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Prolonged use of dexamethasone (DEX) increases intraocular pressure (IOP) and the risk of glaucoma. 
Recent studies have shown that DEX upregulates thrombospondin-1 (THBS1) gene expression and 
induces dysregulation of macroautophagy/autophagy in primary human trabecular meshwork (hTM) 
cells. Trehalose, a natural disaccharide, activates autophagy and protects cells against environmental 
stresses. Here, we report that trehalose-induced autophagy enhanced outflow facility, reduced IOP, 
and protected against ocular hypertension in mice. We analyzed autophagy induction by trehalose 
in hTM cells. Our data demonstrated that trehalose transcriptionally upregulated prototypical 
autophagy related genes and activated autophagy through the downregulation of THBS1. Consistent 
with prior findings, the results indicated that THBS1 silencing or inhibition is a key cellular event for 
the regulation of aqueous humor outflow and IOP homeostasis. In conclusion, this study identified 
trehalose-induced autophagy as a protective mechanism against ocular hypertension which may have 
therapeutic potential.
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AP	� autophagosome AST: aspartate aminotransferase
ATGs	� autophagy-related genes
ATG5	� autophagy-related protein 5
ATG7	� autophagy related 7
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IOP	� intraocular pressure
i.p.	� intraperitoneal
LC3	� microtubule-associated protein 1 light chain 3
NFE2L2	� nuclear factor, erythroid derived 2, like 2
PRED	� prednisolone
Rapa	� rapamycin
RGCs	� retinal ganglion cells
siCtl	� negative control siRNA
siTHBS1	� THBS1-siRNA
SQSTM1	� sequestosome 1
TGFB	� transforming growth factor beta
THBS1	� thrombospondin-1
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TM	� trabecular meshwork
TOR	� target of rapamycin

The Global Data on Visual Impairment 2010 reports that glaucoma is the second most common cause of 
blindness, accounting for 8% of cases worldwide1. Increasing life expectancy is believed to contribute to 
glaucoma prevalence, with approximately 111.8 million people globally estimated to be affected by glaucoma in 
20402, which poses a substantial burden to healthcare systems. Visual impairment and blindness cause severe 
disability, impair activities of daily life, reduce the quality of life, and increase the risk of injury and death of 
affected patients. Known as “the thief of sight”, glaucoma is typically asymptomatic for affected patients during 
the early stages of the disease, because the subtle and gradual loss in peripheral vision is usually not noticed 
by the patients. Without proper treatment, vision will further deteriorate, and the eventual outcome may be 
irreversible blindness.

Glaucoma is an optic neuropathy associated with the loss of retinal ganglion cells (RGCs). Elevated IOP is 
a major risk factor for glaucoma3,4, and the main parameter targeted by therapeutic interventions. Trabecular 
meshwork (TM) cell dysfunction and extracellular matrix (ECM) protein deposition cause a decrease in 
conventional outflow facility5, resulting in elevated IOP, ultimately contributing to glaucoma. One common 
type of glaucoma is caused by prolonged corticosteroid treatment, such as DEX, which leads to IOP elevation 
and optic nerve damage if left untreated6,7. Similar to glaucoma generally, DEX reduces conventional outflow 
facility by causing some pathological changes in TM and Schlemm’s canal (SC). DEX increases the production 
of ECM proteins, including glycosaminoglycans, fibronectin and collagens8–10, and prevent their degradation 
by decreasing metalloproteinases expression11,12. DEX also induces cross-linked actin networks (CLANs)13–15 
and increases TM stiffness14, leading to increased outflow resistance and IOP16. DEX-treated mice eyes show 
increased collagen17 along the inner wall endothelium of SC, with increased basement membrane length and 
continuity17,18. In a recent study, we showed that DEX and prednisolone alter the alpha-actin cytoskeletal 
architecture of cultured primary hTM cells19. Moreover, using a proteomic approach, we showed that protein 
levels of THBS1, an activator of transforming growth factor beta (TGFB)20, are increased following treatment 
with corticosteroids. In contrast, we showed that Y39983, a Rho-kinase inhibitor, leads to THBS1 downregulation 
in hTM cells21. In addition, a THBS1-inhibitory peptide significantly increases outflow facility in mouse eyes19. 
These strongly suggest that reduced THBS1 expression is a key cellular event for increasing outflow facility.

In 2021, Sbardella et al. reported that exposure of TM cells to DEX inhibits the autophagosome (AP) 
biogenesis pathway22, which, along with other studies23,24, suggests that autophagy dysregulation in TM cells 
contributes to elevated IOP in steroid-induced glaucoma. Autophagy is a cellular catabolic process in which 
cellular components are degraded by the lysosomal machinery for cellular homeostasis with macroautophagy 
being the most-studied form characterized by AP formation25. Dysregulation of autophagy has been associated 
with age-related diseases and neurodegenerative disorders26–28, including glaucoma23,29–34. Recent studies 
have shown that autophagy inducers like rapamycin protect TM cells from oxidative stress and apoptosis23. A 
decrease in autophagic activity may contribute to age-related progressive failure of TM cellular functions and 
the pathogenesis of primary open angle glaucoma33, while mechanical stress from elevated IOP can activate 
autophagy in TM cells34.

In the current study, we evaluated the role of autophagy in hTM cells which were modulated pharmacologically 
by the prototypical autophagy inducer trehalose. We characterized the role of autophagy in hTM morphology, 
ECM production, aqueous humor outflow facility, and IOP. Trehalose, a natural disaccharide, is in use for topical 
and systemic treatment of ocular and systemic disorders, including oculopharyngeal muscular dystrophy, 
atherosclerosis, and dry eyes35,36. Upregulation of autophagy by trehalose has been reported previously37,38. 
However, to our knowledge the effect of trehalose on IOP, aqueous humor flow, and ECM deposition in the TM 
have not been previously characterized. We performed a comprehensive in vitro and in vivo characterization of 
the effects of trehalose to support the hypothesis that autophagy induction reduced IOP and provided a rationale 
for testing autophagy enhancers in clinical studies with glaucoma patients.

Materials and methods
Outflow facility measurement
Adult C57BL/6J mice (2–4 months old) were used. Throughout the experiment, ex vivo mouse eyes were 
continuously perfused with HEPES buffered Ringer’s solution containing 113 mM NaCl, 4.56 mM KCl, 21 mM 
NaHCO3, 0.6 mM MgSO4·7H2O, 7.5 mM D-glucose, 1 mM Re-glutathione, 1mM Na2HPO4·12H2O, 10 mM 
HEPES, and 1.4 mM CaCl2·2H2O, supplemented with either trehalose (50 mM or 100 mM) or vehicle control 
(PBS). For perfusions, the anterior chambers of paired mouse eyes were cannulated by a 33-gauge needle (World 
Precision Instruments). The needle was connected via a pressure transducer (Honeywell) to a glass syringe 
(Hamilton) filled with Ringer’s solution at 37 °C and placed on a motorized syringe pump (Harvard Apparatus) 
under computer control. Sequential pressure steps of 4, 8, 12, and 16 mmHg were used. A stable perfusion 
rate was obtained at each pressure step for at least 10 min. The outflow facility measurement lasted about 4 h, 
including the equilibration time of about 30 min. The outflow facility was then derived from the average flow 
rate calculated at each perfusion pressure during the stable perfusion period. All procedures performed were in 
accordance with the ARVO Statement for the Use of Animals in Ophthalmic Vision and Research and ARRIVE 
guidelines. Approval was granted by the Animal Subjects Ethics Sub-Committee (ASESC) of the Hong Kong 
Polytechnic University (Date: 2023 February 07/ASESC Case No.: 21–22/91-SO-R-GRF).
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Animal Preparation and non-invasive IOP measurements
Adult C57BL/6J mice were used and kept in cages with 12-hour light/dark cycles daily. To study the intervention 
of trehalose through intraperitoneal (i.p.) injection or topical application, mice were divided into 2 treatment 
groups for each administration route. In each treatment group, mice were further divided into 2 subgroups: 
the trehalose treatment group and the vehicle control group. For the i.p. group, 0.2 ml of trehalose (1 mg/g) 
or vehicle control (PBS) was injected once every 2 days in the morning for 2 weeks. For the topical application 
group, 8 µl of trehalose (1 M) or vehicle control was administered for 3 h. The IOP was measured with a Tonolab 
rebound tonometer (Icare) before and after treatment under awake conditions. After the experiment, animals 
were euthanized humanely with overdose of Ketamine-Xylazine (at least 3 times of anaesthetic dose: 100 mg/
kg Ketamine and 10 mg/kg Xylazine) by i.p. Comparisons between trehalose-treated and vehicle control groups 
were performed.

Primary hTM cell culture
The hTM cells were obtained from the Department of Ophthalmology, the Duke University School of Medicine 
(Durham, NC). The isolation of hTM cells was performed as described in previous studies39–41 and authenticated 
according to consensus recommendations42. The hTM cells were plated and incubated at 37 °C with low-glucose 
DMEM containing 10% FBS until confluent. Subsequently, they were maintained in low-glucose DMEM 
containing 1% FBS for at least a week before the assays described below.

Western blot analysis
The hTM cells were lysed in lysis buffer, containing 7  M Urea, 2  M Thiourea, 30 mM TRIS, 1% ASB14 
(Calbiochem), 2% CHAPS and protease inhibitor cocktail, and sonicated for 1 h on ice, followed by centrifugation 
at 13,000 × g for 20 min. After collecting the supernatants, total proteins were quantified by the Bio-Rad Protein 
Assay. The hTM protein (25 µg) was mixed with SDS loading buffer, heated at 95 °C for 5 min, separated in 
a 7% SDS-PAGE gel, and transferred into a PVDF membrane (Bio-Rad Laboratories). The PVDF membrane 
was incubated with anti-THBS1 primary antibody (1:500, R and D systems) or anti-LC3B primary antibody 
(1:2000, Abcam) at 4 °C overnight. After washing, the membrane was incubated with anti-goat IgG conjugated 
with horseradish peroxidase (1:2000, Thermo Fisher Scientific). Anti-GAPDH antibody (1:5000, Calbiochem) 
was used as a loading control. The protein expressions were then visualized by the Pierce SuperSignal West Pico 
Chemiluminescent substrate (Thermo Fisher Scientific). Quantification of band intensity was performed using 
ImageJ (version 1.54 m; https://imagej.net/).

Real time-quantitative polymerase chain reaction (RT-qPCR)
The total RNA of hTM cells was extracted and quantified using the Qiagen RNeasy Micro Kit (Qiagen). Reverse 
transcription of mRNA to cDNA was performed using the High-Capacity cDNA Reverse Transcription Kit 
(Thermo Fisher Scientific), followed by qPCR using the LightCycler 480 SYBR Green I Master (Roche Applied 
Science) with primers specific for the target genes: autophagy-related protein 5 (ATG5; forward, 5’-​A​A​G​C​T​G​T​
T​T​C​G​T​C​C​T​G​T​G​G​C-3’; reverse, 5’-​C​C​G​G​G​T​A​G​C​T​C​A​G​A​T​G​T​T​C​A-3’), autophagy related 7 (ATG7; forward, 
5’-​C​G​T​T​G​C​C​C​A​C​A​G​C​A​T​C​A​T​C​T​T​C-3’; reverse, 5’-​T​C​C​C​A​T​G​C​C​T​C​C​T​T​T​C​T​G​G​T​T​C-3’), Nuclear factor, 
erythroid derived 2, like 2 (NFE2L2; forward, 5’-​A​C​A​C​G​G​T​C​C​A​C​A​G​C​T​C​A​T​C-3’; reverse, 5’-​T​G​T​C​A​A​T​C​A​A​
A​T​C​C​A​T​G​T​C​C​T​G-3’), sequestosome 1 (SQSTM1; forward, 5’-​T​G​C​C​C​A​G​A​C​T​A​C​G​A​C​T​T​G​T​G-3’; reverse, 5’-​
A​G​T​G​T​C​C​G​T​G​T​T​T​C​A​C​C​T​T​C​C-3’), connective tissue growth factor (CTGF; forward, 5’-​C​A​G​A​G​C​A​G​C​T​G​C​
A​A​G​T​A​C​C​A-3’; reverse, 5’-​G​C​C​A​A​A​C​G​T​G​T​C​T​T​C​C​A​G​T​C-3’), THBS1 (forward, 5’-​C​G​T​C​C​T​G​T​T​C​C​T​G​A​T​
G​C​A​T​G-3’; reverse, 5’-​C​C​A​G​G​A​G​A​G​C​T​T​C​T​T​C​C​A​C​A-3’), and the internal reference gene, GAPDH (forward, 
5’-​G​A​T​T​T​G​G​T​C​G​T​A​T​T​G​G​G​C​G​C-3’; reverse, 5’-​T​G​G​A​C​T​C​C​A​C​G​A​C​G​T​A​C​T​C​A-3’). qPCR was performed 
in 96-well plates on the ROCHE LightCycler 480 (Roche Applied Science). In each 10 µl reaction, 1x Taq PCR 
Master Mix, 2 µl cDNA template and 10 µM primers (forward and reverse primers, respectively) were used. The 
thermal cycling conditions were 95 °C for 5 min, followed by 40 cycles of 95 °C for 30 s, 61 °C for 30 s, and 72 °C 
for 30 s. A melting-curve analysis was performed to rule out primer–dimer formation and non-specific product 
amplification. A negative control sample without a template was included on each plate. Data were analyzed 
using LightC480 software (version: 1.5.1.62; http://www.lightcycler.com).

Downregulation of THBS1 by SiRNA
Gene silencing was performed using a THBS1-siRNA (siTHBS1; Thermo Fisher Scientific), and a non-silencing 
siRNA (siCtl; Thermo Fisher Scientific), as a negative control. The non-silencing siRNA had no known homology 
to other mammalian genes. As described in our previous study, 100 pmol siRNAs were transfected into hTM 
cells using Lipofectamine 3000 transfection reagent (Invitrogen)21. After 24-hour incubation, the cells were 
processed for RT-qPCR.

Autophagic vacuole quantification assay
An autophagy assay kit (Abcam, to investigate the relevance of THBS1 in autophagy in hTM cells in the presence 
of trehalose and 2 THBS1 inhibitor peptides. The LSKL peptide (AnaSpec) is a selective THBS1 inhibitor which 
inhibits THBS1-mediated TGFB activation while the SLLK peptide (AnaSpec) is a THBS1 inhibitor scramble 
peptide serving as a control. The hTM cells were either incubated individually with trehalose (100 mM), SLLK or 
LSKL peptide (1 or 5 µM), or co-incubated with both trehalose and LSKL peptide for 48 h. Autophagic vacuoles 
were labeled according to the instructions of the manufacturer of the autophagy assay kit. The assay selectively 
labels autophagic vacuoles with a fluorescent dye, and the fluorescent intensity of cells was quantified using a BD 
Accuri C6 Flow Cytometer (BD Bioscience).
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Statistical analysis
Statistical analysis was tested with Student’s t-test or two-way repeated measures ANOVA with Bonferroni test, 
as appropriate. P-values below 0.05 were considered statistically significant.

Results
Trehalose increased outflow facility and reduced IOP
Trehalose is considered safe and well tolerated in humans and animals with low potential cytotoxicity43. To 
investigate the role of trehalose in IOP homeostasis, we administered trehalose (1 mg/g, n = 13) via i.p. injection 
(0.2 ml) to adult C57BL/6J mice, a dosage of which did not cause any systemic or ocular toxicity to the mice 
(Supplementary Fig. S1). After 2 weeks of treatment, trehalose significantly reduced IOP by 9.4% (at day 14, P 
= 0.0066; Fig. 1a) relative to vehicle control (n = 13). In parallel studies, we observed that topical application of 
trehalose (1 M in 8 µl, n = 5) significantly reduced IOP by 19.7% (P = 0.0037; Fig. 1b) at 3 h when compared 
with vehicle control (n = 6). As the topically applied drug has a lower capacity to penetrate the cornea, a higher 
concentration of trehalose (1 M) without causing any cytotoxicity and gross structural changes to the animals 
(Supplementary Fig. S2) was used. To determine if the IOP decrease was due to effects on the conventional 
outflow, we continuously perfused 50 mM trehalose, 100 mM trehalose, or PBS (vehicle control) in ex vivo eyes 
from adult male C57BL/6J mice and monitored the outflow facility using perfusion system. Both 50 mM and 
100 mM trehalose increased the outflow facility by 69.4% (P = 0.0144; Fig. 1c) and 49.3% (P = 0.0290; Fig. 1d), 
respectively after 4 h of perfusion, when compared with vehicle control (n = 6). These results strongly supported 
the role of trehalose in regulating IOP homeostasis.

Trehalose increased LC3-II protein expression and autophagy-associated gene expressions
To confirm whether trehalose induces autophagy in hTM cells, we examined the expression of key autophagy-
associated proteins and genes in trehalose-treated hTM cells. Microtubule-associated protein 1 light chain 
3 (LC3) is abundantly localized at the autophagosomal membranes44, where LC3 is activated into LC3-I, 

Fig. 1.  Trehalose reduced IOP and increased outflow facility in enucleated eyes from adult C57BL/6J mice. 
(a) In adult C57BL/6J mice, 1 mg/g trehalose (n = 13) or vehicle (PBS)-control (n = 13) was administered by 
i.p. once every 2 days. IOP was significantly reduced by 9.4% (P = 0.0066; two-way repeated measures ANOVA 
with Bonferroni test) at 2 weeks after trehalose administration. (b) In adult C57BL/6J mice, 1 M trehalose 
(n = 7) or vehicle control (n = 7) was administered by topical application. IOP was significantly reduced by 
19.7% (P = 0.0037; two-way repeated measures ANOVA with Bonferroni test) at 3 h after trehalose application. 
(c) In ex vivo perfused eyes from adult C57BL/6J mice, 50 mM trehalose increased the outflow facility by 
69.4% (P = 0.0144; paired Student’s t-test) compared to the vehicle control (n = 7) after 4 h of perfusion. (d) 
4-hour perfusion of 100 mM trehalose increased the outflow facility by 49.3% (P = 0.0290; paired Student’s 
t-test) compared to the vehicle control (n = 9). The data represent the mean ± standard error of the mean 
(SEM). Statistical significance relative to vehicle control is indicated by *(P < 0.05) and **(P < 0.01). Tre: 
trehalose.
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conjugated with phosphatidylethanolamine to form LC3-II44,45. Measuring the amount of LC3-II allows for 
reliable quantification of AP and autophagy-related structures, making it the most widely used key AP marker46. 
In our experiments, 100 mM of trehalose, a concentration that had no adverse effects on cell morphology and 
viability (Supplementary Fig. S3), increased LC3-II protein expression in hTM cells (1.8-fold; P = 0.0421; Fig. 2a 
and b), indicating that trehalose-induced autophagy in hTM cells.

Autophagy is driven by key autophagy-related genes (ATGs). Among these genes, ATG5 and ATG7 are the 
essential genes for autophagy due to their roles in mediating the conjugation of phosphatidylethanolamine 
to LC344. ATG5 and ATG7 expression levels were upregulated by 1.5- (P = 0.0290) and 1.4-fold (P = 0.0201), 
respectively, in trehalose-treated hTM cells (Fig. 2c and d). NFE2L2 is a transcription factor regulating many 
genes for cellular homeostasis, including ATG5 and ATG7 for autophagy47–49. It also upregulates a wide range 
of antioxidant gene transcription to attenuate oxidative stress in mitochondria50. Forty-eight hours of trehalose 
treatment induced the upregulation of NFE2L2 expression by 2.8-fold (P = 0475; Fig. 2e) in hTM cells. These 
results further confirmed that trehalose induced autophagy in hTM cells.

LC3 selectively binds to its specific substrate, SQSTM1, to recruit ubiquitinated proteins and mediate selective 
autophagic degradation51,52. In general, SQSTM1 protein levels inversely correlate with autophagic activity and 
accumulate in autophagy-deficient cells53,54. However, in mouse embryonic fibroblasts the autophagy-induced 
decrease in SQSTM1 is most pronounced 2 h after starvation and recovers afterwards55. In our experiments, 
after forty-eight hours of treatment with trehalose, expression of SQSTM1 increased by 2.6-fold in hTM cells (P 
= 0.029; Fig. 2f). The increased expression of SQSTM1 observed in our trehalose-treated cells might be due to the 
forty-eight-hour starvation period of trehalose treatment. Moreover, SQSTM1 is an inducer of NFE2L2, and the 
high level of SQSTM1 may activate NFE2L2 for the upregulation of ATG5 and ATG7 expression49.

Trehalose-induced autophagy through reducing THBS1 expression and function in hTM cells
THBS1 is a prominent ECM protein in the TM56 and an activator of TGFB20. We have shown that corticosteroids, 
compounds that are known for increasing IOP, upregulate THBS1 in hTM cells19 while the addition of THBS1 
inhibitory peptide increases outflow facility in mice eyes21, indicating that THBS1 expression and function are 
essential for regulating outflow facility and, thus, IOP. In this study, trehalose significantly reduced both mRNA 
(P = 0.0028; Fig. 3a) and protein levels (P = 0.0055; Fig. 3b and c) of THBS1 in hTM cells by at least 50%. 4-hour 
perfusion of trehalose also reduced THBS1 protein level in mouse TM tissue (Supplementary Fig. S6). All these 
findings suggested that THBS1 played an instrumental role in regulating autophagy-induced outflow facility.

To investigate the relevance of THBS1 in trehalose-induced autophagy in hTM cells, we studied the effects 
of trehalose on autophagy-associated gene expression in THBS1 siRNA-silenced hTM cells. Consistent with our 

Fig. 2.  Trehalose increased LC3-II protein expression and autophagy-associated genes expression in hTM cells. 
Cultured hTM cells were treated with 100 mM trehalose and vehicle controls in serum-free medium for 48 h. 
Protein expression of LC3-II was analyzed by western blot. (a) Representative of three individual western blots 
of LC3-II expression in hTM cells. The original blot is presented in Supplementary Fig. S4. (b) The ratio of 
LC3-II: LC3-I protein level (n = 3 different cell strains) as shown in (a). The gene expression levels of (c) ATG5 
(n = 3 different cell strains), (d) ATG7 (n = 3 different cell strains), (e) NFE2L2 (n = 4 different cell strains), and 
(f) SQSTM1 (n = 4 different cell strains) were analysed by RT-qPCR. Data represent mean ± SEM. Statistical 
significance (unpaired Student’s t-test) relative to vehicle control is indicated by *(P < 0.05) and **(P < 0.01). 
Tre: trehalose; C: vehicle control.
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previous study21, THBS1-siRNA (siTHBS1) significantly downregulated THBS1 transcript levels by 47% (P = 
0.0358, Fig. 3d) in hTM cells when compared with the negative control siRNA (siCtl). THBS1 transcript levels in 
siTHBS1-treated cells were similar to transcript levels in cells treated with both siCtl and trehalose. Combined 
treatment with siTHBS1 and trehalose resulted in an additional reduction of THBS1 transcript levels, though 
statistically insignificant. Further studies are needed to confirm this plausible trend. Interestingly, trehalose 
significantly increased the transcript levels of ATG5 (P = 0.0020; Fig. 3e), ATG7 (P = 0.0201; Fig. 3f), NFE2L2 
(P = 0.0019; Fig. 3g), and SQSTM1 (P = 0.0431; Fig. 3h) in siCtl-treated hTM cells. The effect of siTHBS1 on 
transcript levels of ATGs was similar to the effect in cells treated with both siCtl and trehalose. Combined 
treatment with siTHBS1 and trehalose did not result in additive effects on transcript levels of ATGs (Fig. 3e, f, 
g and h). The lack of additive effects of siTHBS1 and trehalose on transcript levels of ATGs indicated that the 
effects of trehalose were mediated by reducing THBS1 transcript levels.

Next, to assess the status of autophagy not only through mRNA and protein levels of ATGs, we also directly 
measured the presence of autophagic vacuoles in hTM cells in the presence and absence of trehalose and/or 
THBS1 inhibitor peptides using a fluorescent dye selectively labeling autophagic vacuoles. Trehalose upregulated 
autophagic vacuoles by 32% in hTM cells compared to the vehicle control (P = 0.0019; Fig.  4a). The THBS1 
selective inhibitor LSKL peptide also upregulated autophagic vacuoles by 26% at 1 µM (P = 0.0004) and up to 
55% at 5 µM (P = 0.0020) when compared with the control SLLK peptide (Fig. 4b). Trehalose could not further 
upregulate the autophagic vacuoles in hTM treated with 5 µM LSKL peptide (Fig. 4c), confirming that trehalose 
induced autophagy by regulating THBS1 expression and function in hTM cells.

Fig. 3.  Trehalose induced autophagy-associated gene expression through reducing THBS1 expression and 
function in hTM cells. To study the effect of trehalose on THBS1 expression, cultured hTM cells were treated 
with 100 mM trehalose and vehicle control for 48 h. Quantification of relative mRNA levels was performed 
by RT-qPCR, and western blot was used for quantification of protein levels. (a) Trehalose (100 mM) reduced 
THBS1 mRNA expression by 57% in hTM cells. (b) Representative of three individual western blots of 
THSB1 expression in hTM cells after trehalose treatment. The original blot is presented in Supplementary 
Fig. S5. (c) The normalised THBS1 protein level (n = 3 different cell strains) as shown in (b). Trehalose (100 
mM) reduced THBS1 protein level by 58% in hTM cells. To investigate the relevance of THBS1 in trehalose-
induced autophagy in hTM cells, cultured hTM cells were transfected with 100 pmol of siCtl or siTHBS1 for 
24 h, followed by 48 h of 100 mM trehalose treatment. Gene expression of (d) THBS1, (e) ATG5, (f) ATG7, 
(g) NFE2L2 and (h) SQSTM1 in siCtl- and siTHBS1-silenced hTM cells, with or without trehalose treatment, 
were evaluated by RT-qPCR. Data represent mean ± SEM. Statistical significance relative to vehicle control 
(unpaired Student’s t-test) is indicated by *(P < 0.05), ***(P < 0.01) and ***(P < 0.001). Tre: trehalose; siCtl: 
negative control siRNA; siTHBS1: THBS1-siRNA.

 

Scientific Reports |        (2025) 15:38930 6| https://doi.org/10.1038/s41598-025-22873-8

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Discussion
Trehalose is a natural disaccharide and a prototypical autophagy inducer45,57–60. This study demonstrated that 
trehalose significantly increased outflow facility ex vivo and reduced IOP in vivo. Maltose, a disaccharide lacking 
the ability to induce autophagy38, had no effects on outflow facility regulation ex vivo (Supplementary Fig. S7), 
ruling out the potential hyperosmotic effects of disaccharide. Forty-eight-hour incubation of trehalose induced 
autophagy and transcriptionally upregulated ATGs, including ATG5, ATG7, and NFE2L2 in hTM cells. Our 
data also revealed that trehalose activated autophagy by downregulating THBS1 in hTM cells, corroborating the 
results of other researchers in retinal tissue61,62. Inhibition of THBS1 expression or function also upregulated 
autophagy-associated gene expression and autophagy flux. Importantly, trehalose did not additively activate 
autophagy when THBS1 is silenced or functionally inhibited, indicating that trehalose regulated autophagy 
through THBS1 suppression. These findings strongly suggested THBS1 acted as a mediator in trehalose-
mediated autophagic regulation and likely also for aqueous humor outflow and IOP homeostasis.

Autophagy is an intracellular catabolic process in which cellular components are degraded or recycled to 
maintain cellular homeostasis. Several studies have examined the role of autophagy in glaucoma29,31 and found 
that glaucoma is associated with autophagy-related gene mutations63. TM cells play an essential role in regulating 
aqueous humor outflow and maintaining IOP. Activation of autophagy by mechanical and oxidative stresses 
in TM protects TM cells from damage and cell death23,34. Dysregulation of autophagy in TM may increase 
the risk of glaucoma32,33. Prolonged corticosteroid treatment, such as DEX, leads to elevation of IOP, damage 
of the optic nerve, and eventually glaucoma if left untreated6,7. Recent studies showed that DEX upregulates 
THBS1 expression19 and induces dysregulation of autophagy22,24 in TM cells. Our findings strongly suggested 
that trehalose-induced autophagy provided a protective effect against corticosteroid-induced glaucomatous IOP 
elevation through suppression of THBS1 expression. Our results provided a rationale for clinical studies testing 
trehalose or other autophagy enhancers as therapeutic agents for the treatment of specific glaucoma sub-types.

Trehalose is a promising autophagy inducer as rapamycin (Rapa). Rapa is a potent autophagy inducer by 
inhibiting the kinase activity of target of rapamycin (TOR) proteins in various cell types and species, including 
yeast64, mammalian lymphoma cells65, neuron-like cells66,67 and mice68. Similar to trehalose, Rapa (50 µM) 
significantly increased outflow facility ex vivo, reduced IOP in vivo, transcriptionally downregulated THBS1 
but upregulated ATGs in vitro (Supplementary Fig. S8), and the effects were comparable between trehalose and 
Rapa. Rapa was more efficient in upregulating autophagy-associated genes in siTHBS1-silenced hTM cells than 
trehalose, and Rapa had no additive effects when combined with THBS1 silencing (Supplementary Fig, S9). 
These findings further confirmed the importance of THBS1 in mediating autophagy, and subsequent regulation 
of aqueous humor outflow and IOP.

Fig. 4.  Trehalose or THBS1 LSKL peptide upregulated autophagic flux in hTM cells. hTM cells were either 
incubated individually with trehalose (100 mM), SLLK or LSKL peptide (1 or 5 µM), or co-incubated with 
100 mM trehalose and 5 µM LSKL peptide for 48 h. (a) 100 mM trehalose upregulated autophagic vacuoles in 
hTM cells by 32%. (b) THBS1 LSKL inhibitor peptide upregulated autophagic flux by 26% at 1 µM and 55% 
at 5 µM when compared with the SLLK control peptide. (c) Trehalose added to 5 µM LSKL peptide did not 
further upregulate autophagic vacuoles relative to cells treated with LSKL alone (51% and 53% upregulation, 
respectively). Data represent mean ± SEM (n = 3 different cell strains per group). Statistical significance relative 
to vehicle control (unpaired Student’s t-test) is indicated by **(P < 0.01), ***(P < 0.001) and ***(P < 0.0001). Tre: 
trehalose.
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The finding that transcript levels of SQSTM1, a LC3II substrate, increased with trehalose treatment was 
paradoxical. In general, SQSTM1 protein levels inversely correlate with autophagic activity and accumulate in 
autophagy-deficient cells53,54. While some reports have shown that trehalose reduces SQSTM1 protein level 
in vitro58,69,70 and in vivo71,72, others have also demonstrated that trehalose induces both SQSTM1 gene and 
protein level in vitro38,73,74. Sahani et al. have reported that cellular starvation through lacking amino acid and 
serum induces an initial autophagic SQSTM1 degradation in first two hours, followed by restoration of SQSTM1 
protein level through enhanced SQSTM1 synthesis during the prolonged starvation55. The considerably long-
lasting starvation during trehalose treatment (forty-eight hours) in our study may contribute to the dynamic 
changes in SQSTM1 level along with trehalose-induced autophagy. Trehalose started to increase SQSTM1 gene 
level at 6-hour post-treatment and significantly increased to 4-fold at forty-eight hours (Supplementary Fig. 
S10). A similar change in SQSTM1 level upon trehalose treatment is also observed in other studies38,62. In any 
case, the increase in autophagic vacuoles, together with increased levels of ATG, unambiguously indicated 
autophagy induction with trehalose treatment.

In the current study, we found that trehalose-mediated autophagy activation reduced IOP and, therefore, 
likely protected against ocular hypertension or glaucoma. Similar effects have previously been observed in TM 
cells23,32–34. However, in contrast to our current study, some researchers have proposed that autophagy deficiency 
protects against glaucoma in mouse models75,76. This discrepancy may be due to the dual roles of autophagy in 
cell survival and death77–79. IOP elevation remains a significant risk factor and therapeutic target for glaucoma. 
It has become increasingly clear that IOP elevation might be the factor triggering RGCs dysfunction. Several 
evidence has shown that IOP elevation could exert mechanical stress on RGCs and their axons80, and cause 
mitochondrial dysfunction in RGCs by reducing blood flow and inducing hypoxia81. Rodriguez-Muela et al.. 
have reported that autophagy inhibits apoptosis and hence promotes cell survival of RGCs in the mouse optic 
nerve axotomy model82. In contrast, Park et al.. have proposed that autophagy promotes apoptosis and cell death 
of RGCs in a chronic glaucoma rat model83. The dual role of autophagy strongly depends on its closely linked 
relationship with apoptosis. Autophagy and apoptosis share some common upstream signals84 and may coexist 
in the same RGC in a rat model of retinal ischemia85. Autophagy is activated to allow cells to adapt to stress. 
Activation of autophagy may inhibit apoptosis and promote cell survival. However, overactivation of autophagy 
may stimulate apoptosis and promote apoptotic or autophagic cell death86.

Another reason for conflicting findings may be the use of different models and cell types. In the spontaneous 
ocular hypertensive DBA/2J mouse model of glaucoma, overactivation of autophagy may be detrimental to 
RGCs and optic nerves75,76. In contrast, in TM cells, activation of autophagy protects against constant mechanical 
and oxidative stresses due to fluctuation of IOP or aging23,34. Porter el al. have reported that a static sustained 
mechanical stretch, mimicking acute IOP elevation, activates autophagy, induces the expression of LC3-II in 
TM cells as early as 30 min post-stretching34. Autophagosomes are increased in stretched TM cultures and 
high pressure-perfused porcine eyes34. This quick stretch-induced autophagy is mammalian TOR- (mTOR-) 
independent and is normal physiological response to maintain cellular functions and IOP homeostasis under 
mechanical stress34. However, the dysregulation of autophagy might contribute to cell death75,76 or diseases87. 
Chronic oxidative stress impairs autophagy activation and reduce lysosomal degradation capacity in glaucomatous 
TM cells32, which might contribute to the pathological changes, such as accumulation of autophagic vacuoles 
and pigments, in primary open-angled glaucoma9,88,89. While autophagy is generally protective, its regulation 
is crucial. Unbalanced autophagy can have detrimental effects. Researchers are actively studying the delicate 
balance of autophagy in TM cells, RGCs, and other ocular tissues. Understanding this balance may lead to novel 
therapeutic strategies for glaucoma control.

This study has potential limitations. Our findings demonstrated that trehalose activated autophagy by 
downregulating THBS1 in hTM cells, leading to the upregulation of autophagy-associated genes and autophagic 
flux. However, mouse models were adapted to study the effects of trehalose on outflow facility and IOP 
regulation. Despite mouse models are a common and valuable platform for exploring the pathophysiology of 
human diseases and potential drug candidates, the differences between the two species, particularly in genetics, 
physiology and immunology, might limit the ability of mouse models to recapitulate critical human disease 
pathophysiology and therapeutic responses, and the significance of data interpretation.

The variations in designs and procedures used in this study limit direct comparisons between different 
experiments. For example, the use of traditional 2-dimensional cultured hTM cells allows direct and 
straightforward study of the effects of trehalose on TM, but the limited representation of biological physiology 
may fail to illustrate precisely complex cellular environment. Ex vivo prefusion systems allow the study of ocular 
tissue with reduced complexity, but the semi-physiological representation may not be able to simulate its full 
functions within the body. Simple diffusion of trehalose was possible in hTM cells for quick preliminary study 
of trehalose, in which changes of trehalose-induced SQSTM1 gene levels became noticeable at 6-hour post-
treatment (Supplementary Fig. S10). Constant perfusion of trehalose enhanced its bioavailability to TM tissue 
with negligible loss induced THBS1 downregulation (Supplementary Fig. S6) and facilitated outflow facility 
(Fig. 1d) as soon as 4-hour perfusion.

However, the absorption of trehalose at TM tissue was relatively lower by i.p. injection or topical administration 
due to the loss during diffusion into surrounding tissues. Since topically applied drugs have a lower capacity of 
to penetrate the cornea, prolonged time might be needed to trigger the onset of trehalose-induced autophagy 
activation, which could be the explanation of the less pronounced changes in autophagy marker expression in 
mouse eyes at 3 h after trehalose topical application (Supplementary Fig. S11). This discrepancy gives rise to a 
major concern about the cause-and-effect relationship between trehalose-induced autophagy and THBS1. It is 
plausible that THBS1 acts as a mediator of trehalose-induced autophagy through interactions with autophagy-
related proteins. Further studies are needed to confirm the cause-and-effect relationship between trehalose-
induced autophagy and THBS1. Investigation of the effects of transient knock-out of autophagy-related genes 
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on THBS1 expression is particularly warranted. Monitoring of autophagy marker expression in TM tissues over 
extended period after trehalose topical application is also recommended.

The means of monitoring and measuring autophagy have to be carefully considered. Autophagic activity 
can be measured by monitoring the AP formation displaying punctate LC3-II, apart from autophagy flux assay. 
Electron microscopy offers high resolution and is a better tool to identify different autophagic structures along 
the pathway and measure autophagy activity qualitatively and quantitatively90. Comparisons should be made 
between animals of the same strain, age, gender and tissue to minimize the variations in tissue-specific basal 
autophagy91 and autophagy marker expression92–94. Responses to autophagy induction may vary between 
individual animals91 and different autophagy markers95, emphasizing the needs of carefully considered 
experimental designs and sampling time.

In conclusion, our findings demonstrated that trehalose downregulated THBS1 and activated autophagy in 
TM cells, leading to increased outflow facility and reduced IOP. These data strongly suggested that trehalose-
induced autophagy had a protective role against corticosteroid-induced glaucoma and supported that the 
worthwhileness of studying trehalose and other autophagy enhancers’ experimental therapies for glaucoma.

Data availability
The source data for graphs analyzed in the study are available in the Supplementary Table S1. All other data are 
available from the corresponding author on reasonable request.
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