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A B S T R A C T   

The nucleotide-binding oligomerization domain-like receptor containing pyrin domain 3 (NLRP3) inflammasome 
in podocytes has been implicated in the initiation of glomerular inflammation during hyperhomocysteinemia 
(hHcy). However, the mechanism by which NLRP3 inflammasome products are released from podocytes remains 
unknown. The present study tested whether exosome secretion from podocytes is enhanced by NADPH oxidase- 
produced reactive oxygen species (ROS), which may serve as a pathogenic mechanism mediating the release of 
inflammatory cytokines produced by the NLRP3 inflammasome in podocytes after Hcy stimulation. We first 
demonstrated the remarkable elevation of endogenously produced ROS in podocytes treated with Hcy compared 
with control podocytes, which was abolished by pre-treatment with the NADPH oxidase inhibitors, gp91 ds-tat 
peptide and diphenyleneiodonium (DPI). In addition, Hcy induced activation in podocytes of NLRP3 inflam-
masomes and the formation of multivesicular bodies (MVBs) containing inflammatory cytokines, which were 
prevented by treatment with gp91 ds-tat or the ROS scavenger, catalase. Given the importance of the transient 
receptor potential mucolipin 1 (TRPML1) channel in Ca2+-dependent lysosome trafficking and consequent 
lysosome-MVB interaction, we tested whether lysosomal Ca2+ release through TRPML1 channels is inhibited by 
endogenously produced ROS in podocytes after Hcy stimulation. By GCaMP3 Ca2+ imaging, we confirmed the 
inhibition of TRPML1 channel activity by Hcy which was remarkably ameliorated by catalase and gp91 ds-tat 
peptide. By structured illumination microscopy (SIM) and nanoparticle tracking analysis (NTA), we found that 
ML-SA1, a TRPML1 channel agonist, significantly enhanced lysosome-MVB interaction and reduced exosome 
release in podocytes, which were attenuated by Hcy. Pre-treatment of podocytes with catalase or gp91 ds-tat 
peptide restored ML-SA1-induced changes in lysosome-MVB interaction and exosome secretion. Moreover, we 
found that hydrogen peroxide (H2O2) mimicked the effect of Hcy on TRPML1 channel activity, lysosome-MVB 
interaction, and exosome secretion in podocytes. Based on these results, we conclude that endogenously pro-
duced ROS importantly contributes to inflammatory exosome secretion from podocytes through inhibition of 
TRPML1 channel activity, which may contribute to the initiation of glomerular inflammation during hHcy.   

1. Introduction 

As a pathogenic mechanism, the nucleotide-binding oligomerization 
domain-like receptor containing pyrin domain 3 (NLRP3) inflamma-
some activation in podocytes importantly contributes to hyper-
homocysteinemia (hHcy)-induced glomerular injury, glomerular 
sclerosis, and ultimate end stage renal disease [1–4]. However, it re-
mains unknown how the products of NLRP3 inflammasome activation 
by podocytes such as IL-1β, IL-18, and high mobility group protein B1 
(HMGB1) are released from podocytes to trigger the initial inflammatory 

events responsible for glomerular injury. The classical Golgi 
apparatus-mediated delivery pathway may not mediate the secretion of 
NLRP3 inflammasome products since the activation of NLRP3 inflam-
masomes occurs in the cytosol. Based on previous studies, it is possible 
that exosomes mediate the secretion of inflammatory cytokines into the 
extracellular space [5,6]. As a subtype of extracellular vesicles (EVs), 
exosomes have been demonstrated to be an important mediator of 
cell-to-cell communication. Both physiologic and pathophysiologic 
processes are mediated by their delivery of mRNAs, miRNAs, proteins, 
and other constituents to acceptor cells [7,8]. As an inflammatory 
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cytokine, IL-1β has also been reported to be a cargo of exosomes [9]. 
Recently, exosomes have been recognized as a biomarker of glomerular 
diseases and are implicated as a pathogenic factor in kidney disease 
[10–15]. These studies support the hypothesis that exosomes may 
mediate the secretion of NLRP3 inflammasome products out of podo-
cytes, leading to glomerular inflammation and sclerosis. However, the 
regulatory mechanisms of inflammatory exosome release in podocytes 
under pathological conditions remain poorly understood. 

When multivesicular bodies (MVBs) fuse with the plasma membrane, 
their contained exosomes are released into the extracellular space. 
Increasing evidence has shown that lysosomes mediate MVB degrada-
tion and thereby control the secretion of exosomes as the content of 
MVBs [16–21]. In our previous studies, it has been reported that reactive 
oxygen species (ROS) may act as second messengers to activate NLRP3 
inflammasomes in podocytes during hHcy [22]. In addition, 
hHcy-induced ROS production in podocytes may be attributed to the 
activation of nicotinamide adenine dinucleotide phosphate (NADPH) 
oxidase [23]. Given the previous studies indicating that high levels of 
ROS impair lysosomal function and thereby inhibit autophagic flux in 
various cell types during hyperglycemia or glucose deprivation [24,25], 
we considered that NADPH oxidase-dependent ROS production may be 
involved in lysosomal control of inflammatory exosome release from 
podocytes during hHcy. Our recent studies have also demonstrated that 
the lysosomal TRPML1 channel plays an essential role in the regulation 
of lysosome-MVB interaction and exosome secretion from podocytes 
[26,27]. Therefore, it would be interesting to test whether lysosomal 
Ca2+ release through TRPML1 channel is involved in the control of in-
flammatory exosome secretion from podocytes triggered by hHcy. 

The present study tested the hypothesis that hHcy-induced ROS 
production may not only induce the activation of NLRP3 inflamma-
somes but also promote inflammatory exosome release from podocytes, 
together triggering local glomerular inflammation and sclerosis. To test 
this hypothesis, we first examined whether activation of NLRP3 
inflammasome and formation of MVBs containing inflammatory cyto-
kines in podocytes are attributed to Hcy-induced endogenous ROS 
production. Then, we determined the effect of endogenous ROS on 
lysosomal Ca2+ release through the TRPML1 channel in podocytes 
treated with Hcy. The role of Hcy-induced endogenous ROS production 
in the regulation of lysosome-MVB interaction and exosome release was 
also examined. Finally, we tested whether H2O2 as a common endoge-
nous ROS can mimic the effect of Hcy on TRPML1 channel activity, 
lysosome-MVB interaction, and exosome secretion in podocytes. Our 
findings have demonstrated that endogenous production of ROS 
importantly contributes to inflammatory exosome secretion from 
podocytes through inhibition of TRPML1 channel activity, which may 
contribute to the initiation of glomerular inflammation during hHcy. 

2. Materials and methods 

2.1. Cell culture 

Conditionally immortalized mouse podocytes were cultured and 
maintained as described previously [26]. Briefly, they were grown at the 
permissive temperature (33 ◦C) on collagen I-coated flasks or plates in 
RPMI 1640 medium supplemented with 10% fetal bovine serum and 10 
U/mL recombinant mouse interferon-γ. The podocytes were then 
passaged and allowed to differentiate at 37 ◦C for 10–14 days without 
interferon-γ before use in the experiments described below. Podocytes 
were treated with L-homocysteine, which is considered to be the path-
ogenic form of Hcy, at a concentration of 40 μM for 24 h, a dose and 
treatment time chosen based on previous studies [3,4]. ROS scavenger, 
catalase (50 U/ml), and pharmacological NADPH oxidase inhibitors, 
diphenyleneiodonium (10 μM), and gp91ds-tat peptide (5 μM) were 
added to the cells 1 h before Hcy treatment. 

2.2. Electron spin resonance spectrometric analysis of superoxide 
production 

Protein from cultured podocytes was extracted using a sucrose 
buffer, and then prepared for analysis by resuspension in a modified 
Krebs–Hepes buffer containing deferoximine (100 μM; MilliporeSigma) 
and diethyldithiocarbamate (5 μM; MilliporeSigma). To measure 
NADPH oxidase-dependent superoxide production, 1 mM NADPH sub-
strate was added to 50 μg protein, and each sample was read twice and 
examined in the presence or absence of superoxide dismutase (SOD; 200 
U/ml; MilliporeSigma). 1-Hydroxy-3-methoxycarbonyl-2,2,5,5-tetra-
methylpyrrolidine (CMH; 1 mM), a superoxide-specific spin-trapping 
compound, was added to the sample before being loaded into a glass 
capillary, and analyzed in an electron spin resonance (ESR) spectrom-
eter for 10 min. Results were obtained by taking the difference between 
the total CMH signal without SOD and the SOD-specific signal, and all 
values were expressed as the fold changes of the control [23]. 

2.3. Confocal microscopy 

Double-immunofluorescence staining was performed using cultured 
podocytes grown on collagen-coated glass coverslips [1,28]. Briefly, 
after treatments followed by fixation, the cells were incubated with goat 
anti-NLRP3 antibody (1:100; Abcam Biotechnology, Cambridge, United 
Kingdom), rabbit anti-ASC antibody (1:100; MilliporeSigma, Munich, 
Germany), rabbit anti-caspase-1 antibody (1:100; Abcam Biotech-
nology, Cambridge, United Kingdom), rabbit anti-Rab7a antibody 
(1:100; Abcam Biotechnology, Cambridge, United Kingdom), rabbit 
anti-VPS16 antibody (1:100; Proteintech, Rosemont, IL, USA), and rat 
anti-IL-1β antibody (1:100; R&D, Minneapolis, MN, USA) overnight at 
4 ◦C. After slides being washed, Alexa 488-labeled anti-goat secondary 
antibody (1:200; Life Technologies, CA, USA), Alexa 594-labeled 
anti-rabbit secondary antibody (1:200; Life Technologies, CA, USA), 
Alexa 488-labeled anti-rabbit secondary antibody (1:200; Life Tech-
nologies, CA, USA), and Alexa 594-labeled anti-rat secondary antibody 
(1:200; Life Technologies, CA, USA) were added to the cell slides and 
incubated for 1 h at room temperature. Slides were then washed, stained 
with DAPI, mounted, and observed using a confocal laser scanning mi-
croscope (Fluoview FV1000, Olympus, Japan). Image Pro Plus 6.0 
software (Media Cybernetics, Bethesda, MD, USA) was employed to 
analyze colocalization, expressed as the Pearson correlation coefficient. 

2.4. GCaMP3 Ca2+ imaging 

At 18–24 h after nucleofection with GCaMP3-ML1, podocytes were 
used for experiments [26]. The fluorescence intensity at 470 nm exci-
tation (F470) was recorded with a Nikon Diaphoto TMD Inverted 
Fluorescence Microscope. Metafluor imaging and analysis software were 
used to acquire, digitize and store the images for offline processing and 
statistical analysis (Universal Imaging, Bedford Hills, NY, USA). Lyso-
somal Ca2+ release was measured under a ‘low’ external Ca2+ solution, 
which contained 145 mM NaCl, 5 mM KCl, 3 mM MgCl2, 10 mM glucose, 
1 mM EGTA and 20 mM HEPES (pH 7.4). The response to ML-SA1 (20 
μM), a TRPML channel agonist and activator of lysosomal Ca2+ release, 
was determined. The Ca2+ ionophore, ionomycin (1 μM) was used as a 
positive control in the podocytes. After GCaMP3 Ca2+ imaging, we 
compared the peak value of ΔF/F0 ((intracellular F470 intensity at n 
second− intracellular F470 intensity at 0 s)/intracellular F470 intensity 
at 0 s) between additions of ML-SA1 and ionomycin to solution. 

2.5. Nanoparticle tracking analysis 

Nanoparticle tracking analysis (NTA) measurements were performed 
with a NanoSight NTA3.2 Dev Build 3.2.16 (Malvern Instruments Ltd., 
UK), equipped with a sample chamber with a 638-nm laser and a Viton 
fluoroelastomer O-ring. The samples were injected into the sample 
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chamber with sterile syringes (BD, New Jersey, USA) until the liquid 
reached the tip of the nozzle. All measurements were performed at room 
temperature. The screen gain and camera level settings were 10 and 13, 
respectively. Each sample was measured at standard measurement, 30 s 
with manual shutter and gain adjustments. Each sample was analyzed in 
triplicate. 3D figures were exported from the software. Particles sized 
between 50 and 100 nm were calculated [26]. 

2.6. Structured illumination microscopy 

After treatments followed by fixation, the cells were incubated with 
rabbit anti-Rab7a antibody (1:100; Abcam Biotechnology, Cambridge, 
United Kingdom) and rat anti-Lamp-1 antibody (1:100; Abcam 
Biotechnology, Cambridge, United Kingdom) overnight at 4 ◦C. After 
slides being washed, Alexa 488-labeled anti-rabbit secondary antibody 
(1:200; Life Technologies, CA, USA) and Alexa 594-labeled anti-rat 
secondary antibody (1:200; Life Technologies, CA, USA) were added 
to the cell slides and incubated for 1 h at room temperature. Slides were 
then washed, stained with DAPI, and mounted. A Nikon fluorescence 
microscope in the structured illumination microscopy (SIM) mode was 
used to obtain images. Image Pro Plus 6.0 software (Media Cybernetics, 
Bethesda, MD, USA) was employed to analyze colocalization, expressed 
as the Pearson correlation coefficient. 

2.7. Statistical analysis 

Data are expressed as mean ± SEM, where significance was deter-
mined using one-way ANOVA followed by the Student-Newman-Keuls 
post hoc test. χ2 test was used to determine significance of ratio and 
percentage data. P < 0.05 was considered statistically significant. 

3. Results 

3.1. Formation of MVBs containing inflammatory cytokines in podocytes 
after Hcy stimulation 

To determine whether NADPH oxidase-derived superoxide contrib-
utes to NLRP3 inflammasome activation by Hcy, we first examined the 
effect of Hcy on the relative superoxide level in podocytes in the pres-
ence and absence of NADPH oxidase inhibitors. By ESR analysis, Hcy 
treatment at a concentration of 40 μM for 24 h was found to induce 
superoxide production, and this effect was blocked by inclusion of an 
NADPH oxidase inhibitors, either gp91ds-tat peptide (5 μM) or diphe-
nyleneiodonium (10 μM) (Fig. 1). Using confocal microscopy, we 
demonstrated that Hcy induced formation of NLRP3 inflammasomes as 
indicated by increased colocalization of inflammasome markers, NLRP3 
with ASC, and NLRP3 with caspase-1, in podocytes (Fig. 2A). Pretreat-
ment with the ROS scavenger, catalase (50 U/ml), or gp91 ds-tat pep-
tide, however, blocked this increase. Interestingly, it was found that Hcy 
also enhanced colocalization of two different MVB markers and the in-
flammatory cytokine, IL-1β (Rab7a with IL-1β and VPS16 with IL-1β) 
(Fig. 2B). These data indicate that the level of MVBs containing in-
flammatory cytokines is increased by Hcy treatment of podocytes. This 
Hcy-induced increase in was also prevented by co-treatment with cata-
lase or gp91 ds-tat peptide. 

3.2. Hcy-induced elevation of exosome release from podocytes 

NTA was used to measure exosome release into the medium from Ctrl 
or Hcy-treated podocytes, in the presence or absence of catalase or gp91 
ds-tat peptide. As shown in Fig. 3A, the representative 3-D histograms of 
exosomes showed that the exosome concentration remained relatively 
low in culture medium of podocytes under control condition. Exosome 
concentration was increased by Hcy treatment compared to control 
podocyte cultures. On the contrary, ML-SA1 remarkably decreased 
exosome concentration in culture medium of podocytes. Summarized 

data demonstrated that Hcy induced a remarkable elevation whereas 
ML-SA1 significantly reduced exosome secretion from podocytes. 
Furthermore, pretreatment of podocytes with catalase or gp91 ds-tat 
peptide markedly attenuated the Hcy-induced increase in exosome 
secretion from podocytes (Fig. 3B). 

3.3. Inhibition of lysosomal Ca2+ release through TRPML1 channel by 
Hcy 

Given that lysosomal TRPML1 channel-mediated Ca2+ release has 
been reported to be essential for lysosome trafficking and fusion to MVB 
[26,27], we tested whether lysosomal TRPML1 channel activity can be 
altered by endogenous ROS after Hcy stimulation. To specifically detect 
Ca2+ release through the lysosomal TRPML1 channel, we used podo-
cytes expressing GCaMP3-ML1, a fusion protein containing the 
Ca2+-sensing fluorophore, GCaMP3, on the cytoplasmic amino terminus 
of TRPML1 as described in our previous studies [26]. The fluorescence 
emitted by GCaMP3 (F470) in podocytes was monitored dynamically 
and continuously using a fluorescent microscopic imaging system. The 
intensity of Ca2+-induced GCaMP3 fluorescence indicated the amount of 
Ca2+ released through lysosomal TRPML1 channels. ML-SA1, a TRPML1 
channel agonist, induced a rapid elevation of GCaMP3 fluorescence in 
podocytes, which was followed by a larger signal increase caused by 
later addition of ionomycin, a Ca2+ ionophore. After Hcy stimulation, 
ML-SA1 induced a smaller elevation in GCaMP3 fluorescence in podo-
cytes, while ionomycin still stimulated a dramatic elevation of GCaMP3 
fluorescence in these cells (Fig. 4C). In addition, pre-treatment of 

Fig. 1. Formation of reactive oxygen species induced by Hcy treatment of 
podocytes and blockade by NADPH oxidase inhibitors. A. Representative ESR 
spectra showing O2•− production in different groups of podocytes. B. Sum-
marized data showing O2•− production in different groups of podocytes (n = 6). 
*p < 0.05 vs. Ctrl group, #p < 0.05 vs. Vehl-Hcy group. Ctrl, control; Vehl, 
vehicle; gp91 ds-tat, gp91 ds-tat peptide; DPI, diphenyleneiodonium; Hcy, 
homocysteine. 
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podocytes with catalase or gp91 ds-tat recovered the elevation of 
GCaMP3 fluorescence induced by ML-SA1. 

3.4. Lysosome-MVB interaction attenuated by Hcy 

To determine the role of lysosomes in the regulation of exosome 
release, SIM was performed to detect lysosome-MVB interaction in 
podocytes after co-transfection with Rab7a-GFP plasmid and Lamp-1- 
RFP plasmid. Under the control condition, we observed considerable 

colocalization of Rab7a (MVB marker, green fluorescence) and Lamp-1 
(lysosome marker, red fluorescence), as demonstrated by yellow spots 
in the overlapping fluorescence image (Fig. 5A). After Hcy stimulation, 
colocalization of Rab7a and Lamp-1 was significantly reduced compared 
to control (Fig. 5B). In contrast, activation of TRPML1 channels by ML- 
SA1 treatment significantly increased the colocalization of Rab7a and 
Lamp-1 in podocytes, and this effect was attenuated by Hcy. Pretreat-
ment of podocytes with catalase or gp91 ds-tat peptide inhibited the 
Hcy-induced decrease in lysosome-MVB interaction in podocytes. 

3.5. Formation of MVBs containing inflammatory cytokines in podocytes 
after H2O2 stimulation 

Recently, we have demonstrated that endogenously produced su-
peroxide and hydrogen peroxide (H2O2) primarily contribute to NLRP3 
inflammasome formation and activation in mouse glomeruli resulting in 
glomerular injury during hHcy [22]. To further confirm whether the 
above pathological changes could be attributed to endogenously pro-
duced ROS, we tested whether H2O2 can mimic the effects of Hcy in 
podocytes. By confocal microscopy, NLRP3 inflammasome formation 
and formation of MVBs containing inflammatory cytokines were 
detected in these cells before and after treatment with H2O2 in different 
doses for 4 h. As shown in Fig. 6A, H2O2 induced formation of NLRP3 
inflammasome indicated by colocalization of inflammasome markers 
(NLRP3 with ASC and NLRP3 with caspase-1) in podocytes in a 
dose-dependent manner. Correspondingly, we found that colocalization 
of MVB and inflammatory cytokine markers, Rab7a with IL-1β, and 
VPS16 with IL-1β) were also elevated by H2O2, which was 
dose-dependent. These findings support that H2O2 treatment induces the 
formation of MVBs containing inflammatory cytokines in podocytes 
(Fig. 6B). 

3.6. Enhancement of exosome secretion from podocytes by H2O2 

We also tested whether treatment with exogenous H2O2 could 
enhance the release of exosomes from podocytes. As shown in Fig. 7A, 
the representative 3-D histograms of exosomes showed that the exosome 
concentration was increased in culture medium of podocytes after H2O2 
(50 μM) stimulation for 24 h compared with control cells. Summarized 
data indicated significant increase in exosome release induced by H2O2 
(Fig. 7B). In contrast, ML-SA1 decreased exosome concentration in 
culture medium of podocyte, and pretreatment with H2O2 blocked this 
effect of ML-SA1. 

3.7. Inhibition of TRPML1 channel activity and lysosome-MVB 
interaction by H2O2 

Next, we tested whether H2O2 can alter TRPML1 channel-mediated 
Ca2+ release in podocytes. As shown in Fig. 8, ML-SA1 induced a 
remarkable elevation of GCaMP3 fluorescence in GCaMP3-ML1- 
transfected podocytes compared to vehicle-treated control. However, 
the ML-SA1-induced increase in GCaMP3 fluorescence was totally 
blocked by pretreating the podocytes with H2O2. We further analyzed 
for the effect of H2O2 on the lysosome-MVB interaction with or without 
ML-SA1 treatment using SIM. Under control conditions, a basal level of 
colocalization of Rab7a (green fluorescence) and Lamp-1 (red fluores-
cence) was detectable in podocytes, which was further increased by 
activation of TRPML1 channels with ML-SA1. H2O2 treatment reduced 
the colocalization of Rab7a and Lamp-1 in vehicle-treated control and 
prevented the inducing effect of ML-SA1 (Fig. 9). 

4. Discussion 

The major goal of the present study was to determine whether exo-
some secretion from podocytes is enhanced by NADPH oxidase- 
produced reactive oxygen species (ROS), which may serve as a 

Fig. 2. NLRP3 inflammasome activation and MVB-inflammatory cytokine as-
sociation after Hcy treatment of podocytes. A. Representative images and 
summarized data showing the colocalization of inflammasome markers in 
different groups of podocytes (n = 3–5). Scale bars = 20 μm. B. Representative 
images and summarized data showing the colocalization of MVB markers and 
IL-1β in different groups of podocytes (n = 4–5). Scale bars = 20 μm *p < 0.05 
vs. Ctrl group, #p < 0.05 vs. Vehl-Hcy group. Ctrl, control; Vehl, vehicle; gp91 
ds-tat, gp91 ds-tat peptide; Hcy, homocysteine. 
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pathogenic mechanism mediating the release of inflammatory cytokines 
produced by the NLRP3 inflammasome in podocytes after Hcy stimu-
lation. Our results demonstrated that Hcy induced activation of the 
NLRP3 inflammasome and formation of MVBs containing inflammatory 
cytokines in podocytes, and that these effects were associated with 
elevated exosome release from the cells. In addition, lysosomal Ca2+

release through TRPML1 channel in podocytes was inhibited by Hcy, 
leading to attenuation of lysosome-MVB interaction. All these patho-
logical changes induced by Hcy were attributed to increased production 
of endogenous ROS by NADPH oxidase. Moreover, H2O2 as a common 
endogenous ROS mimicked the effect of Hcy on TRPML1 channel ac-
tivity, lysosome-MVB interaction, and exosome secretion in podocytes 
(Fig. 10). Our findings indicate that endogenously produced ROS 
importantly contributes to inflammatory exosome secretion from 
podocytes through inhibition of TRPML1 channel activity, which may 
contribute to the initiation of glomerular inflammation during hHcy. 

In previous studies, it has been demonstrated that NLRP3 inflam-
masome activation in podocytes contributes to glomerular inflammation 
and sclerosis during hHcy [1–4]. NLRP3 inflammasome is composed of 
three major proteins, including a NOD-like receptor NLRP3, an adaptor 
protein apoptosis-associated speck-like protein containing a caspase 
recruitment domain (ASC), and caspase-1 [29]. Both endogenous and 
exogenous danger signals can be recognized by NLRP3, leading to 
recruitment and aggregation of ASC and caspase-1 to form a protein 
complex, where caspase-1 is activated [30–32]. Pro-IL-1β and pro-IL-18 
are proteolytically cleaved by active caspase-1, leading to the produc-
tion of biologically active IL-1β and IL-18. Moreover, active caspase-1 

may produce other danger molecules like damage-associated molecu-
lar patterns. However, these products of NLRP3 inflammasome may not 
be secreted out of podocytes via a classical and Golgi 
apparatus-mediated delivery pathway given that the activation of 
NLRP3 inflammasome mainly occurs in the cytosol. It remains unknown 
how NLRP3 inflammasome products such as inflammatory cytokines are 
released out of podocytes and thereby induce glomerular inflammation 
during hHcy. Recently, it has been found that exosomes importantly 
contribute to the release of signaling molecules to the extracellular space 
[33]. It is possible that the secretion of inflammatory cytokines from 
podocytes is mediated by exosomes. Given the important role of 
endogenously produced ROS in NLRP3 inflammasome activation and 
podocyte injury induced by hHcy [23] and in the regulation of lysosomal 
function [24,25], the present study tested whether endogenous ROS 
production by NADPH oxidase contributes to NLRP3 inflammasome 
activation and inflammatory exosome release in podocytes after Hcy 
stimulation. 

By various approaches, activation of NLRP3 inflammasome, forma-
tion of MVBs containing NLRP3 inflammasome products, and elevated 
exosome release were observed in podocytes after Hcy stimulation. 
However, in podocytes pre-treated with catalase or gp91 ds-tat, these 
pathological changes were blocked. These results clearly suggest that 
NADPH oxidase-dependent ROS production contributes to Hcy-induced 
NLRP3 inflammasome activation in podocytes. In addition, exosomes 
may mediate the secretion of inflammatory cytokines from podocytes. 
Under physiological condition, intercellular communication is mediated 
by exosomes in kidney; under pathological condition, the development 

Fig. 3. Enhanced exosome release from podocytes 
after Hcy and dependence on ROS and NADPH oxi-
dase. A. Representative images showing exosome 
release from different groups of podocytes. The x axis 
is diameter (nm); the y axis is concentration; the z 
axis is intensity (a.u.). B. Summarized data showing 
exosome release from different groups of podocytes 
(n = 6). *p < 0.05 vs. Vehl group, #p < 0.05 vs. Ctrl 
group. Ctrl, control; Vehl, vehicle; gp91 ds-tat, gp91 
ds-tat peptide; Hcy, homocysteine.   
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of renal disease is attributed to exosomes [16]. It has been reported that 
diabetic mice had increased exosomes containing podocalyxin, a gly-
coconjugate on the podocyte apical surface, in their urine even before 
the onset of albuminuria [34]. Increased exosomes may serve as a 
signaling vesicle to trigger phenotypic changes in neighboring cells [35] 
and they also participate in the development of albuminuria [36]. 
Clinically, it has been found that elevated release of exosomes from 
podocytes is associated with albuminuria and glomerular degeneration 
in some patients with focal segmental glomerulosclerosis (FSGS) and 
nephrotic syndrome (NS) [16–21]. Recently, it has been reported that 
exosomes mediate the release of NLRP3 inflammasome products to the 
extracellular space in response to D-ribose stimulation [37]. However, 
the molecular mechanism mediating the secretion of inflammatory cy-
tokines during hHcy remains unknown. To our knowledge, the results 
from the present study provide the first experimental evidence that the 
release of NLRP3 inflammasome products from podocytes may be 
attributed to exosomes, which may be an important pathogenic mech-
anism responsible for glomerular inflammation during hHcy. Moreover, 
NADPH oxidase-dependent ROS production not only switches on NLRP3 
inflammasome assembly but also regulates inflammatory exosome 

Fig. 4. Inhibition of lysosomal Ca2+ release through TRPML1 channel by Hcy. 
A. Representative images showing GCaMP3 fluorescence in different groups of 
podocytes. Scale bars = 40 μm. B. A representative curve showing that ML-SA1 
induced remarkable elevation of GCaMP3 signal in podocytes under control 
condition. C. A representative curve showing that ML-SA1 induced small 
elevation of GCaMP3 signal in podocytes after Hcy stimulation. D. Summarized 
data showing GCaMP3 fluorescence in different groups of podocytes (n = 5–9). 
*p < 0.05 vs. Vehl group, #p < 0.05 vs. Ctrl group. Ctrl, control; Vehl, vehicle; 
gp91 ds-tat, gp91 ds-tat peptide; Hcy, homocysteine. 

Fig. 5. Attenuation of lysosome-MVB interaction by Hcy treatment of podo-
cytes. A. Representative images showing the colocalization of Rab7a-GFP and 
Lamp-1-RFP in different groups of podocytes. Scale bars = 5 μm. B. Summarized 
data showing the colocalization of Rab7a-GFP and Lamp-1-RFP in different 
groups of podocytes (n = 6–8). *p < 0.05 vs. Vehl group, #p < 0.05 vs. Ctrl 
group. Ctrl, control; Vehl, vehicle; gp91 ds-tat, gp91 ds-tat peptide; Hcy, 
homocysteine. 
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release in podocytes after Hcy stimulation. 
Another interesting finding of the present study is that Hcy inhibited 

TRPML1 channel activity and lysosome-MVB interaction in podocytes. 
Nevertheless, these pathological changes were blocked by pre-treatment 
with catalase or gp91 ds-tat. These results imply that Hcy may reduce 
lysosome-MVB interaction and lysosome-dependent MVB degradation 
via inhibition of TRPML1 channel activity, leading to enhancement of 
inflammatory exosome release. Moreover, ROS produced by NADPH 
oxidase may be involved in the regulation of TRPML1 channel and 

lysosome-MVB interaction by Hcy. Previous studies have shown that 
lysosomes can actively respond to environmental changes such as 
increased autophagosomes, MVBs, and other stress signals in podocytes 
and other cells. Such property of lysosomal function determines the 
degradation of various intracellular vesicles such as phagosomes, auto-
phagosomes, and MVBs [38–41]. There is evidence that the fusion of 
lysosomes and MVBs is controlled by the regular trafficking of lyso-
somes. Such active movement of lysosomes is determined by the lyso-
somal Ca2+ release [40,42]. As an ubiquitously expressed protein, the 
transient receptor potential-mucolipin-1 (TRPML1) channel is a Ca2+

ion channel expressed in intracellular endosomes and lysosomes [43]. 
The Ca2+ enters the lysosomal compartment by H+/Ca2+ exchange and 
exits through TRPML1 channels in response to endogenously produced 

Fig. 6. Formation of NLRP3 inflammasomes and MVBs containing inflamma-
tory cytokines in podocytes after H2O2 stimulation. A. Representative images 
and summarized data showing the colocalization of inflammasome markers in 
different groups of podocytes (n = 3–5). Scale bars = 20 μm. B. Representative 
images and summarized data showing the colocalization of MVB markers and 
IL-1β in different groups of podocytes (n = 4–5). Scale bars = 20 μm *p < 0.05 
vs. Ctrl group. Ctrl, control; H2O2, hydrogen peroxide. 

Fig. 7. Enhancement of exosome secretion from podocytes by H2O2. A. 
Representative images showing exosome release from different groups of 
podocytes. The x axis is diameter (nm); the y axis is concentration; the z axis is 
intensity (a.u.). B. Summarized data showing exosome release from different 
groups of podocytes (n = 6). *p < 0.05 vs. Vehl group, #p < 0.05 vs. Ctrl group. 
Ctrl, control; Vehl, vehicle; H2O2, hydrogen peroxide. 
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NAADP [44–47] or other factors like PIPs (PI(3,5)P2) and ions [48–50]. 
Recently, we have demonstrated that lysosome trafficking and 
lysosome-MVB interaction is controlled by TRPML1 channel-mediated 
Ca2+ release in podocytes [26,27]. In podocytes lack of Asah1 gene, 
the blockade of TRPML1 channel is associated with impaired 
lysosome-MVB interaction, leading to increased exosome secretion. 
Consistent with these previous studies, our findings have demonstrated 
that Hcy-induced robust release of inflammatory exosomes is attributed 
to altered lysosomal TRPML1 channel activity and lysosome-MVB 

Fig. 8. Blockade of lysosomal TRPML1 channel-mediated Ca2+ release in 
podocytes by H2O2. A. A representative curve showing that ML-SA1 induced 
remarkable elevation of GCaMP3 signal in podocytes pre-treated with vehicle. 
B. A representative curve showing that ML-SA1 had no effects on GCaMP3 
signal in podocytes pre-treated with H2O2. C. Summarized data showing 
GCaMP3 fluorescence in different groups of podocytes (n = 6–8). *p < 0.05 vs. 
Ctrl group, #p < 0.05 vs. Vehl group. Ctrl group. Ctrl, control; Vehl, vehicle; 
H2O2, hydrogen peroxide. 

Fig. 9. Lysosome-MVB interaction in podocytes attenuated by H2O2. A. 
Representative images showing the colocalization of Rab7a-GFP and Lamp-1- 
RFP in different groups of podocytes. Scale bars = 5 μm. B. Summarized data 
showing the colocalization of Rab7a-GFP and Lamp-1-RFP in different groups of 
podocytes (n = 6). *p < 0.05 vs. Vehl group, #p < 0.05 vs. Ctrl group. Ctrl 
group. Ctrl, control; Vehl, vehicle; H2O2, hydrogen peroxide. 
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interaction. In addition, our results for the first time link NADPH 
oxidase-dependent ROS production to the regulation of lysosomal 
TRPML1 channel activity and lysosome-MVB interaction in podocytes. 

To further confirm our findings, we tested whether H2O2 as a com-
mon endogenous ROS can mimic the effect of Hcy on TRPML1 channel 
activity, lysosome-MVB interaction, and exosome secretion in podo-
cytes. Our results showed that H2O2 enhanced activation of NLRP3 
inflammasomes, formation of MVBs containing inflammatory cytokines, 
and release of inflammatory exosomes in a dose-dependent manner. 
Moreover, H2O2 was found to inhibit TRPML1 channel activity and 
lysosome-MVB interaction in podocytes. A recent study has focused on 
the regulation of TRPML1 channel by ROS or oxidants in some cell lines 
[51]. The actions of a variety of commonly used oxidants on TRPML1 
channel have been tested in this study. As a non-selective strong oxidant, 
chloramine-T was found to induce the opening of TRPML1 channel with 
a potency comparable to those of PI(3,5)P2 and ML-SA1. Meanwhile, it 
was found that several other commonly used oxidants, including NaOCl, 
N-chlorosuccinimide, H2O2, t-butyl hydroperoxide (TBHP), and 
thimerosal, activated the TRPML1 channel less potently. However, 
cysteine-modifying oxidants such as DTNB and DTNP did not affect the 
activity of TRPML1 channel. Similarly, 4-HNE, a reactive lipid peroxi-
dation intermediate, and SNAP, a NO-donor, failed to induce the 
opening of TRPML1 channel. Among these different oxidants, only H2O2 
mimicked the mitochondrial ROS, although the dose of H2O2 used in the 
study was extremely high (10 mM). These results suggest that different 
forms of ROS or oxidants at different levels may play diverse roles in the 
regulation of TRPML1 channel activity. Functionally, carbonyl cyanide 
m-chlorophenylhydrazone (CCCP), a mitochondrial respiration inhibi-
tor commonly used to induce ROS production, was found to induce 
autophagic clearance of damaged mitochondria through activation of 
TRPML1 channel [51]. Conversely, another previous study has shown 
that CCCP induced autophagosome accumulation and apoptosis through 
activation of TRPML1 channels [52]. It has been found that many 
compounds, including N-acetylcysteine, ferulic acid, and trehalose, 
reduce ROS and enhance autophagy simultaneously [53–55]. These 
findings may support the possibility that ROS inhibits lysosome function 
through blockade of TRPML1 channels. In the present study, our find-
ings suggest that ROS may contribute to inflammatory exosome release 
from podocytes by inhibition of TRPML1 channel activity under path-
ological conditions, such as hHcy. 

In addition to podocyte, the pathological role of ROS has been re-
ported in other cell types such as endothelial cells and smooth muscle 
cells [56,57]. During obesity, visfatin-induced NLRP3 inflammasome 
activation in vascular endothelial cells importantly contributes to the 
initiation of endothelial inflammatory response, leading to arterial 

inflammation and endothelial dysfunction in mice [58]. This action of 
visfatin is attributed to ROS production by NADPH oxidase [59]. In mice 
fed with high-fat diet, NADPH oxidase-dependent ROS production in 
smooth muscle cells contributes to exercise intolerance, vascular 
inflammation, and augmented adipogenesis in mice fed with high-fat 
diet [60]. Smooth muscle-specific knockout of p22phox, a NADPH oxi-
dase subunit, has been found to block high-fat diet-induced weight gain 
and leptin resistance and reduce T-cell infiltration to perivascular fat 
[60]. Recently, it has been reported that NADPH oxidase-dependent 
ROS production induces lung endothelial cell dysfunction via activa-
tion of CaMKII/ERK1/2/MLCK pathway [61]. These findings imply that 
in addition to inflammatory pathways endogenously produced ROS may 
contribute to the pathogenesis via noninflammatory pathways. In our 
future study, it would be interesting to test whether NADPH 
oxidase-dependent ROS production induces podocyte injury during 
hHcy via noninflammatory pathways. 

In summary, the present study demonstrated that Hcy inhibited 
lysosomal TRPML1 channel activity via enhancement of ROS production 
by NADPH oxidase, which caused less lysosome-MVB interaction and 
more exosome release in podocytes. These exosomes may mediate the 
secretion of NLRP3 inflammasome products in podocytes after Hcy 
stimulation. Given that hHcy has been reported to induce podocyte 
NLRP3 inflammasome activation and glomerular inflammation, our 
findings indicate that exosome secretion may serve as a pathogenic 
mechanism mediating the release of inflammatory cytokines produced 
by NLRP3 inflammasome in podocytes. Targeting TRPML1 channel may 
be a potential therapeutic strategy to attenuate podocyte-derived in-
flammatory exosome release and consequent glomerular inflammation 
during hHcy. 
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