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PURPOSE. Oxidative stress and cellular senescence are risk factors for age-related cataract.
Heme oxygenase 1 (HO-1) is a critical antioxidant enzyme and related to autophagy.
Here, we investigate the crosstalk among HO-1, oxidative stress, and cellular senescence
in mouse lens epithelial cells (LECs).

METHODS. The gene expression of HO-1, p21, LC3, and p62 was measured in human
samples. The protective properties of HO-1 were examined in hydrogen peroxide
(H2O2)–damaged LECs. Autophagic flux was examined by Western blot and mRFP-GFP-
LC3 assay. Western blotting and lysotracker staining were used to analyze lysosomal
function. Flow cytometry was used to detect intracellular reactive oxygen species and
analyze cell cycle. Senescence-associated β-galactosidase assay was used to determine
cellular senescence. The crosstalk between HO-1 and transcription factor EB (TFEB)
was further observed in TFEB-knockdown cells. The TFEB binding site in the promoter
region of Hmox1 was predicted by the Jasper website and was confirmed by chromatin
immunoprecipitation assay.

RESULTS. HO-1 gene expression decreased in LECs of patients with age-related nuclear
cataract, whereas mRNA expression levels of p21, LC3, and p62 increased. Upon
H2O2-induced oxidative stress, LECs showed the characteristics of autophagic flux block-
ade, lysosomal dysfunction, and premature senescence. Interestingly, HO-1 significantly
restored the impaired autophagic flux and lysosomal function and delayed cellular senes-
cence. TFEB gene silencing greatly reduced the HO-1–mediated autophagic restoration,
leading to a failure to prevent LECs from oxidative stress and premature senescence.

CONCLUSIONS. We demonstrated HO-1 effects on restoring autophagic flux and delaying
cellular senescence under oxidative stress in LECs, which are dependent on TFEB.
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Cataract is the leading cause of visual impairment around
the world.1,2 To date, the only effective treatment is

surgery, which results in heavy socioeconomic burden and
the unavoidable risk of surgical complications. Moreover,
cataract surgeries are not accessible for many patients in
developing countries.3 The nearly complete lack of effec-
tive medication drives a continuing demand for research on
cataract pathogenesis.

Age-related cataract (ARC) constitutes most cases of
cataract, which is a typical senescence-related ocular disor-
der that often affects persons over the age of 50.1,4,5 The
single-layered lens epithelial cells (LECs), distributed behind
the anterior lens capsule, are the antioxidant activity center
of the lens and have a major function in maintaining
lens transparency.6 Cellular senescence can be triggered
by oxidative stress, and it is depicted as an irreversible
cell cycle withdrawal accompanied by metabolic dysregu-
lation, macromolecular damage, and senescence-associated
secretory phenotype.7,8 Although the pathogenesis of ARC
is still largely unclear, it is widely accepted that reac-
tive oxygen species (ROS), specifically hydrogen peroxide

(H2O2), is the primary cause of epithelial cell damage and
protein degradation.9–11 In addition, premature senescence
of LECs can be induced by exposure to a nonlethal dose
of H2O2.12,13

Authophagy is a lysosome-dependent bulk degrada-
tion procedure that is essential for intracellular protein
and organellar homeostasis.14 Autophagic activity decreases
with age, and impaired autophagy may have association
with accelerated aging.14–16 Autophagic lens defects gener-
ate cataracts in animal models.17,18 Transcription factor
EB (TFEB) is known as a pivotal transcriptional regula-
tor of lysosomal function and autophagy.19 Recent studies
showed that TFEB-dependent lysosomal dysfunction inhib-
ited autophagy activity in LECs, which might contribute to
the formation of diabetic cataract.20,21 Nevertheless, little
is known in ARCs, and further study is needed on the
crosstalk between autophagy, oxidative stress, and senes-
cence in LECs.

Heme oxygenase 1 (HO-1) is one of key metabolic
enzymes with robust cytoprotective effects on various stres-
sors.22,23 Previously, we have demonstrated that HO-1 and
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its by-products, including biliverdin and carbon monox-
ide (CO), could protect LECs from oxidative stress and
apoptosis.24–26 The HO-1 expression level showed an age-
dependent decrease among mouse LECs, and overexpres-
sion of HO-1 attenuated H2O2-induced oxidative stress,
which means HO-1 could exert a vital role in the forma-
tion of ARC.27 Moreover, there is growing evidence suggest-
ing that autophagy and HO-1 are coregulated.28 However,
the nature of this relationship has yet to be elucidated in a
cataract model.

In this investigation, we examined mRNA expres-
sion levels of HO-1, the senescence-associated marker p21,
and autophagy-associated markers LC3 and p62 in LECs
of age-related nuclear cataract (ARNC), which is closely
associated with oxidative damage. Cobalt protoporphyrin
(CoPP) and zinc protoporphyrin (ZnPP) acted as a HO-1
inducer and inhibitor, separately.29 Thus, CoPP and ZnPP
were used to explore how HO-1 plays a role under H2O2-
induced oxidative stress in mouse LECs, and its rela-
tionships with cellular autophagy and senescence were
investigated.

MATERIALS AND METHODS

Human Samples

ARNC patient anterior lens capsules (n = 18 eyes) and
noncataract participants (n = 18 eyes) were collected from
Shanghai East Hospital. The noncataract specimens were
from the age- and gender-matched presbyopia patients
who received clear lens extraction, acting as the ARNC
group’s negative controls. All participants received a detailed
ophthalmic examination and were evaluated with the Lens
Opacities Classification System version III (LOCS III) by two
independent examiners (J.H.Y. and H.Y.). The enrollment
criteria for patients with ARNC were (1) more than 50 years
of age and (2) N score greater than 3 without obvious corti-
cal and subcapsular opacities determined by slit-lamp biomi-
croscopy. Exclusion criteria applied to all participants were
(1) congenital, metabolic, and traumatic cataracts; (2) high
myopia, uveitis, retinal disorders, and other ocular diseases;
(3) previous intraocular surgeries; and (4) systemic disor-
ders like diabetes mellitus. The demographic data of these
participants are displayed in the Table.

Human anterior lens capsule tissue samples were
obtained by an ophthalmologist ( J.H.Y.) through the anterior
continuous curvilinear capsulorhexis (CCC) from the central
polar region of the lens during cataract surgery. The size of
the CCC was approximately 5.5 to 6.0 mm in diameter. Then,
the tissue samples were immediately frozen in liquid nitro-
gen and stored at −80°C for quantitative PCR (qPCR). Shang-
hai East Hospital’s Ethical Review Board approved this study,
which followed the Declaration of Helsinki. Each participant
provided a signed informed consent.

TABLE. Patient Demographics With or Without Senile Cataract

Characteristic
ARNC

(n = 18)
Noncataract
(n = 18) P Value

Age (y) 62.67 ± 4.03 63.94 ± 3.84 0.337*

Gender
(male/female)

10/8 7/11 0.317†

* Student’s t-test.
† Chi-square test.

Reagents

H2O2 (1.08600), CoPP (C1900), and ZnPP (691550-M)
were acquired from Sigma-Aldrich (St. Louis, MO, USA).
Bafilomycin-A1 (Baf-A1; HY-100558) was acquired from
MedChemExpress (Monmouth Junction, NJ, USA). The cellu-
lar ROS assay kit (S0033M) and the senescence-associated
β-galactosidase (SA-β-Gal) staining kit (C0602) were bought
from Beyotime (Shanghai, China). The propidium iodide
flow cytometry kit (ab14083) and the nuclear extraction kit
(ab113474) were acquired from Abcam (Shanghai, China).
TRIzol reagent (15596026) and SYBR Green (A25741)
were purchased from Thermo Fisher Scientific (Shang-
hai, China). Anti–HO-1 antibody (ab189491), anti-LC3B
(ab192890), anti-p62 (ab109012), anti–LAMP-1 (ab208943),
anti-TFEB (ab264421), anti-p21 (ab188224), anti-p53 (ab26),
anti–cyclin D1 (ab16663), anti-GAPDH (ab8245), and anti–
Histone H3 (ab1791) primary antibodies were supplied
from Abcam. Lipofectamine 3000 (L3000001), mRFP-GFP-
LC3 adenovirus (P36239), and LysoTracker Green DND-26
(L7526) were acquired from Thermo Fisher Scientific.

Cell Culture

Previously, we described the procedures for the primary
mouse LEC culture.30 Briefly, lens capsule epithelium speci-
mens were obtained from normal C57BL/6 mice (2 months
old, 20–25 g), which were supplied from Beijing Long’An
Animal Center (China). These specimens were sliced into 1-
mm × 1-mm pieces and cultivated through Dulbecco’s modi-
fied Eagle’s medium that contained 2% fetal bovine serum.
After cells migrated out of capsules, they were digested and
collected for further procedures.

Cell Transfection

LECs were seeded in six-well plates (5 × 105 cells/well)
and transfected until 70% confluency. Thermo Fisher
Scientific provided small interfering RNAs (siRNAs) and
empty vector (pcDNA3.1). Sequences of the siRNA target-
ing TFEB (siTFEB) were sense: 5′-GGTCTTGGGCAA
ATCCCTT-3′; antisense: 5′-AAGGGATTTGCCCAAGACC-3′.
Sequences of the siRNA targeting HO-1 (siHO-1)
were sense: 5′-CCGAGAATGCTGAGTTCAT-3′; antisense:
5′-ATGAACTCAGCATTCTCGG-3′. Sequences of the negative
control siRNA (siNC) were sense: 5′-TTCTCCGAACGTGTCAC
GT-3′; antisense: 5′-ACGTGACACGTTCGGAGAA-3′. Then, 7
μL siTFEB or siHO-1 mixed with 5 μL Lipofectamine 3000
was used for siTFEB or siHO-1 single transfection. Next,
7 μL siTFEB, 7 μL siHO-1, and 5 μL Lipofectamine 3000
were mixed together for siTFEB/siHO-1 cotransfection.
The plasmid for overexpressing HO-1 (pcDNA3.1-HO-1)
was synthesized by BoRui Co., Ltd (Beijing, China). Then,
14 μg recombinant plasmid and empty vector (pcDNA3.1-
NC) were respectively mixed with 10 μL Lipofectamine
3000. LECs were transfected with different transfection
complexes for 6 hours at 37°C with 5% CO2. The medium
was then replaced with normal medium. Following 24 hours
posttransfection, transfection efficacy was assessed using
qPCR.

Cytoplasmic and Nuclear Protein Extraction

The processes were performed following the instructions of
the nuclear extraction kit. In brief, after washing LECs with
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ice-cold phosphate-buffered saline (PBS) twice, we added
500 μL PBS to each well of a six-well plate and scraped
cells into a centrifuge tube, which were then centrifuged
at a speed of 1000 rpm for 5 minutes. The supernatant
was discarded, while the cell pellet was resuspended in
preextraction buffer on ice for 10 minutes. After vigor-
ous vortex for 10 seconds and centrifugation at 12,000
rpm for 1 minute, the nuclear and cytosolic extracts were
centrifuged at 12,000 rpm for 1 minute, and the supernatant
was removed to obtain the cytoplasmic extract. The nuclear
pellet was washed three times and then resuspended in
extraction buffer on ice for 15 minutes with vortex every
3 minutes. After centrifugation at 14,000 rpm for 10 minutes,
the supernatants were collected to obtain nuclear protein
extract.

Flow Cytometry

The intracellular ROS levels along with cell cycle were
detected using flow cytometry (BD FACSAria, San Jose, CA,
USA), and FlowJO 7.6 was used in the data analysis. For
intracellular ROS detection, treated LECs were stained with
10 μM 2′,7′-dichlorofluorescein diacetate probe at 37°C in
the dark for 20 minutes. After cells were rinsed twice with
PBS, we measured fluorescence intensity at 488 nm. To
analyze cell cycle, a propidium iodide flow cytometry kit
was used following the manufacturer’s protocol. After that,
1 × 105 cells were collected, centrifuged, and resuspended
in 200 μL propidium working solution containing RNase A
in darkness at 37°C for 30 minutes. Similarly, we measured
fluorescence intensity at 488 nm.

SA-β-Gal Assay

The assay was conducted using SA-β-Gal stain kit. Follow-
ing the protocol, LECs were washed, fixed, and then incu-
bated with staining solution overnight at 37°C. LECs stained
positively for SA-β-Gal were observed and quantified with a
regular light microscope.

mRFP-GFP-LC3 Assay

LECs were grown on 12-well plates (2.5 × 105 cells/well) and
incubated for 12 hours before transfection. LECs were trans-
fected with mRFP-GFP-LC3 adenovirus as per the manufac-
turer’s guidelines. A day after transfection, LECs were incu-
bated with different treatments. Autophagy was observed
using fluorescence microscopy, and autophagy flux was
assessed by calculating green fluorescent protein (GFP) and
monomeric red fluorescent protein (mRFP) puncta numbers.

Western Blotting

The protein of treated or untreated primary mouse LECs
was extracted in lysis buffer. Equal amounts of proteins
were size fractionated by 10% SDS-PAGE. Proteins were then
translocated to polyvinylidene difluoride filter membranes
(Millipore, Bedford, MA, USA). After being blocked with
blocking buffer (5% nonfat milk), the membranes were
then incubated with HO-1 (1:1000), TFEB (1:1000), p21
(1:1000), p53 (1:1000), cyclin D1 (1:1000), LC3 (1:1000),
p62 (1:1000), and LAMP-1 (1:1000) at 4°C overnight. After
incubation of horseradish peroxidase–conjugated secondary
antibody, ImageJ software (v1.40; National Institutes of
Health, Bethesda, MD, USA) was used to analyze the protein

bands. GAPDH and H3 were employed separately as loading
controls.

qPCR

An ultrasonic homogenizer was used to homogenize lens
capsule specimens. Total RNAwas isolated from each sample
with the TRIzol kit, followed by the evaluation of RNA
concentration and purity. After reverse transcription, qPCR
was performed using SYBR Green as a fluorescent dye.
Using the 2–��Ct technique, relative gene expression ws
assessed and normalized to GAPDH expression housekeep-
ing gene. Primer sequences are provided in Supplementary
Table S1.

Chromatin Immunoprecipitation Assay

The chromatin immunoprecipitation (ChIP) assay was
carried out with a EZ-ChIP ChIP Kit (17-408; Millipore). In
brief, cells were fixed with 1% methanol. The ultrasound
was used to shear the cross-linked DNA into 200- to 1000-
bp small fragments, followed by incubating with Protein G
magnetic beads in a shaker for 1 hour at 4°C. Subsequent
to centrifugation at 6500 rpm for 1 minute, the supernatant
was incubated with TFEB antibodies (ab264421, 1:1000;
Abcam), H2A.X antibodies (ab124781, 1:1000; Abcam), or
anti-rabbit immunoglobulin G (IgG) antibodies (A7016,
1:100; Beyotime) at 4°C. The antibody–chromatin complexes
were separately added with Protein G magnetic beads and
then cultured for 1 hour at 4°C. After centrifugation, the
supernatant was removed and 100 μL eluent was mixed
with the antibody–DNA complexes gently and placed for
15 minutes at room temperature. Then, the DNA was de-
crosslinked and purified. The fragment region of the pred-
icative binding sites on the Hmox1 promoter was ampli-
fied by PCR with the DNA extracted from TFEB antibody-
immunoprecipitated chromatin fragments. Primers targeting
promoter sequences were as follows: 5′-CGA GTT ACC GCC
CAG TCT AC-3′ (forward) and 5′-CGC CAG CAA AAG ACA
AGC TC-3′ (backward).

Statistical Analysis

PASS version 15 (NCSS, LLC, Kaysville, UT, USA) was used to
assess sample size of participants enrolled in the research.
Statistical analysis was done with GraphPad Prism 8 (Graph-
Pad Software, San Diego, CA, USA) and data were repre-
sented as mean ± SEM. ANOVA or chi-square test combined
with post hoc least significant difference test was used to
compare several groups. The cutoff for statistical significance
was set at P < 0.05. Each experiment was repeated three
times.

RESULTS

Decreased Expression of HO-1 and Increased
Expression of p21, LC3, and p62 in the Lens
Capsules of Patients With ARNC

In comparison with noncataract patients, HO-1 gene expres-
sion decreased in the ARNC samples (P = 0.034, Fig. 1A).
However, the levels of p21 (senescence-associated marker),
LC3 (autophagosome marker), and p62 (autophagy substrate
marker) all increased in the samples from patients with
ARNC compared to controls (P= 0.022, P= 0.012, P= 0.037,
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FIGURE 1. The relative mRNA levels of HO-1, p21, LC3, and p62 in the LECs of patients with ARNC and noncataract participants were
detected by qPCR. n = 18 in each group.

Figs. 1B–D). Based on increases in both LC3 and p62, we
speculated that autophagy is activated in LECs of patients
with ARNC, but its completion is impeded due to decreased
cargo degradation, resulting in impaired autophagic
flux.

HO-1 Protects LECs From Premature Senescence
Induced by Oxidative Stress

To determine the antioxidative property of HO-1, LECs were
preconditioned with 10 μM CoPP or ZnPP for 6 hours
before being exposed to 100 μM H2O2 for 7 days. We
compared the intracellular ROS levels in each group. As
shown in Figure 2A, H2O2 treatment increased the intra-
cellular ROS levels to nearly fourfold compared to the
control group (P < 0.001). In comparison with H2O2-
treated group, pretreatment with CoPP decreased the ROS
levels by almost half (P < 0.05), whereas the ZnPP
preconditioning increased the ROS levels to about 1.5-fold
(P < 0.05).

Then, HO-1 impacts on H2O2-induced premature senes-
cence were investigated. Cell cycle analysis demonstrated
that LECs could be retarded in the G0/G1 phase after 100 μM
H2O2 treatment or 10 μM ZnPP treatment in comparison
with the controls (both P < 0.01). In contrast to the H2O2-
treated group, the cell percentage in the S phase increased,
whereas the percentage in the G0/G1 phase decreased in
the CoPP-pretreated group (both P < 0.05). However, ZnPP
pretreatment aggravated the situation of cell cycle arrest in
H2O2-exposed LECs (Fig. 2B). Furthermore, the levels of
cyclin D1, which is known as a vital cell cycle factor regulat-
ing transition from the G1 to S phase,31 decreased in H2O2-
incubated LECs, which was restored by CoPP pretreatment
and further downregulated by ZnPP pretreatment. Addition-
ally, ZnPP treatment alone also decreased the cyclin D1
level in a moderate way. p21 and p53 expression levels
were also analyzed, which are implicated in cell cycle
arrest and activated in senescent cells.32 ZnPP and H2O2

treatment alone led to elevated levels of p21 and p53 in
contrast to the control group (all P < 0.001). Moreover, in
H2O2-exposed LECs, CoPP pretreatment led to the upreg-
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FIGURE 2. HO-1 prevents oxidative stress from senescence in LECs. The primary mouse LECs were treated with 10 μM CoPP or ZnPP for
6 hours or pretreated with 10 μM CoPP or ZnPP for 6 hours before being exposed to 100 μM H2O2 for 7 days. (A) 2′,7′-Dichlorofluorescein
diacetate (DCFH-DA) staining was used to detect intracellular ROS levels in each group. (B) Cell cycle transition in LECs was determined
by PI labeling. (C) WB was used to detect cell cycle regulator expression (p21, p53, and cyclin D1). GAPDH was used as loading controls.
(D) SA-β-gal staining was used to analyze senescent cells percentage. N = 3, one-way ANOVA, *P < 0.05, **P < 0.01, ***P < 0.001, compared
with the control group; #P < 0.05 compared with H2O2-treated group. Bar: 50 μm.
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FIGURE 3. HO-1 enhances autophagy and promotes autophagic flux in LECs. (A) The primary mouse LECs were treated with 10 μM CoPP
or ZnPP for 6 hours or pretreated with 10 μM CoPP or ZnPP for 6 hours before exposure to 100 μM H2O2 for 7 days with or without the
addition of Baf-A1. WB was used to assess protein expression of LC3 and p62 following various treatments. GAPDH was used as a loading
control. (B) mRFP-GFP-LC3 was transfected into the primary mouse LECs followed by different treatments, and fluorescent puncta were
quantified per cell. Representative confocal microscopy images are shown. n = 3, one-way ANOVA, ***P < 0.001, compared with control
group; #P < 0.05 compared with H2O2-treated group; &P < 0.05 compared with H2O2-Baf-A1–treated group. Bar: 20 μm.

ulation of p21 and p53 while ZnPP pretreatment further
decreased p21 and p53 levels (Fig. 2C). Obviously, SA-
β-gal staining assay showed that ZnPP and H2O2 alone
both promoted the expression of senescence marker SA-β-
gal. In H2O2-treated groups, CoPP pretreatment decreased
SA-β-gal–positive cells percentage, whereas ZnPP pretreat-
ment promoted LEC senescence (Fig. 2D). These results
showed that HO-1 effectively suppressed premature senes-
cence induced by oxidative stress.

HO-1 Restores Autophagy Flux Impaired by H2O2

To investigate whether HO-1 is involved in autophagy in
LECs, we treated LECs with 10 μM CoPP or ZnPP for 6

hours and detected the early-stage autophagy markers by
Western blot (WB), including LC3 and p62. In contrast to
the control group, CoPP treatment alone increased the LC3-
Ⅱ/LC3-Ⅰ ratio and decreased the p62 expression level (P <

0.001), which implied that the induction of HO-1 promotes
the formation and maturation of autophagosomes. However,
inhibiting HO-1 function by ZnPP reversed the effects.
Although exposure to 100 μM H2O2 for 24 hours facili-
tated a higher level of LC3-Ⅱ/LC3-Ⅰ, p62 was accumulated
compared with the control group. LECs were preconditioned
with 10 μM CoPP or ZnPP for 6 hours before exposure to
100 μM H2O2 for 7 days to further evaluate HO-1 effects on
H2O2-induced autophagy. Intriguingly, CoPP pretreatment
promoted LC3-Ⅱ/LC3-Ⅰ conversion and p62 degradation



HO-1–Mediated Autophagic Restoration in Lens IOVS | December 2023 | Vol. 64 | No. 15 | Article 6 | 7

FIGURE 4. HO-1 facilitates lysosomal biogenesis upon oxidative stress in LECs. The primary mouse LECs were treated with 10 μM CoPP
or ZnPP for 6 hours or preconditioned with 10 μM CoPP or ZnPP for 6 hours prior exposure to 100 μM H2O2 for 24 hours. (A) LAMP-1
expression levels were assessed using WB. GAPDH was used as a loading control. (B) LysoTracker Green DND-26 was used to visualize
the lysosomes in LECs. n = 3, one-way ANOVA, *P < 0.05, ***P < 0.001, compared with the control group; #P < 0.05 compared with
H2O2-treated group. Bar: 50 μm.

in H2O2-exposed LECs. However, LC3-Ⅱ/LC3-Ⅰ and p62 were
obviously raised when Baf-A1, an inhibitor of late-stage
autophagy, was added. The pretreatment with ZnPP slightly
decreased the LC3-Ⅱ/LC3-Ⅰ ratio and aggravated p62 accu-
mulation, which were both elevated further after the addi-
tion of Baf-A1 (Fig. 3A). These results implied that the
late-stage autophagy is interrupted in LECs challenged by
H2O2, while HO-1 can restore the impaired autophagic
flux.

Then, we measured the quantity of autophagosomes
and autolysosomes with mRFP-GFP-LC3 reporter, which is
regarded as a gold standard for monitoring autophagic
flux and the autophagosome maturation. In compari-
son with the controls, the yellow and red puncta both
increased in CoPP-treated cells but decreased in ZnPP-
treated cells. Moreover, it is noteworthy that H2O2 treat-
ment caused a dramatic elevation in yellow punctate
number but a rather slight increase in the number of
red punctate, suggesting the impaired autophagosome–
lysosome fusion process. Interestingly, in the presence of
H2O2, CoPP pretreatment partially restored the impaired
autophagic flux, whereas ZnPP pretreatment further atten-
uated autophagy (Fig. 3B). All these data demonstrated
that HO-1 can enhance the autophagy activity and allevi-
ate the blockade of autophagic flux upon oxidative stress in
LECs.

HO-1 Stimulates Lysosomal Biogenesis in
H2O2-Treated LECs

To further investigate the lysosomal function, we assessed
the expression levels of LAMP-1 by WB, which is widely
used as a lysosomal marker. In response to CoPP, a boost in
the expression level of LAMP-1 was detected, while ZnPP
had the opposite effect. More important, CoPP pretreat-
ment distinctively increased LAMP-1, which was suppressed
by exposure to H2O2, while ZnPP pretreatment led to a
further decrease of LAMP-1 (Fig. 4A). This result was also
confirmed by lysotracker staining (Fig. 4B). CoPP treatment
alone promoted the formation of lysosomes in LECs while
ZnPP treatment slightly restrained the process. Although
fewer lysosomes were observed in H2O2-treated groups, the
preconditioning of CoPP restored the formation of lyso-
somes, and ZnPP pretreatment further reduced the number
of lysosome. These results above suggested that HO-1
promotes lysosomal biogenesis upon oxidative damage in
LECs.

HO-1 Facilitates TFEB Nuclear Translocation in
LECs

TFEB is an important transcription factor that regulates
autophagy. To explore whether HO-1 stimulates autophagy
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FIGURE 5. HO-1 promotes TFEB nuclear translocation in LECs. The primary mouse LECs were pretreated with 10 μM CoPP or ZnPP for
6 hours or transfected with pcDNA3.1-NC, pcDNA3.1-HO-1, siNC, and siHO-1, respectively. (A) WB displayed TFEB expression levels in
cytosol and nucleus, respectively. (B) TFEB-targeted gene mRNA expression was detected by qPCR. pcDNA3.1-NC and siNC were used as
negative control. n = 3, one-way ANOVA, *P < 0.05, **P < 0.01, ***P < 0.001, compared with the control group.

through TFEB, TFEB levels were detected through WB after
treatment of 10 μM CoPP or ZnPP for 6 hours. Addition-
ally, we also examined the expression levels of TFEB in
the presence of HO-1 overexpression or knockdown. CoPP
treatment and HO-1 overexpression induced the obvious
downregulation of TFEB in the cytoplasm while ZnPP treat-
ment and HO-1 knockdown upregulated the expression
level of TFEB in the cytoplasm. In addition, CoPP treatment
as well as HO-1 overexpression caused an obvious increase
in nuclear TFEB level. On the contrary, ZnPP treatment and
HO-1 knockdown led to a reduction in nuclear TFEB level
(Fig. 5A).

Then, the relative mRNA expression levels of targeted
genes of TFEB were measured using the qPCR assay.
Compared with the controls, other than lysosomal enzyme
Tpp1, other lysosome-related genes (Atp6v1h, Dpp7, Ctsb,
Mcoln1), autophagy-related genes (Sqstm1, Atg1, Ulk1,
LC3b), and oxidative stress–related genes (Nfe2l2, Hmox1)
all increased significantly in response to CoPP treatment
but decreased in ZnPP treatment groups (P < 0.05). Most
notably, the gene expression of Hmox1, which encodes HO-
1, surged almost sixfold in contrast to the control group
(Fig. 5B). Collectively, these findings showed that HO-1 facil-
itates nuclear translocation of TFEB in LECs.

TFEB Promotes the Expression of HO-1 in LECs

To assess the effect of TFEB on HO-1 induction, we exam-
ined the expression of HO-1 in the mouse LECs under the

conditions of siRNA or plasmid transfection or cotransfec-
tion by using WB and qPCR. The results showed that HO-
1 expression in siTFEB-transfected groups was weakened
accordingly in contrast to wild type (WT) groups, which
suggested that the expression of HO-1 is mediated by TFEB
(Figs. 6A–C).

It was then predicted that there existed binding sites
of the transcription factor TFEB on the promoter region
of Hmox1 by the Jasper online website. Accordingly, ChIP
assay demonstrated that the enrichment level of the Hmox1
promoter pulled by TFEB antibodies markedly increased in
comparison with the IgG group, which verified the binding
between TFEB and Hmox1 promoter (Fig. 6D).

HO-1 Promotes Autophagic Flux in a
TFEB-Dependent Way in LECs

We further assessed how HO-1 knockdown or overexpres-
sion affects autophagy and whether autophagy induced by
HO-1 is dependent on TFEB in LECs. HO-1 knockdown
significantly declined the LC3-Ⅱ/LC3-Ⅰ ratio and increased
p62 expression levels, while HO-1 overexpression had the
opposite effect. However, TFEB knockdown counteracted
the difference of the LC3-Ⅱ/LC3-Ⅰ ratio and p62 expression
level among different groups. After the addition of Baf-A1,
LC3-Ⅱ/LC3-Ⅰ ratios and p62 levels in all groups significantly
increased (Fig. 7). Briefly, these data suggested that HO-1
promotes autophagic flux in a TFEB-dependent manner in
LECs.
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FIGURE 6. The expression of HO-1 is mediated by TFEB directly. Different transfection complexes were transfected into the primary mouse
LECs. (A, B) Relative protein expression levels of HO-1 were assessed by WB in different groups. (C) Relative HO-1 mRNA expression levels
were assessed by qPCR in different groups. Scrambled siRNA and empty vector (pcDNA3.1) were used as NC. (D) ChIP analysis for the
binding of TFEB to the promoter region of Hmox1 genes. IgG and H2A.X were set as the negative and positive control, respectively. n = 3,
one-way ANOVA, *P < 0.05, **P < 0.01, ***P < 0.001, compared with the WT control group.

TFEB Is Required for Antioxidative and
AntiAging Effects of HO-1 on LECs

To determine whether the antioxidative and antiaging effects
of HO-1 were dependent on TFEB in LECs, we analyzed
the intracellular ROS production and SA-β-gal activity in

LECs transfected with siRNA, plasmid, or both (Fig. 8).
In WT groups, siTFEB-treated groups, and H2O2-treated
groups, HO-1 knockdown obviously increased intracellular
ROS levels compared to the control group and HO-1 overex-
pression group. Additionally, the treatment of siTFEB trans-
fection slightly increased ROS production in LECs, whereas
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FIGURE 7. HO-1 promotes autophagic flux in a TFEB-dependent manner in LECs. The primary mouse LECs were transfected with different
transfection complexes. WB was used to detect relative protein expression levels of LC3 and p62 in different groups. Scrambled siRNA
and empty vector (pcDNA3.1) were used as NC. n = 3, one-way ANOVA, **P < 0.01, ***P < 0.001, compared with the WT control group;
#P < 0.05 compared with the WT + Baf-A1 control group.

H2O2 treatment caused a dramatic increase in the ROS
levels. Furthermore, there was no obvious difference exist-
ing in the intracellular ROS levels with the combination treat-
ment of H2O2 and siTFEB (Fig. 8A). Meanwhile, SA-β-gal
assays showed that the treatment of siTFEB transfection and
H2O2 both aggravated premature senescence of LECs. More-
over, HO-1 knockdown significantly increased the percent-
age of SA-β-gal–positive cells, while overexpression of HO-1
greatly decreased SA-β-gal–positive cell proportion. These
results suggested that HO-1 reduces oxidative stress and
delays premature senescence in a TFEB-dependent manner
in LECs.

DISCUSSION

As a result of this study, HO-1 gene expression was found
to decrease in the anterior capsules of patients with ARNC,
whereas the autophagy-related markers LC3 and p62 as
well as senescence-related molecule p21 increased. In the
mouse LEC model, we demonstrated that HO-1 restores
autophagy flux impaired by H2O2 and prevents oxida-
tive stress–induced senescence through facilitating nuclear
translocation of TFEB (Fig. 9). Furthermore, TFEB knock-
down greatly reduced the effects of HO-1 on LECs. To sum
up, our study indicated that HO-1 has an essential role to
play in restoring autophagic flux, alleviating oxidative stress,
and delaying cell senescence in H2O2-exposed LECs, which
are dependent on TFEB.

ARC is generally divided into three subtypes according
to the morphologic characteristics under slit-lamp biomi-
croscopy. However, the pathogenesis of these three subtypes
is different. For example, a Na+/K+ ATPase dysfunction

and an increase in water content are widely regarded as
the underlying mechanism for cortical cataract formation,
while posterior subcapsular cataract is often concomitant
with long-term use of corticosteroids, high myopia, and
retinitis pigmentosa.33,34 ARNC is characterized by over-
whelmed oxidative stress and destroyed redox homeosta-
sis.35 Previously, we have demonstrated that the expres-
sion levels of several important antioxidants, including
HO-1, were decreased in ARNC but not age-related corti-
cal cataract and posterior subcapsular cataract.26 Thus, we
only selected patients with ARNC as participants in this
study.

Autophagy is the main degradative pathway of damaged
organelles and aggregated protein in all eukaryotic cells.36

Ample evidence proves that autophagy and lysosomes
play critical roles in protecting cells from oxidative stress
and controlling intracellular quality.36–38 However, how
autophagy is involved in ARC remains obscure. In our
research, LC3 and p62 were found to increase in LECs of
patients with ARNC. During the autophagy process, p62
acts as a cargo receptor, which recognizes ubiquitinated
cargos through the ubiquitin-associated domain and inter-
acts with autophagosome membrane protein LC3 via the
LC3-interacting region.39 Thus, LC3 and p62 are gener-
ally used as markers for evaluating autophagy activity.
After autophagosomes and lysosomes have fused, p62 is
degraded along with the cargo. p62 accumulates in cells
when autophagy is impaired, and its level is a hallmark
of the autophagic impairment.40,41 Therefore, combined
with the increase of the autophagosome marker LC3, we
suspected that autophagic impairment but not decreased
autophagy activity occurs in LECs of patients with ARNC
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FIGURE 8. HO-1 reduces oxidative stress and delays premature senescence in a TFEB-dependent manner in LECs. The primary mouse LECs
were transfected with different transfection complexes. (A) DCFH-DA staining and flow cytometry analysis were used to detect intracellular
ROS levels in each group. (B) SA-β-gal assay was used to analyze senescent cell percentage. n = 3, one-way ANOVA, *P < 0.05, **P < 0.01,
***P < 0.001, compared with the WT control group; #P < 0.05. Bar: 50 μm.

and may contribute to the development of ARNC. Subse-
quently, mouse LECs were treated with H2O2 to construct
a in vitro model of cataract, which showed senescent and
autophagic features similar to human samples. Our find-

ings agree with that of another study, in which autophagic
responses of immortalized human LEC line HLE-B3, includ-
ing an increase of both LC3 and p62, were induced by
oxidative damage.42 However, cataract formation can also
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FIGURE 9. HO-1 effects on promoting autophagy and preventing oxidative stress against premature senescence are dependent on TFEB. The
scheme reveals that extracellular stressors result in intracellular ROS accumulation, which leads to the activation of two effector molecules,
namely, LC3-II and Nrf-2 (nuclear factor erythroid 2–related factor 2). LC3-II enables autophagosomes to bind autophagic substrates and
proteins, which mediate cargo selectivity, including p62. As a signaling hub, p62 also interacts with Keap1 (Kelch-like ECH-associated protein
1) to mediate Nrf2 activation. The Nrf2-ARE transcriptional pathway activates the expression of HMOX1 that encodes HO-1. HO-1 promotes
autophagy and prevents oxidative stress–induced senescence through facilitating TFEB nuclear translocation, which induces gene expression
associated with autophagy, lysosomes, and antioxidation.

be promoted by increased autophagy, which causes age-
related cell death as well.27 Additionally, autophagy block-
age induced by high glucose has been reported in diabetic
cataract,21 but as far as we know, it has not been reported
that impaired autophagic flux occurs in senile cataract.

HO-1, coded by the HMOX1 gene, is a critical effector
of stress response.28 Many chemical and physical agents,
such as heme, H2O2, exposure to ultraviolet-A radiation, and
pro-oxidant compounds, can promote HO-1 expression.43

However, we found that HO-1 gene expression decreased
in patients with ARNC in contrast to noncataract partici-
pants. The crosstalk between HO-1 and autophagy has been
investigated in other disease models. In hepatocytes, HO-1
was found to upregulate autophagy, conferring protection
against hepatocyte cell death during sepsis in mice.44 HO-
1 overexpression in a mouse model of diabetes prevented
cardiac failure by reestablishing normal protein kinase and
improving autophagy.45 Despite cytoprotective properties of
HO-1 in the abovementioned diseases, it has been reported
that activated HO-1 downregulated autophagy and apop-
tosis in renal cancer cells, hence diminishing therapeu-
tic effects.46 Therefore, an association between HO-1 and
autophagy can be cell type and context specific. Many stud-
ies focused on the Nrf2/HO-1 pathway in LECs proved that
the activation of Nrf2/HO-1 signaling protected LECs from
oxidative stress and attenuated cataract progression.47–49

Our previous study also demonstrated that the by-products
of HO-1, biliverdin and carbon monoxide, could protect
LECs from oxidative stress.13,24–26 However, we conducted

a more in-depth study on the mechanism of HO-1 function
in LECs in this work, especially its downstream mechanism.
Of note, we demonstrated for the first time that HO-1 can
restore the autophagic flux blocked by H2O2 treatment and
delay premature senescence in LECs.

Lysosome is the degradation center in cells and a
major participant in the late stage of autophagy.50 We
found that under H2O2-induced oxidative stress, lysoso-
mal function was greatly impaired. To confirm HO-1 influ-
ence on lysosomal function in LECs, transcription factors
responsible for lysosomal biogenesis were investigated.
TFEB is the main transcription factor involved in lyso-
somal biogenesis and autophagy.19 Translocation of TFEB
into the nucleus after interferon gamma immunomodula-
tion of macrophages occurs in a HO-1–dependent fash-
ion, as demonstrated in a previous work.51 In line with
this result, our work also demonstrated that HO-1 facili-
tates TFEB translocation into the nucleus to activate expres-
sion of autophagic and lysosomal genes. TFEB translocation
also upregulates the expression of the NFE2L2 gene since
the TFEB binding site is present in the promoter region of
the NFE2L2 gene. Additionally, TFEB knockdown inhibits
autophagy activation induced by HO-1 and reverses antiox-
idative and antiaging impacts of HO-1 on LECs. Recent
investigations have exposed that TFEB-dependent lysoso-
mal dysfunction impairs autophagic flux in LECs21 and
macrophages52 in a diabetic condition, while to our knowl-
edge, it has not been implicated in senescence-associated
diseases. Damaged organelles, such as mitochondria, may
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not be degraded properly due to TFEB-mediated lysosomal
dysfunction, which ultimately increases ROS generation.53

Then the ROS/p53/p21 pathway, which promotes cellu-
lar senescence, would be triggered by an increase in ROS
levels.54 In the present study, HO-1 was proved to downreg-
ulate p53 and p21 expression and decrease the senescent
LEC percentage under H2O2-induced oxidative stress. There-
fore, excessive oxidative stress can cause lysosomal defects
and impaired autophagic flux, which might lead to further
generating ROS and promoting cellular senescence, while
HO-1 can facilitate autophagy and prevent oxidative stress–
induced senescence in a TFEB-dependent way.

In conclusion, our study reveals that HO-1 restores
autophagic flux and delays cellular senescence under exces-
sive oxidative stress, which is dependent on TFEB. Addition-
ally, TFEB could promote the transcription and expression
of HO-1 directly via binding to the Hmox1 promoter in LECs.
These results propose that a combination of antioxidants and
lysosomal restoration may be an effective strategy for ARC
prevention. Our research offers a fresh perspective on the
pathogenesis and treatment of senile cataract.
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