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PURPOSE. To determine whether SIRT1 regulates high glucose (HG)–induced inflammation
and cataract formation through modulating TXNIP/NLRP3 inflammasome activation in
human lens epithelial cells (HLECs) and rat lenses.

METHODS. HG stress from 25 to 150 mM was imposed on HLECs, with treatments using
small interfering RNAs (siRNAs) targeting NLRP3, TXNIP, and SIRT1, as well as a lentivi-
ral vector (LV) for SIRT1. Rat lenses were cultivated with HG media, with or without the
addition of NLRP3 inhibitor MCC950 or SIRT1 agonist SRT1720. High mannitol groups
were applied as the osmotic controls. Real-time PCR, Western blots, and immunofluo-
rescent staining evaluated the mRNA and protein levels of SIRT1, TXNIP, NLRP3, ASC,
and IL-1β. Reactive oxygen species (ROS) generation, cell viability, and death were also
assessed.

RESULTS. HG stress induced a decline in SIRT1 expression and caused TXNIP/NLRP3
inflammasome activation in a concentration-dependent manner in HLECs, which was not
observed in the high mannitol–treated groups. Knocking down NLRP3 or TXNIP inhib-
ited NLRP3 inflammasome-induced IL-1β p17 secretion under HG stress. Transfections
of si-SIRT1 and LV-SIRT1 exerted inverse effects on NLRP3 inflammasome activation,
suggesting that SIRT1 acts as an upstream regulator of TXNIP/NLRP3 activity. HG stress
induced lens opacity and cataract formation in cultivated rat lenses, which was prevented
by MCC950 or SRT1720 treatment, with concomitant reductions in ROS production and
TXNIP/NLRP3/IL-1β expression levels.

CONCLUSIONS. The TXNIP/NLRP3 inflammasome pathway promotes HG-induced inflam-
mation and HLEC pyroptosis, which is negatively regulated by SIRT1. This suggests viable
strategies for treating diabetic cataract.
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Diabetic cataract (DC) is one of the earliest complications
of diabetes mellitus (DM), causing vision impairment

and blindness. Patients with DM are five times more likely
to develop cataract at an early age compared with those
without DM.1 The DC incidence is predicted to rise steadily
with the increasing prevalence of DM, predicted to be 439
million patients worldwide by 2030.2 Chronic hyperglycemia
in the aqueous humor plays a key role in the changes of lens
metabolism and formation of DC.While polyol accumulation
and nonenzymatic glycation have been classically consid-
ered the primary mechanisms of diabetic cataract patho-
physiology, sterile inflammation driven by long-term hyper-
glycemia with overgeneration of reactive oxygen species
(ROS), accompanied by associated release of inflammatory
mediators, and increased advanced glycation end products
have been shown to be important in the pathophysiology of
DC.3–5 NLRP3 inflammasome activation has been reported
to be a link between ROS accumulation and inflammation

in human lens epithelial cells (HLECs) and cataract animal
models stressed with high glucose (HG),6,7 suggesting that
NLRP3 inflammasome and subsequent IL-1β release may
participate in DC progression. However, the mechanisms
that downregulate the undesired inflammasome activation,
to terminate the overactivation and recover homeostasis,
remain largely unknown.

Silent information regulator T1 (SIRT1), an NAD-
dependent class III protein histone deacetylase, regulates
the activity of various transcription factors and cofactors
involved in inflammation-associated diseases. It is a vital
modulator for redox homeostasis and plays important roles
in the regulation of cell survival, apoptosis, and inflamma-
tion.8,9 It improves insulin resistance by reducing oxida-
tive stress and regulating mitochondrial function in the
progression of DM,while the disturbance of these conditions
promotes the pathogenesis of diabetic complications, includ-
ing DC.10 It has been shown that a decline in SIRT1 activity
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causes apoptosis of lens epithelial cells and cataract develop-
ment in diabetic mice,11 and there is evidence indicating that
SIRT1 might be associated with NLRP3 inflammasome acti-
vation in hyperglycemic conditions.12 High glucose induced
an increase in ROS generation and NLRP3 inflammasome
activity in human umbilical vein endothelial cells (HUVECs),
and silencing of SIRT1 aggravated NLRP3 inflammasome-
induced inflammation in retinal pigment epithelial cells,13

while a selective SIRT1 activator markedly reversed HG-
induced NLRP3 inflammasome activation and cell death.14,15

Thus, it is reasonable to speculate that SIRT1 might play a
role in modulating NLRP3 inflammasome-associated inflam-
mation in DC, emphasizing the importance of understanding
the underlying molecular mechanisms.

As known, NLRP3 inflammasome activation is trig-
gered by its binding to thioredoxin interacting protein
(TXNIP).16,17 TXNIP is able to sense the surge of ROS
production and then dissociates from thioredoxin to bind
NLRP3 and activates the NLRP3 inflammasome.16 It medi-
ates hyperglycemia-induced NLRP3 inflammasome activa-
tion and consequent cell injury,18 and HG-induced overex-
pressions of TXNIP and NLRP3 inflammasome activation
appear to be associated with SIRT1 expression level in
HUVECs.13 In order to further investigate the possible role
SIRT1 plays in the TXNIP/NLRP3 inflammasome pathway
in DC, we examined whether changes in SIRT1 expression
levels altered TXNIP/NLRP3 inflammasome activation in a
human lens epithelial cell (HLEC) line and rat lenses chal-
lenged with HG stress. Our results indicate that upregula-
tion of SIRT1 decreases NLRP3 inflammasome responses in
HLECs, which corresponds with the differences in cataract
formation in rat lenses cultivated with HG medium.

MATERIALS AND METHODS

Experimental Animals

Two-month-old male Sprague–Dawley rats were purchased
from Jie Si Jie Laboratory in Shanghai, China. The rats
were raised in the Wenzhou Medical University animal facil-
ity under a standard 12-hour light/12-hour dark cycle and
provided standard diet and tap water as desired. All animal
experiments were performed in accordance with the ARVO
statement for the Use of Animals in Ophthalmic and Vision
Research and the approved guidelines of the Wenzhou
Medical University Institutional Animal Care and Ethics
Committee.

Cell Culture and Treatments

The HLEC line (FHL124) was kindly provided by Dr. J.R.
Reddan (Oakland University). The cell line was maintained
in HG Dulbecco’s modified Eagle’s medium (DMEM; 25.0
mM glucose; Gibco, USA) supplemented with 10% fetal
bovine serum (FBS), 100 U/mL penicillin, and 0.1 mg/mL
streptomycin (Beyotime Biotechnology, China) in a humid-
ified atmosphere at 37°C with 5% CO2. The cell culture
medium was changed every 2 days and passaged at 80%
to 90% confluence. The medium was replaced by normal-
glucose DMEM (5.5 mM glucose; Gibco) with 2% FBS before
HG stimulation. In the normal glucose (NG) group, HLEC
medium contained 5.5 mM glucose, while in the HG groups,
additional glucose (Sigma-Aldrich, St. Louis, MO, USA; Merck
KGaA) was added to bring the final concentration of glucose
to 25 to 150 mM. The same gradient concentrations of

mannitol (Aladdin, China) were added into the media as
osmotic control groups.

MCC950 (MCE, USA), an NLRP3 inflammasome inhibitor,
was dissolved in normal-glucose DMEM at a concentration
of 1 mM as a storage solution. SRT1720 (Topscience, China),
a selective SIRT1 activator, stock solution was prepared in
DMSO and at a concentration of 10 mM. The final work-
ing concentrations of MCC950 and SRT1720 were 1 μM and
0.5 μM, respectively. The above two compounds were added
1 hour before HG stress.

Small Interfering RNA and Lentiviral Transfection

HLECs were seeded in 6-well plates and transfected with
small interfering RNAs (siRNAs) or lentiviral vectors (LVs).
The siRNAs (40 nM) were transfected into HLECs using
a lipojet transfection kit (SignaGen, USA) according to
the manufacturer’s protocol. The siRNA sequences were
designed and synthesized by Gene Pharma Co., Ltd (Shang-
hai, China). The pCMV-EGFP-puro vector and pCMV-SIRT1-
EGFP-puro vector, which encoded full-length human SIRT1,
were obtained from Genechem Co., Ltd (Shanghai, China).
HLECs were infected with the lentivirus at a MOI = 100 in
the DMEM containing Polybrene (5 g/mL). The HCEC cell
line stably overexpressing SIRT1 was obtained by puromycin
selection (2 μg/mL). Sequences of the siRNAs are given in
the Supplementary Table S1.

Lens Organ Culture In Vitro

The eyeballs of adult male rats were extracted after they
were euthanized by intraperitoneal injection of overdose
pentobarbital sodium (200 mg/kg). In PBS buffer, the
neuroretinas were cut from the optic nerve. The complete
rat lenses were isolated without damaging the lens capsule.
Transparent lenses were transferred to a 24-well plate and
cultured in 5.5 mM glucose DMEM aseptically at a humidi-
fied atmosphere at 37°C with 5% CO2 in the NG group or 150
mM glucose DMEM with or without compound treatments
in the experimental groups. In addition, the 150-mM manni-
tol group was applied as the osmotic control group. Lens
opacity was measured and calculated using ImageJ software
(National Institutes of Health, Bethesda, MD, USA).

Quantitative RT-PCR

Total RNA was extracted from collected cells and rat lens
capsules, including the adherent epithelial cells, by RNA lysis
buffer RLT (QIAGEN, Germany) according to the manufac-
turer’s protocol. Then, 0.2 to 2 μg RNA from each sample
was reverse transcribed with M-MLV reverse transcriptase
(Promega, Madison, WI, USA). Quantitative RT-PCR was
performed on a Real-Time PCR Detection System (Applied
Biosystems, Waltham, MA, USA) with SYBR Green qPCR
Master Mix (Applied Biosystems). Relative mRNA expres-
sion levels were determined according to the 2–��Ct method.
The sequences of the related primers are provided in
Supplementary Table S2.

Western Blot Analysis

HLECs were washed with cold PBS buffer for three times
and proteins were extracted from RIPA lysates with protease
inhibitor (Beyotime Biotechnology). The concentration of
total protein was determined by Bradford protein assay
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(Beyotime Biotechnology). The protein samples were then
separated on 10% to 12% SDS–polyacrylamide gels and
transferred to 0.22-μm nitrocellulose blotting membranes.
The membrane was blocked in 5% nonfat milk in TBST at
room temperature for 2 hours and incubated with primary
antibodies overnight at 4°C. The primary antibodies were
as follows: anti-NLRP3 (1:1000, 15101S; Cell Signaling Tech-
nology), anti–IL-1β (1:1000, 12703S; Cell Signaling Technol-
ogy), anti–Cleaved–IL-1β (1:500, 83186; Cell Signaling Tech-
nology), anti-SIRT1 (1:1000, ab189494; Abcam), anti-TXNIP
(1:1000, 14715s; Cell Signaling Technology), antithioredoxin
(1:1000, ab109385; Abcam), anti-GAPDH (1:5000, 5174S;
Cell Signaling Technology), anti–β-actin (1:2000, 4967S;
Cell Signaling Technology), and anti-GFP (1:1000, AG281;
Beyotime Biotechnology). The membranes were washed
with TBST for three times and incubated with donkey anti-
mouse IgG (H + L) IRDye 800CW (LI-COR, USA) or donkey
anti-rabbit IgG (H + L) IRDye 800CW (LI-COR) secondary
antibody for 1 hour at room temperature. The protein bands
were scanned using a LI-COR machine. Quantitative statis-
tics of protein bands were estimated using ImageJ software.

Cell Viability and Propidium Iodide Staining

Enhanced Cell Counting Kit–8 (CCK8; Beyotime Biotech-
nology) assay was used to determine cell viability. Briefly,
HLECs were seeded to 96-well plates at a cell density of 1 ×
104 per well. Appropriate basic medium (100 μL) containing
10% CCK-8 reagent was added, and the plates were evalu-
ated by a multifunctional microplate reader (MD SpectraMax
190; Molecular Devices, San Jose, CA, USA) after 2 hours of
incubation at 37°C with 5% CO2.

Propidium iodide (PI) staining (Beyotime Biotechnology)
was used to label apoptotic cells. HLECs were seeded to 12-
well plates and washed twice with PBS buffer before adding
PI test solution. Cells were stained with PI (20 μg/mL) for 20
minutes at room temperature, then washed with PBS twice
and fixed with 4% paraformaldehyde for 20 minutes at room
temperature. 4′,6-Diamidino-2-phenylindole (DAPI) staining
was used to label the total cell number, and its ratio to PI-
positive cells represented the percentage of apoptotic cells.

Measurement of ROS

For cells ROS measurement, a CM-H2DCFDA probe (Invit-
rogen, Carlsbad, CA, USA C6827) was used to detect ROS
generation according to the kit instructions. Briefly, HLECs
were seeded to 96-well plates at a cell density of 1 × 104 per
well. After incubating the cells with 10 μM CM-H2DCFDA
dye for 30 minutes at 37°C, the plates were washed twice
with PBS and the fluorescence was quantified using a fluo-
rescence microscope (Axio Observer 3; ZEISS, Germany).

For rat lens epithelial cells, ROS was measured using
the GENMED kit (Genmed Scientifics, China) according to
the manufacturer’s instructions. Briefly, 10-μm-thick unfixed
rat lens frozen sections were prepared and incubated with
200 μL GENMED staining solution for 30 minutes at 37°C
followed by immediate observation under a fluorescence
microscope.

Immunostaining and TUNEL Analysis

For cell immunofluorescence, the HLECs were fixed with
4% paraformaldehyde in PBS at room temperature for 30
minutes and permeabilized with 0.1% Triton X-100 for

10 minutes. For histoimmunofluorescence, the isolated rat
lenses were fixed with 4% paraformaldehyde at 4°C for
2 hours. The fixed lenses were then embedded in OCT
compound and cut into 10-μm sections. The frozen sections
were permeabilized with 0.4% Triton X-100 for 10 minutes
at room temperature. The cells and tissue section were
blocked by a blocking buffer containing 3% bovine serum
albumin and 0.1% Triton X-100 at room temperature for 1
hour. Samples were incubated in primary antibody diluted in
blocking buffer overnight at 4°C with the following antibod-
ies at the following concentrations. Primary antibodies were
used: anti-NLRP3 (1:300, 15101S; Cell Signaling Technol-
ogy), anti–IL-1β (1:300, 12703S; Cell Signaling Technology),
anti-ASC (apoptosis-associated speck-like protein contain-
ing a CARD) (1:200, sc-514414; Santa Cruz Biotechnology);
anti-SIRT1 (1:300, ab189494; Abcam); anti-TXNIP (1:300,
18243-1-AP; Proteintech). After washing with PBS three
times, the samples were incubated with the corresponding
secondary antibodies, Alexa Fluor 488–conjugated donkey
anti-rabbit IgG (1:250, ab150077; Abcam) and Alexa Fluor
594–conjugated donkey anti-rabbit IgG (1:300, ab150080;
Abcam) for 2 hours at room temperature in the dark.

For TUNEL assays, an in situ cell death detection kit
(Roche, Mannheim, Germany) was used according to the
manufacturer’s protocol. Briefly, 10-μm frozen sections were
fixed with 4% paraformaldehyde for 30 minutes and perme-
abilized with 0.1% Triton X-100 for 2 minutes at room
temperature. The samples were then incubated in the
prepared TUNEL working solution at 37°C for 1 hour. DAPI
was used to label rat lens epithelial nuclei.

Statistical Analysis

All experiments were repeated at least three times, and
data are presented as mean ± SD. Statistical analyses were
performed using GraphPad Prism 8 (GraphPad Software,
La Jolla, CA, USA) with Student’s t-test or Mann–Whitney
U test when comparing two groups and one-way ANOVA
with Dunnett’s post hoc test when comparing more than two
groups. A P value <0.05 was considered statistically signifi-
cant.

RESULTS

HG Induces SIRT1 Decline and TXNIP/NLRP3
Inflammasome Activation

After a 4-hour exposure of HLECs to HG media from 25
to 150 mM, the mRNA levels of SIRT1 decreased (P ≤
0.001) in a concentration-dependent manner, while those
of TXNIP, NLRP3, and IL-1β increased significantly (P ≤
0.016) (Figs. 1A–D). The Western blot results showed that the
protein levels of SIRT1 also declined, while TXNIP, NLRP3,
IL-1β, and its bioactive form, p17, rose correspondingly (P
≤ 0.002), although thioredoxin expression remained unaf-
fected by HG stress (Figs. 1E, 1F). Another indication of
NLRP3 inflammasome activation is that ASC immunofluores-
cence synergized with NLRP3 and IL-1β expression during
exposure to the HG medium (Fig. 1G). In addition, ROS
production increased by 3.4-fold above the baseline level
in medium with 150 mM glucose (P = 0.003) (Figs. 1G, 1H).
As osmotic controls, high mannitol treatment from 25 to 150
mM also did not cause significant changes in the gene and
protein levels of SIRT1 and NLRP3, as well as the bioactive
IL-1β p17 secretion (Supplementary Fig. S1). These results
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FIGURE 1. HG induces a decline in SIRT1 expression and TXNIP/NLRP3 inflammasome activation. (A–D) After HLECs were treated with
different concentrations of glucose (5.5 mM, 25 mM, 50 mM, 100 mM, and 150 mM) for 4 hours, quantitative RT-PCR was performed to
assess the mRNA expression of SIRT1, TXNIP, NLRP3, and IL-1β. (E, F) Expression of SIRT1 and TXNIP/NLRP3 inflammasome-associated
proteins was detected in the indicated glucose-treated HLECs using WB. The relative protein intensity was expressed and quantified as the
ratio of protein level to β-actin protein level. (G) Immunofluorescent staining against SIRT1 (a), NLRP3 (b), IL-1β (c), and ASC (d) was
performed in the control and HG-treated HLECs. ROS level (e) was detected in the indicated HLECs by the DCFDA cellular ROS detection
assay kit. (H) Quantification of ROS level 24 hours after a 150-mM glucose treatment. Data were collected from three separate experiments.
*P < 0.05, **P < 0.01, ***P < 0.001, as compared with the 5.5-mM glucose group.

demonstrate that HG induces oxidative stress accompanied
by a decline in SIRT1 expression, TXNIP/NLRP3 expression,
and inflammasome activation in HLECs.

Because TXNIP binding is an essential step for NLRP3
inflammasome activation, we knocked down NLRP3 and
TXNIP gene expressions by targeted siRNA transfections
to verify their inhibitory effects on NLRP3 inflammasome-
induced IL-1β p17 secretion in HG-stressed HLECs. Trans-
fection with si-NLRP3s effectively decreased the mRNA and
protein levels of NLRP3 (P ≤ 0.020) (Figs. 2A–C), which
made the secretion of active IL-1β p17 decline significantly

(P ≤ 0.027), while the IL-1β expression remained unaffected
(Figs. 2B, 2C). Similarly, transfection of si-TXNIPs also signif-
icantly reduced the mRNA and protein expressions of NLRP3
and the release of IL-1β p17 (P ≤ 0.043) (Figs. 2D–G).
Thus, inhibiting TXNIP or NLRP3 expression could effec-
tively suppress the inflammasome-induced bioactive IL-1β
release.

In addition, we tested the effects of the NLRP3 protein
inhibitor MCC950 on HG-induced inflammatory responses
in HLECs for its possible clinical application. It was found
that MCC950 significantly suppressed NLRP3 protein levels
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FIGURE 2. HG-induced pyrotosis depends on the TXNIP/NLRP3 signaling pathway. (A) The interference efficiency of NLRP3 siRNAs on the
expression of NLRP3 analyzed via quantitative RT-PCR (qRT-PCR) after 48 hours of transfection. (B, C) HLECs were transfected with control
or NLRP3 siRNAs for 48 hours and then treated with 150 mM glucose for 24 hours. Cells were lysed and immunoblotted with antibodies
against NLRP3, IL-1β, IL-1β p17, and GAPDH. (D) The interference efficiency of TXNIP siRNAs on the expression of TXNIP analyzed via
qRT-PCR after 48 hours of transfection. (E) HLECs were transfected with control or TXNIP siRNAs for 48 hours and then treated with HG
for 24 hours. Relative NLRP3 mRNA levels were assessed by qRT-PCR. (F) HLECs were treated with TXNIP siRNAs and HG as indicated, and
cell lysates were subjected to immunoblotting with antibodies against TXNIP, NLRP3, IL-1β, IL-1β p17, and GAPDH. (G) Quantification of
protein level based on the WB analysis. Data were collected from three separate experiments. *P < 0.05, **P < 0.01, ***P < 0.001; ns, not
significant as compared with the control group.

and IL-1β p17 secretion under HG stress (P ≤ 0.031)
(Figs. 3A–D), as well as the expression of ASC (Fig. 3G).
Cell viability in the HG group was 75% of that in the
normal group (P = 0.002) but returned toward normal levels
with MCC950 treatment (P = 0.026) (Figs. 3E, 3H). The PI
results showed that incubation in HG medium dramatically
increased cell death (P = 0.008), which could be rescued
by MCC950 treatment (P = 0.003) (Figs. 3F, 3H). The above
results suggest that the NLRP3 protein inhibitor MCC950 is
an optimal candidate for inhibition of HG-induced NLRP3
inflammasome activation.

SIRT1 Modulates HG-Induced TXNIP/NLRP3
Activation

To assess whether SIRT1 plays a regulatory role in
TXNIP/NLRP3 inflammasome activation, we knocked down

SIRT1 by transfection of si-SIRT1 and increased SIRT1
expression levels by LVs in HLECs. Transfection of si-
SIRT1s significantly inhibited the mRNA and protein
levels of SIRT1 (P ≤ 0.007), while expression of
TXNIP and NLRP3 increased inversely (P ≤ 0.001)
(Figs. 4A–E).

Conversely, LV-SIRT1 transfection elevated SIRT1 mRNA
expression levels by more than 4-fold (P = 0.004) and the
protein level by 2.5-fold (P = 0.009) (Figs. 5A, 5E, 5F).
When the LV-SIRT1–infected HLECs were challenged with
150 mM HG stress for 4 or 24 hours, the results showed
that LV-SIRT1 infection effectively suppressed the increases
in TXNIP, NLRP3, and IL-1β mRNA and protein levels
(Figs. 5B–F) (P ≤ 0.005), as well as the ASC assembly
(Fig. 5G). LV-SIRT1 infection also restored cell viabil-
ity nearly twofold compared with those in the HG LV-
EGFP group (P = 0.002) (Figs. 5H, 5J), and PI results
verified its protective role against HG insult (P= 0.029)



SIRT1 Inhibits NLRP3 Inflammasome Activation IOVS | March 2023 | Vol. 64 | No. 3 | Article 16 | 6

FIGURE 3. Targeting the NLRP3 inflammasome with the NLRP3 inhibitor MCC950 prevents HG-induced HLEC pyroptosis. Schematic repre-
sentation of MCC950 treatment experiments. (A, B) qRT-PCR analysis of NLRP3 and IL-1β expression of HLECs following treatment with
HG (150 mM) for 4 hours in the absence or presence of NLRP3 inflammasome inhibitor MCC950 (1 μm) pretreated for 1 hour. (C, D) HLECs
were treated as indicated for 24 hours, and cell lysates were subjected to immunoblotting with antibodies against NLRP3, IL-1β, IL-1β p17,
and GAPDH. (E) Cell viability of indicated HLECs following treatment with HG with or without NLRP3 inhibitor MCC950 for 1 hour. The
cell viability was assessed using the CCK8 kit, with results expressed as the percentage of CCK8 reduction. (G) Representative immunoflu-
orescence images of indicated HLECs against ASC. The white arrows indicate ASC speckles. (F, H) Bright-field and PI staining images of
indicated HLECs treated with HG in the absence or presence of MCC950 for 1 hour. The total percentage of dead cells was determined and
quantified by PI staining. Data were collected from three separate experiments. *P < 0.05, **P < 0.01, ***P < 0.001; ns, not significant.

(Figs. 5I, 5J). These results suggest that SIRT1 plays an
upstream inhibitory role in HG-induced TXNIP/NLRP3
inflammasome activation.

To confirm and extend these results, we tested the effects
of SRT1720, a SIRT1 agonist, on NLRP3 inflammasome
activation. Culturing in HG (150 mM) medium increased
mRNA and protein levels of TXNIP and NLRP3 and protein
levels of ASC, IL-1β, and IL-1β p17 secretion (P ≤ 0.013),
and SRT1720 treatment reversed these increases, nearly
to their baseline levels (Figs. 6A–E). ROS generation also
followed the above changes (Fig. 6H). Cell viability and PI
results showed a significant protective effect of SRT1720 on

HG-induced cell death (P = 0.026) (Figs. 6F–H). Thus, the
selective SIRT1 agonist SRT1720 is also a viable option to
treat TXNIP/NLRP3 inflammasome-associated inflammation
under HG stress.

SIRT1/TXNIP/NLRP3 Pathway Involved in
HG-Induced Cataractogenesis in Rat Lenses

The above results indicate that SIRT1 plays an inhibitory
role on TXNIP/NLRP3 inflammasome activation, so we
conducted lens culture experiments to assess whether rat
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FIGURE 4. Effect of knockdown of SIRT1 on TXNIP/NLRP3 activity. (A–C) qRT-PCR analysis of SIRT1, TXNIP, and NLRP3 expression in
HLECs transfected with control or SIRT1 siRNAs for 48 hours. (D) HLECs were transfected with control or NLRP3 siRNAs for 72 hours. Cells
were lysed and immunoblotted with antibodies against SIRT1, TXNIP, NLRP3, and β-actin. (E) Quantification of protein levels based on the
indicated Western blot analysis. Data were collected from three separate experiments. *P < 0.05, **P < 0.01, ***P < 0.001; ns, not significant,
as compared with the 5.5-mM glucose group.

lenses develop cataracts under HG stress and, if so, whether
an NLRP3 inhibitor or SIRT1 agonist could suppress the
process. Lenses were extracted from 4-week-old rats and
cultivated in 150 mM glucose or 150 mM mannitol media
for 7 days. Except for an insignificant increase of cortex
density on day 7, the high mannitol–treated lenses showed
similar clarity as the normal control group in the first 5 days
(Figs. 7A, 7B). The lenses in the HG group presented obvious
opacities at the peripheral cortex on day 3, which extended
to the lens nucleus by day 5, and the lenses turned totally
opaque by day 7 (Figs. 7A, 7B). Interestingly, the addition
of MCC950 or SRT1720 to the HG-stressed lenses largely
reversed cataract formation on day 3. On day 5, the lenses
were also nearly transparent (P ≤ 0.002), and on day 7,
only mild opacities were observed in the peripheral cortex
(Figs. 7A, 7B). ROS generation was increased in the lens
epithelium under HG stress (P < 0.001), and both MCC950
and SRT1720 decreased the increase effectively (P ≤ 0.014)
(Figs. 7C, 7E); the TUNEL test also demonstrated that
culturing in HG medium resulted in cell apoptosis of
the lens epithelial cells, and this was effectively reduced
by both MCC950 and SRT1720 treatment (P ≤ 0.001)
(Figs. 7D, 7E).

PCR analysis of the rat lens epithelial cells showed
that SIRT1 mRNA level declined in the HG-stressed lenses
(P < 0.001), which was reversed by treatment with SRT1720
(P = 0.003) (Fig. 8A). In contrast, TXNIP, NLRP3, and IL-
1β mRNA levels were significantly elevated by HG stress,
and this effect was also significantly reduced by SRT1720

(P = 0.032) (Figs. 8B–D). MCC950, an inhibitor of NLRP3,
decreased TXNIP mRNA levels significantly, but to a lesser
extent than SRT1720, and only nominally decreased IL-1β
mRNA levels (Figs. 8B, 8D). Immunofluorescence analysis
of lens sections showed that changes in protein expres-
sions in lens epithelia generally corresponded to their mRNA
levels. NLRP3 protein expression increased under HG stress
but was reduced to a normal level when treated with
MCC950 or SRT1720; SIRT1 protein levels were decreased
by HG stress but returned to baseline levels by cocultur-
ing with SRT1720 but not MCC950; TXNIP protein levels
were increased by culture in HG media but decreased in
both MCC950- and SRT1720-treated lens epithelial cells;
finally, IL-1β protein expression increased under HG stress,
but was also decreased slightly in the lenses treated with
MCC950 and more significantly with SRT1720 treatment
(Fig. 8E). These results suggest that SIRT1 agonists may have
a better effect on inhibiting TXNIP/NLRP3 inflammasome-
associated inflammation than the NLRP3 inhibitor, since
SIRT1 agonists more significantly suppresses both TXNIP
and NLRP3 expressions.

DISCUSSION

Diabetic cataract is a major threat to vision in patients
with DM because of its high risk of premature and rapid
progression. Surgery currently is the only way to remove
cataracts, but patients with DM are more vulnerable to
postoperative complications, including endophthalmitis
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FIGURE 5. Overexpression of SIRT1 suppresses TXNIP/NLRP3 inflammasome activation. (A) HLECs were infected with control and SIRT1
overexpression lentiviruses and then subjected to qRT-PCR analysis of SIRT1. (B–D) qRT-PCR was performed to assess mRNA expression of
TXNIP, NLRP3, and IL-1β in control and SIRT1 overexpressing HLECs treated with HG (150 mM) for 4 hours. (E, F) Expression of SIRT1 and
TXNIP/NLRP3 inflammasome-associated proteins was detected in the indicated overexpressing HLECs treated with HG as indicated for 24
hours using WB. (G) Representative images of immunostaining of indicated overexpression HLECs treated with HG for 24 hours detected by
anti-ASC and anti-TXNIP antibodies. White arrows indicate ASC speckles. (H) Cell viability of indicated lentivirus-infected HLECs following
treatment with HG for 24 hours. (I, J) Bright-field and PI staining images of indicated lentivirus-infected HLECs treated with HG for 24 hours.
The total percentage of dead cells was determined and quantified by PI staining. Data were collected from three separate experiments.
*P < 0.05, **P < 0.01, ***P < 0.001.
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FIGURE 6. SRT1720 rescues HG-induced HLEC pyroptosis. Schematic representation of SRT1720 treatment experiments. (A, B) qRT-PCR
analysis of TXNIP and NLRP3 expression of HLECs following treatment with HG (150 mM) for 4 hours in the absence or presence
of SIRT1 agonist SRT1720 (0.5 μm) pretreated for 1 hour. (C, E) Quantification of SIRT1, TXNIP, NLRP3, IL-1β, and IL-1β p17 levels
from HLECs treated with HG (150 mM) for 24 hours in the absence or presence of SRT1720 pretreated for 1 hour in WB. (D) Repre-
sentative images of immunostaining of indicated HLECs treated with HG and SRT1720 detected by anti-ASC and anti-TXNIP antibodies.
White arrows indicate ASC speckles. (F–H) Cell viability and PI staining images and statistic results of indicated HLECs treated with HG
and SRT1720, as well as representative images of ROS generation and bright-field. Data were collected from three separate experiments.
*P < 0.05, **P < 0.01, ***P < 0.001.

and corneal endothelitis,19,20 which can lead to blindness
and pose a heavy burden on the health care system. There
has been no effective medication to prevent or delay
DC to date, in part because of the complicated underly-
ing mechanism. Our results illustrate that TXNIP/NLRP3

inflammasome-associated inflammation and pyroptosis
contribute to HG-induced injuries in HLECs and rat lens
epithelia, and SIRT1 is an upstream negative regulator that
inhibits the TXNIP/NLRP3 inflammasome pathway. These
findings are of potential clinical significance since they
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FIGURE 7. Effect of MCC950 and SRT1720 on HG-induced cataractogenesis in rat lens. (A, B) Rat lenses (n = 4/group) were extracted and
cultivated in 150 mM glucose or 150 mM mannitol media for 7 days. High mannitol treatment did not cause significant lens opacity except
for an insignificant increase of cortex density on day 7, while the lenses in the HG group started to become opaque at the peripheral cortex
on day 3 and showed a total cataract by day 7. The addition of MCC950 or SRT1720 to the HG-stressed lenses prevented the formation of
cataracts. (C–E) ROS generation and cell apoptosis increased significantly in the lens epithelium under HG stress, and MCC950 or SRT1720
rescued them effectively. Data were collected from four separate experiments. *P < 0.05, **P < 0.01, ***P < 0.001.

suggest potential mechanism-based drug therapies for DC
treatment.

The NLRP3 inflammasome plays a significant role in
regulating immune inflammatory responses in DM and
diabetic complications.21–23 NLRP3-associated genes and
stress markers are upregulated in clinical vitreous and
retina samples from patients with diabetic retinopathy,24

and drugs that decrease NLRP3 inflammasome activation are
able to suppress hyperglycemia-induced retinal inflamma-
tion in diabetic animal models.25 The mechanisms control-
ling the undesired inflammasome activation are of great
interest, for they hold the potential to prevent or terminate
inflammasome overactivation and maintain homeostasis.

However, the candidates for DC treatment are currently very
limited. The current study shows that SIRT1 is a powerful
negative regulator of TXNIP/NLRP3 inflammasome activa-
tion, which is a novel finding for understanding the molec-
ular mechanisms controlling NLRP3 inflammasome activa-
tion in DC. SIRT1 agonists provide a stronger and more
general inhibitory effect than the NLRP3 inhibitor on NLRP3
inflammasome-induced inflammation and cataract develop-
ment, for they suppress expressions of both TXNIP and
NLRP3.

TXNIP, an ROS sensor and an endogenous inhibitor
of the antioxidant thioredoxin, acts as a binding part-
ner of NLRP3.26 In the presence of ROS, TXNIP releases
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FIGURE 8. Effects of MCC950 and SRT1720 on SIRT1/TXNIP/NLRP3 pathway in HG-stressed rat lenses. (A–D) mRNA levels of SIRT1 declined
in the HG-stressed lens capsules, which was prevented by treatment with SRT1720 but not MCC950. The increases in TXNIP, NLRP3, and
IL-1β mRNA levels were significantly reduced by SRT1720 treatment, and MCC950 showed less effect. (E) Immunofluorescence results show
that their protein expressions in the lens capsule/epithelia correspond to their transcriptional levels. Data were collected from four separate
experiments. *P < 0.05, **P < 0.01, ***P < 0.001.

from thioredoxin, which can fulfill its redox signaling
functions such as reduction of oxidized cysteine residues
and the cleavage of disulfide bonds, and itself partici-
pates in NLRP3 inflammasome activation, which involves
two steps: priming and inflammasome assembly.27 Before
assembly, interaction of TXNIP and NLRP3 is essential for
subsequent recruitment of ASC and inflammasome activa-
tion.16 The combination of the TXNIP/NLRP3 inflammasome

is widely observed in diabetic complications,28 such
as diabetic retinopathy and diabetic nephropathy.29,30 It
was reported that TXNIP mediates hyperglycemia/ROS-
induced NLRP3 inflammasome activation and pyroptosis,17

while knockdown of TXNIP suppressed its binding to
NLRP3 and the subsequent inflammasome assembly and
IL-1β secretion.26 Although TXNIP was suggested as a
promising therapeutic target, there is currently a lack
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of known specific pharmacologic inhibitors. Our results
provided support for SIRT1 as a candidate for the inhi-
bition of both TXNIP and NLRP3, which could be more
effective than a single inhibitor acting on either one
individually.

SIRT1 plays important roles in the regulation of cell
survival, apoptosis, and inflammation,9 as well as in insulin
signaling pathways, acting as a sensor and protector of
the redox environment.31 It is an NAD-dependent deacety-
lase and regulates protein function through deacetylation
of lysine residues. It has been reported that SIRT1 protects
mesenchymal stem cells from radiation damage by inhibit-
ing NLRP3 inflammasome-induced IL-1β release.32 It is also
possible that SIRT1 mediates inhibition of NLRP3 inflam-
masome activation via deacetylating NF-κβ, which targets
TXNIP and NLRP3.33 Our current results show that in HG-
stressed HLECs, SIRT1 plays a negative regulatory role on
TXNIP/NLRP3 inflammasome-associated inflammation and
cell pyroptosis, which correlates with its effects in prevent-
ing cataract formation in rat lenses cultured in HG medium.
Finally, as a versatile deacetylase, SIRT1 affects a variety
of substrates, including p53, another transcription factor
that targets ASC, which is required for NLRP3 inflamma-
some assembly.34 Consistent with this, our results also
show that ASC expression increases under HG stress, which
can be reversed by MCC950, SRT1720 treatment, or LV-
SIRT1 transfection. However, it is also quite possible that
SIRT1 was not the only upstream regulator of HG-induced
TXNIP/NLRP3 inflammasome activation, since our results
demonstrated that SIRT1 overexpression could significantly
decrease but not totally prevent the inflammasome acti-
vation and the subsequent IL-1β p17 secretion. Transient
receptor potential melastatin 2 was previously found as
another contributor regulating HG-induced ROS generation
and TXNIP/NLRP3 inflammasome activation via p47 phox
activation in human monocytes.35 Thus, the real signal path-
ways involved in the inflammasome regulation were prob-
ably a complicated network rather than a simple linear
domination.

Admittedly, our results would be more strengthened
if data from DC animal models was available. DM is a
systematic autoimmune disease, which means that it is
not comprehensive to understand the pathologic mecha-
nism of diabetic complications such as DC if we over-
looked the surrounding tissues of the lens, such as zonu-
las, ciliary body, aqueous humor, and vitreous. It was
reported that a variety of immune cells might travel
from the ciliary body to the lens via the zonulas to
cause cataractogenesis, in response to oxidative stress or
other injuries.36,37 Thus, the SIRT1/TXNIP/NLRP3 inflam-
masome pathway in the surrounding tissues in a DC
animal model needs to be explored in our further stud-
ies. Besides, the comparisons between SIRT1 agonists and
the known cataract drugs, such as resveratrol, which delays
the progression of DC partially through suppressing oxida-
tive damage,38 could be carried out both in vitro and in
vivo to provide stronger evidence for their potential clinical
application.

Taken together, our results show that the TXNIP/NLRP3
inflammasome pathway leads to HG-induced inflammation
and pyroptosis in HLECs and cultured rat lenses. SIRT1 is a
powerful negative regulator of this inflammasome activation,
which will help to identify new inhibitors to suppress the
inflammasome-associated inflammation and provide possi-
ble strategies to treat DC.
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