
study demonstrated that HG triggered ER stress as indicated
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by increased expression of IRE1α and XBP1s compared
with the untreated group. This result was consistent with the
study conducted by Zhong et al (27) who reported that HG
induced a time‑dependent increase in ER stress in Müller cells
and was essential for Müller cell‑derived cytokine produc‑
tion in diabetes. Sepulveda et al (19) identified HSP47 as a
novel selective regulator of the ER stress transducer IRE1α in
mouse embryonic fibroblasts, but the mechanism underlying
HSP47‑mediated regulation of the IRE1α pathway remains
unknown. The present study demonstrated that HG signifi‑
cantly induced the expression of the procollagen‑interacting
protein HSP47 in Müller cells compared with the untreated
group, and the interaction between HSP47 and IRE1α was also
enhanced by HG exposure, suggesting the regulatory effect of
HSP47 on the IRE1α pathway and involvement of ER stress in
HG‑induced Müller cell activation. The expression of HSP47
decreased following treatment with HG for 24 h compared
with treatment for 12 h, indicating that HSP47 and the down‑
stream pathway were not continuously activated in response to
HG due to adaptive or compensatory events.
Considering the direct modulatory effect of HSP47 on
the IRE1α pathway, HSP47 was silenced by siRNA transfec‑
tion to further investigate the exact mechanism underlying
HSP47‑mediated regulation of the inflammation of Müller
cells in response to HG. The increase in the expression
levels of IRE1α, XBP1s and HIF‑1α induced by HG was
significantly suppressed in HSP47‑silenced Müller cells,
suggesting the key role of HSP47 in IRE1α /XBP1/HIF‑1α
pathway activation. Furthermore, the increase in the expres‑
sion levels of growth factors and inflammatory cytokines,
including VEGF, PDGF‑B, iNOS and ANGPT‑2, induced by
HG was significantly alleviated following HSP47 silencing.
Overexpression of IRE1α or HIF‑1α reversed the inhibitory
effect of HSP47 silencing on expression, as demonstrated by
significantly upregulated expression levels of inflammatory
mediators in cells co‑transfected with IRE1α or HIF‑1α
overexpression vectors compared with cells transfected with
HSP47‑siRNA alone. These data indicated that HG induced
HSP47 expression and promoted the inflammatory response
through enhancing the interaction between HSP47/IRE1α
and activating the IRE1α /XBP1/HIF‑1α pathway in retinal
Müller cells. This may not be the only role of HSP47 in
DR Müller cells as other pathological changes in DR, such
as mitochondrial dysfunction and Müller cell apoptosis,
may also be affected by HSP47 expression. As the present
study was performed in cultured Müller cells in vitro, the
role of HSP47 in DR Müller cells requires confirmation
by performing further animal experiments and analyzing
clinical data from patients.
In summary, the data of the present study demonstrated
that exposure to HG induced HSP47 expression in Müller cells,
leading to the activation of the IRE1α/XBP1/HIF‑1α pathway
and the production of inflammatory mediators via interacting
with IRE1α. Thus, identifying novel therapeutic targets to
alleviate the HSP47/IRE1α interaction and ER stress in Müller
cells may prove helpful in preventing the pathogenesis of DR.
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