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Protective effects of sulforaphane on diabetic 
retinopathy: activation of the Nrf2 pathway and 
inhibition of NLRP3 inflammasome formation
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Abstract: Sulforaphane (SFN) is abundant in cruciferous plants, providing significant protection 
against many chronic diseases. With the aim of clarifying the efficacy of sulforaphane in diabetic 
retinopathy (DR), a series of systematic studies were carried out in the present study. Male Sprague 
Dawley rats were intraperitoneally injected with streptozotocin (STZ, 65 mg/kg), and those with 
confirmed diabetes mellitus were given different doses of SFN (0.5 and 1 mg/kg/d) for 12 weeks. In 
vitro, Müller cells exposed to 25 mM glucose were treated with 2.5 µM SFN. The results indicated 
that SFN significantly reduced the generation of pro-inflammatory cytokines (TNF-α, IL-6, and IL-1β) 
and enhanced the activity of antioxidant enzymes (GSH, SOD, and CAT) in the retina of STZ rats. 
Further, SFN enhanced the nuclear accumulation of Nrf2 and increased the expression of HO-1 and 
NQO1, two major antioxidants downstream to Nrf2, in the injured retina. In addition, retinal expression 
levels of NLRP3, cleaved caspase-1 p20, IL-1β p17, and ASC were dramatically increased in STZ-
induced DR, and this was abolished by SFN intervention. In vitro, high glucose-induced inflammation 
and oxidative stress damage in Müller cells were attenuated by SFN. SFN also exerted antioxidant 
effects, activated the Nrf2 pathway, and inhibited the NLRP3 inflammasome in Müller cells. In 
conclusion, our work demonstrates that SFN attenuates retinal inflammation and oxidative stress 
induced by high glucose and activates the antioxidative Nrf2 pathway and inhibits the formation of 
the NLRP3 inflammasome in vivo and in vitro.
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Introduction

Diabetic retinopathy (DR), a complication of both type 
1 and type 2 diabetes mellitus, arises from long-term 
elevated blood glucose levels [1]. In the initial stages of 
DR, patients are often asymptomatic. Once visual prob-
lems appear, they are almost irreversible and lead to 
blindness [32]. It has been reported that inflammation, 
hypoxia, and oxidative stress can accelerate DR develop-
ment [3, 16]. However, the pathogenesis of DR is very 

complex and multifactorial. Therefore, there is an urgent 
demand for developing more effective therapeutic agents 
to interdict the progression of DR.

Oxidative stress can be triggered by circulating high 
glucose, and it directly or indirectly induces over-gen-
eration of inflammatory mediators that contribute to the 
retinal cell damage in DR [28]. Studies have demon-
strated that reactive oxygen species (ROS) are a major 
causative factor involved in DR development [15, 17]. 
The more ROS accumulate, the more severe the damage 
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is. Subsequently, the levels of inflammatory cytokines, 
such as tumor necrosis factor (TNF)-α, IL-6, and IL-1β, 
will increase [14]. Nuclear erythroid type 2 factor (Nrf2) 
is a major transcription factor that responds to oxidative 
stress-induced cytotoxicity, and it exerts anti-antioxidant 
effects by inducing phase II detoxification (glutathione 
S-transferases) and/or promoting the expression of an-
tioxidant enzymes (superoxide dismutase, SOD; heme 
oxygenase-1, HO-1; and NAD (P) H quinone oxidore-
ductase 1, NQO1) [11, 19]. Loss of Nrf2 has been shown 
to exacerbate oxidative damage to retinas [4]. Moreover, 
it has been reported that the nucleotide binding domain, 
leucine-rich repeat-containing receptor (NLR), pyrin 
domain-containing 3 (NLRP3) inflammasome could be 
triggered by oxidative stress and could be involved in 
the pathogenesis of DR [21, 39]. So, it is necessary to 
clarify whether drugs can regulate retinal Nrf2 signaling 
and the NLRP3 inflammasome during DR.

Several clinical trials have confirmed the advantages 
of using natural products derived from functional foods 
for hyperglycemia management [5]. For instance, flavo-
noids and phenolic compounds prevent oxidative damage 
directly by scavenging ROS or indirectly by activating 
the transcription of cytoprotective genes [30]. Sulfora-
phane (SFN) is an isothiocyanate which is found abun-
dantly in cruciferous vegetables including cabbage, 
broccoli, and radish [10, 29]. It displays strong antioxi-
dant, anti-inflammatory, and anti-tumor activities [13]. 
Although SFN has already been reported to attenuate 
experimental diabetic nephropathy and diabetic cardio-
myopathy [12, 33], how it prevents DR development is 
unclear. Further investigation of how SFN affects DR 
development will help to fully evaluate the effects of 
SFN on treatment of diabetes mellitus.

Therefore, in this study, rats with streptozotocin 
(STZ)-induced DR were given SFN, and their retinal 
pathological changes were analyzed. In vitro, Müller 
cells exposed to high glucose were treated with SFN. 
Our data indicated that SFN could attenuate high glu-
cose-associated DR in vivo and in vitro.

Materials and Methods

Animal experiments
All animal experiments were performed taking the 

welfare of all animals into consideration, conformed to 
the policies of the guide for the care and use of labora-
tory animals of Shengjing Hospital of China Medical 

University, and were approved by the hospital. Healthy 
male Sprague Dawley rats (200–250 g) were kept in 
plastic cages under standard conditions with a light/dark 
cycle of 12 h, a temperature of 21°C, and controlled 
humidity (55%). They were allowed to access to water 
and food freely. SFN (ab141969) and STZ (s110910) 
were obtained from Abcam (Cambridge, MA, USA) and 
Aladdin (Shanghai, China), respectively.

Animals were randomly divided into control, SFN1, 
STZ, SFN0.5+STZ, and SFN1+STZ groups, respec-
tively. To induce DR, rats were intraperitoneally (i.p.) 
injected with STZ (65 mg/kg body weight) dissolved in 
freshly prepared sodium citrate buffer (50 mM, pH 4.5). 
After 3 days, blood samples were collected to measure 
glucose levels. Rats with a blood glucose level over 16.7 
mM for three consecutive days were considered dia-
betic rats and were used as the animal model in subse-
quent experiments. Rats in the SFN1, SFN0.5+STZ, and 
SFN1+STZ groups were given different doses of SFN 
(1 mg/kg/d, 0.5 mg/kg/d, and 1 mg/kg/d, respectively) 
for 12 weeks. Then they were euthanized by anesthesia 
(pentobarbital sodium: 200 mg/kg), and retinal tissue 
samples were isolated for further biochemical measure-
ments.

Histological analysis and ganglion cell counting
Retinal tissue samples removed from rats were fixed 

in 4% paraformaldehyde and embedded in paraffin. Par-
affin sections were then cut to a thickness of 5 µm and 
stained with hematoxylin and eosin (H&E) for histo-
logical evaluation. These slices were selected at a dis-
tance of 1 mm from the optic disc. The number of gan-
glion cells in the retinal ganglion cell layer was counted 
in three random fields per eye (5 rats/group) under a light 
microscope (200×; Olympus, Tokyo, Japan) and aver-
aged.

Measurement of TNF-α, IL-6, IL-1β, GSH, SOD, and 
CAT

TNF-α, IL-6, and IL-1β concentrations in the retinal 
tissue samples were analyzed using commercially avail-
able kits from USCN life science (Wuhan, China). The 
principle of assay was ELISA. Absorbance was taken at 
450 nm.

GSH, SOD, and CAT were measured by kits purchased 
from Jiancheng Bioengineering Institute (Nanjing, 
China). All procedures followed were in accordance with 
standard protocols described in the kits. OD values were 
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measured by microplate reader (BioTek Instruments, 
Inc., Winooski, VT, USA).

Total RNA isolation and real-time PCR
Total RNA was extracted with TRIpure (BioTeke, 

Beijing, China). Super M-MLV Reverse Transcriptase 
(BioTeke, Beijing, China) and SYBR Green (Solarbio, 
Beijing, China) were used to synthesize cDNA and am-
plify target genes, respectively. All procedures were in 
accordance with the manufacturer’s protocol. Amplifica-
tion was performed using an ExicyclerTM 96 (Bioneer, 
Daejeon, South Korea). The levels of genes of interest 
were standardized to the level of actin. β-actin was used 
as a reference gene. The mRNA relative expression lev-
els of target genes were normalized to β-actin and cal-
culated using the 2-ΔΔCT method. The real-time PCR 
primers are listed in Table 1.

Western blot analysis
A regular western blot protocol was performed. Pri-

mary antibodies included NRF2 (1:1,000), HO-1 
(1:1,000), NQO1 (1:500), NLRP3 (1:400), cleaved cas-
pase-1 p20 (1:500), IL-1β p17 (1:1,000), ASC (1:500), 
histone H3 (1:500) and β-actin (1:500). Primary antibod-
ies were detected using secondary antibodies according 
to the origin of the primary antibody (anti-rabbit, anti-
mouse, or anti-goat).

Electrophoretic mobility shift assay (EMSA)
To determine the Nrf2-ARE binding activity, an 

EMSA was performed as previously described [23]. 
Briefly, the nuclear proteins from the retinal tissue were 
mixed with biotin-labeled probes containing the Nrf2 
sequence for 10 min at room temperature. The DNA-
protein complexes were electrophoresed.

Cell lines and cell culture
The rat Müller cell line was purchased from Chi Sci-

entific (Wuxi, China) and maintained in Dulbecco’s 
modified Eagle’s medium (DMEM)/F12 with 10% (v/v) 

fetal bovine serum (FBS). DMEM/F12 and FBS were 
bought from Gibco BRL (Gaithersburg, MD, USA) and 
Hyclone (SH30084.03, Logan, Utah, USA), respec-
tively. Cells (1 × 105) were placed on 6-well plates. Cells 
were randomly divided into LG, SFN, HG, and HG+SFN 
groups, respectively. When the cell density was about 
80%, cells of the LG group were incubated in 5.5 mM 
glucose plus 19.5 mM mannitol for 48 h. Cells of the 
HG group were incubated in 25 mM glucose for 48 h. 
Cells of the SFN group were incubated in 2.5 µM SFN 
for 48 h. Cells of the HG+SFN group were pretreated 
with 2.5 µM SFN for 2 h and then incubated in 25 mM 
glucose for an additional 48 h.

Statistical analysis
All data were expressed as the mean ± SD. One-way 

analysis of variance (ANOVA) was performed with the 
IBM SPSS ver. 20.0 software for multiple comparisons 
followed by Bonferroni’s post hoc test. A value of P<0.05 
was considered statistically significant.

Results

Histological evaluations
The protective effects of SFN on DR were confirmed 

histologically. The retina of the control group had a clear 
structure and smooth inner membrane, and the retinal 
cells were normal in appearance and arranged regularly 
(Fig. 1A). There was no significant difference between 
the control and SFN1 group in histological evaluations. 
The retina of the STZ group had a rough inner mem-
brane; the cells were arranged loosely and even seemed 
messy; the number of ganglion cells was reduced. As 
shown in Fig. 1B, the amount of ganglion cells was 
counted, which demonstrated that SFN increased the 
number of ganglion cells in a dose-dependent manner 
(P<0.05).

Table 1.	 Real-time PCR primers

Gene Primer sequence Product length
HO-1, NM_012580.2 AGCGAAACAAGCAGAACCCA 196 bp

GCCACCAGCAGCTCAGGATG
NQO1, NM_017000.3 GCGGTGAGAAGAGCCCTGAT 115 bp

ATTCGACCACCTCCCATCCT
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Effects of SFN on inflammatory cytokines and oxidative 
stress in vivo

The TNF-α, IL-6, IL-1β, GSH, SOD, and CAT levels 
in retinal tissue treated with SFN are shown in Fig. 2. 
To evaluate the levels of proinflammatory cytokines in 
the retina, TNF-α, IL-6, and IL-1β were measured in 
experimental groups of rats using ELISA kits. As shown 
in Figs. 2A–C, markedly increased levels of TNF-α, IL-
6, and IL-1β were detected in the retina of the STZ group 
(P<0.001), whereas significantly reduced levels were 
detected in the SFN0.5+STZ and SFN1+STZ groups 
(P<0.05, P<0.01, P<0.001, respectively). The TNF-α, 
IL-6, and IL-1β values in the STZ group were nearly 

twice those in the control group. Based on analysis and 
comparison with the other three sets of data, it was not 
difficult to determine that the antioxidant capacity in the 
STZ group was decreased. SFN, especially at the higher 
concentration (1 mg/kg), could upregulate the antioxi-
dant capacity effectively such that it was almost equal 
to that of the control group.

Effects of SFN on Nrf2 signaling-related proteins and 
genes

Nrf2 binds to AREs and positively regulates the ex-
pression of HO-1 and NQO1. In the present study, the 
protein level of NRF2 in the nucleus was quantified by 

Fig. 1.	 Pathological observation of SFN in retinas of STZ-induced DR rats (A) and the number of 
ganglion cells (B). ***P<0.001 vs. control. #P<0.05 vs. STZ group. Values are expressed 
as the mean ± SD (n=5).
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western blotting (Fig. 3A) and found to be lower than 
that in the STZ group (P<0.001). On the other hand, SFN 
caused an observable increase in this level in a dose-
dependent manner. To elucidate the binding activity 
between Nrf2 and ARE, an EMSA was subsequently 
performed. As shown in Fig. 3B, SFN improved the 
Nrf2-ARE binding activity and appeared to be dose de-
pendent to some extent. To further find out the relation-
ship between Nrf2 and its downstream ARE-driven 
target antioxidative defence enzyme, the mRNA and 
protein levels of HO-1 and NQO1 were examined 
through biochemical analysis. Whether at the mRNA or 
protein level, the transcriptions of HO-1 and NQO1 were 
all upregulated when rats were given SFN (Fig. 3C).

Assessment of NLRP3 inflammasome components in the 
retina of rats

To understand the mechanism of the inflammation 
indicated by STZ disturbances, we further investigated 
the role of the NLRP3 inflammasome via assessment of 
the expression levels of its components including the 
NLRP3, cleaved caspase-1 p20, IL-1β p17, and the adap-
tor protein apoptosis associated speck-like protein 

(ASC). As shown in Fig. 3D, the expression levels of all 
four inflammatory components were significantly up-
regulated in STZ rats compared with those in control 
rats. Specifically, the IL-1β p17 level in the STZ group 
increased to 10.4-fold that in control rats; the NLRP3 
and ASC levels in the STZ group increased to 6.7- and 
6.5-fold those in control rats; and the cleaved caspase-1 
p20 level in the STZ group was upregulated to 4.2-fold 
that in control rats. Notably, the expression levels of all 
four inflammatory components were downregulated in 
diabetic rats which received SFN treatment.

SFN alleviated the high glucose-induced impairments 
in vitro

It is recognized that inflammation and oxidative stress 
play a vital role in the development of diabetic compli-
cations. In the present study, the effect of SFN on high 
glucose-induced impairments was investigated using 
ELISA kits (Fig. 4). It was revealed that the levels of 
TNF-α and IL-6 in the HG group increased nearly three 
times but that those in the HG+SFN group was reduced 
by half. Meanwhile, a sharp decline of antioxidant ac-
tivities (GSH, SOD, and CAT) was also discovered in 

Fig. 2.	 The levels of TNF-α, IL-6, IL-1β, GSH, SOD, and CAT in rat retina tissue. **P<0.01 vs. control. ***P<0.001 vs. control. 
#P<0.05 vs. STZ group. ##P<0.01 vs. STZ group. ###P<0.001 vs. STZ group. Values are expressed as the mean ± SD (n=5).
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Fig. 3.	 The protein expression of NRF2 in rat retina tissue (A); nuclear levels of Nrf2 as assessed by EMSA in nuclear extract (B); 
activation of HO-1/NQO1 signaling-related genes and proteins (C) in retinal tissue of rats after diabetes induction with STZ; 
and inhibition of NLRP3, cleaved caspase-1 p20, IL-1β p17, and ASC protein expression after treatment with SFN (D). *P<0.05 
vs. control. **P<0.01 vs. control. ***P<0.001 vs. control. #P<0.05 vs. STZ group. ##P<0.01 vs. STZ group. ###P<0.001 vs. STZ 
group. Values are expressed as the mean ± SD (n=5).
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the HG group (P<0.05). Expectedly, antioxidant activi-
ties were significantly improved after treatment with 
SFN. Therefore, SFN protected cells against high glu-
cose-induced oxidative insults by decrease of TNF-α and 
IL-6 levels, and increase of GSH, SOD, and CAT ac-
tivities.

SFN activated the antioxidative Nrf2 pathway and 
inhibited NLRP3 inflammasome formation in high 
glucose-induced Müller cells

In order to further evaluate the regulation of the Nrf2 
pathway by SFN, western blotting and real-time PCR 
were applied to monitor the protein expression of NRF2 
(Fig. 5A) and the mRNA expression of Ho-1 and Nqo1 
(Fig. 5B), respectively. The results demonstrated that 
SFN indeed upregulated the NRF2 expression in high 
glucose-induced Müller cells. Furthermore, the mRNA 
expression levels of Ho-1 and Nqo1 in the HG+SFN 
group also increased compared with those in the HG 
group. As expected, the protective effects of SFN were 
derived from the induction of HO-1, NQO1, and its tran-
scription factor Nrf2.

We then examined the ability of SFN to inhibit the 

activation of NLRP3, cleaved caspase-1 p20, IL-1β p17, 
and ASC. The expression levels of all four inflamma-
tory components were significantly increased in the HG 
group (Fig. 5C, P<0.001), while treatment with SFN 
showed an obvious reduction compared with the expres-
sion in the HG group (P<0.001).

Discussion

The number of people with diabetes worldwide has 
exploded in the past several years and is expected to 
sustain rapid growth. Long-term and uncontrollable high 
blood glucose generates various diabetic complications, 
including DR [34]. A global epidemiological analysis 
showed that 35% of people with diabetes have some form 
of DR [36], which is characterized by a progressive al-
teration in retinal microvasculature, leading to capillary 
closure [24]. The pathogenesis of DR has been under-
studied for decades, and it is still not yet fully under-
stood. Therefore, this study focused on DR, researched 
the therapeutic effect of SFN on it, and revealed its po-
tential mechanism. This study provided new evidence 
showing a significant preventive effect of SFN on the 

Fig. 4.	 The levels of TNF-α, IL-6, GSH, SOD, and CAT in Müller cell. **P<0.01 vs. LG group. ***P<0.001 vs. LG group. #P<0.05 
vs. HG group. ##P<0.01 vs. HG group. ###P<0.001 vs. HG group. Values are expressed as the mean ± SD (n=3).
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development of DR.
In this paper, the protective effect of SFN on DR was 

studied in vivo and in vitro. Apoptotic retinal cell death 
causes reduction in the thickness of various layers and 
in the number of ganglion cells in experimental animal 
models [26]. We found that SFN made the morphomet-
ric thicknesses of the retinal layers move towards the 

basal levels in STZ-induced diabetic rats (Fig. 1). The 
histological results scientifically confirmed the tradi-
tional uses of SFN as an effective protective agent for 
DR.

To further investigate the underlying mechanism of 
the protective effects of SFN, we first paid attention to 
retina antioxidant activation. Oxidative stress plays an 

Fig. 5.	 The protein expression of NRF2 in Müller cell (A); effect of SFN on Ho-1 and Nqo1 mRNA expression in 
Müller cell (B); and the expression of NLRP3, cleaved caspase-1 p20, IL-1β p17, and ASC protein in Mül-
ler cell (C). **P<0.01 vs. LG group. ***P<0.001 vs. LG group. #P<0.05 vs. HG group. ##P<0.01 vs. HG 
group. ###P<0.001 vs. HG group. Values are expressed as the mean ± SD (n=3).
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important role in the etiology of DR. Although the reti-
na contains a robust antioxidant defense system with 
antioxidant molecules (GSH, vitamins C and E) and 
endogenous enzymes (SOD, CAT, and glutathione per-
oxidase), an imbalance between prooxidants and anti-
oxidants may lead to oxidative stress [16]. So, the detec-
tion of these related index parameters reflects the 
correlation with oxidative stress. On the other hand, 
oxidative stress has been associated with cellular inflam-
mation and release of inflammatory cytokines. For in-
stance, TNF-α, IL-6, and IL-1β are important mediators 
of diabetes-induced retinal neuroinflammation [18]. 
Increased levels of these cytokines have been observed 
in the vitreous of diabetic patients with proliferative DR 
as well as in diabetic rat retinas [8]. It was found that 
levels of inflammatory cytokines were increased in dia-
betic retinas, yet SFN-treated retinas displayed lower 
levels of cytokines. At a dose of 1 mg/kg, the down-
regulations of TNF-α and IL-6 were equal to those in the 
control group. There are similar reports demonstrating 
that dh404 [6] has the same effect, but the dose of dh404 
(3 mg/kg) is more than that of SFN. This also illustrated 
the effectiveness of SFN.

It is known that Nrf2 expression and transcription in 
tissues in vivo and in cells in vitro are increased in re-
sponse to oxidative stress [25, 31]. Activation of the 
Nrf2/ARE signaling pathway plays a part in the protec-
tion of cells against oxidative stress, carbonyl com-
pounds, and electrophilic agents in the human body [38]. 
In vivo, Nrf2 was activated by SFN in a dose-dependent 
manner. According to experimentation in vitro, to pre-
vent oxidative stress-mediated damage caused by high 
glucose, cells have evolved the Nrf2-mediated defense 
mechanism to cope with adverse environmental condi-
tions. Moreover, it was reported that inflammation, ROS 
production, protein kinase C, and the hexosamine path-
ways were inhibited by Nrf2 activation under high glu-
cose conditions [35]. Thus, it was suggested that activa-
tion of Nrf2 before disease development or during the 
early stage of DR is the key for an intervention to prevent 
oxidative stress-induced damage as well as DR progres-
sion [20]. HO-1 is a stress-responsive enzyme that main-
tains homeostasis under pathological conditions [9]. 
NQO1 is an enzyme responsible for two-electron reduc-
tion of quinones, which converts these highly reactive 
molecules into hydroquinones and further produces a 
stable water-soluble conjugate that can be excreted in 
the urine [22]. Consistent with related studies [9], the 

expression levels of HO-1 and NQO1 were increased by 
SFN treatment in the retinas of diabetic rats, and the data 
were also similar to those of studies on ischemic reti-
nopathy [7].

In the present study, we also became aware of retina 
inflammasome activation, which is important for the 
inflammation induced by the cell injury in DR [2]. The 
NLRP3 inflammasome is a key initiator of the inflam-
matory cascade and is best characterized as a protein 
scaffold upon which an ASC adaptor assembles and acts 
to recruit pro-caspase-1. We found that inflammasome 
components, NLRP3, cleaved caspase-1 p20, IL-1β p17, 
and ASC, were upregulated whether in the retinas of 
STZ-induced diabetic rats or in those of HG-induced 
Müller cells. Müller cells are recognized as an important 
mediator and source of the increased levels of these pro-
inflammatory factors in DR [27, 37]. These outcomes 
agreed with those of previous studies [21] and indicated 
that NLRP3 inflammasome effectors were important 
determinants of inflammatory progress in DR. It was 
proved that SFN not only activated the Nrf2 signaling 
pathway but also inhibited the NLRP3 inflammasome, 
which further clarified the possible molecular mechanism 
of SFN.

Conclusions
Based on the data, SFN appears to have a protective 

action against DR via reduction of TNF-α, IL-6, and 
IL-1β levels, improvement of antioxidant capacities 
(GSH, SOD, and CAT), promotion of mRNA and protein 
levels (Nrf2, HO-1, and NQO1), and downregulation of 
the expression of inflammasome components (NLRP3, 
cleaved caspase-1 p20, IL-1β p17, and ASC). Our data 
indicates that inflammation, oxidative stress, and inflam-
masome activation played a pathogenic role in DR. 
Activation of Nrf2 signaling in diabetic rats could be 
regarded as a compensatory response to combat oxida-
tive stress during DR. The inhibition of NLRP3 inflam-
masome formation attenuated damage in DR, and this 
finding enriched our understanding of the mechanisms 
behind the anti-inflammatory activity of SFN. This study 
should provide some hints and help for treatment of DR 
in the future. Moreover, our group will study the effect 
of SFN from different angles in future research, in order 
to clarify the therapeutic value of SFN for this disease 
more comprehensively and thoroughly.
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