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Abstract
Background/Aims: Previously, we demonstrated that blockade of the intracellular clearance 
systems in human retinal pigment epithelial (RPE) cells by MG-132 and bafilomycin A1 (BafA) 
induces NLRP3 inflammasome signaling. Here, we have explored the activation mechanisms 
behind this process. NLRP3 is an intracellular receptor detecting factors ranging from the 
endogenous alarmins and adenosine triphosphate (ATP) to ultraviolet radiation and solid 
particles. Due to the plethora of triggers, the activation of NLRP3 is often indirect and can 
be mediated through several alternative pathways. Potassium efflux, lysosomal rupture, 
and oxidative stress are currently the main mechanisms associated with many activators. 
Methods: NLRP3 inflammasomes were activated in human RPE cells by blocking proteasomes 
and autophagy using MG-132 and bafilomycin A1 (BafA), respectively. P2X7 inhibitor 
A740003, potassium chloride (KCl), and glyburide, or N-acetyl-L-cysteine (NAC), ammonium 
pyrrolidinedithiocarbamate (APDC), diphenyleneiodonium chloride (DPI), and mito-TEMPO 
were added to cell cultures in order to study the role of potassium efflux and oxidative 
stress, respectively. IL-1β was measured using the ELISA method. ATP levels and cathepsin 
B activity were examined using commercial kits, and ROS levels using the fluorescent dye 
2´,7´-dichlorodihydrofluorescein diacetate (DCFDA). Results: Elevated extracellular potassium 
prevented the priming factor IL-1α from inducing the production of reactive oxygen species 
(ROS). It also prevented IL-1β release after exposure of primed cells to MG-132 and BafA. 
Inflammasome activation increased extracellular ATP levels, which did not appear to trigger 
significant potassium efflux. The activity of the lysosomal enzyme, cathepsin B, was reduced by 
MG-132 and BafA, suggesting that cathepsin B was not playing any role in this phenomenon. 
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Instead, MG-132 triggered ROS production already 30 min after exposure, but treatment with 
antioxidants blocking NADPH oxidase and mitochondria-derived ROS significantly prevented 
IL-1β release after this activating signal. Conclusion: Our data suggest that oxidative stress 
strongly contributes to the NLRP3 inflammasome activation upon dysfunctional cellular 
clearance. Clarification of inflammasome activation mechanisms provides novel options for 
alleviating pathological inflammation present in aggregation diseases, such as age-related 
macular disease (AMD) and Alzheimer’s disease.

Introduction

Nucleotide-binding domain and Leucine-rich repeat Receptor containing a Pyrin 
domain 3 (NLRP3) is an intracellular pattern-recognition receptor (PRR) capable of forming 
a structure called the inflammasome [1]. An assembly of the protein complex containing 
NLRP3 receptors which are connected to the caspase-1 enzyme through the adaptor protein 
apoptosis-associated speck-like protein containing CARD (ASC) results in the caspase-1-
mediated cleavage of two pro-inflammatory cytokines IL-1β and IL-18 into their mature forms 
that can then be released from the cell [1]. Almost any danger signal ranging from extreme 
temperatures to solid particles can trigger the NLRP3 oligomerization and the subsequent 
formation of the inflammasome [2]. Due to the plethora of stimulants, the activation of 
NLRP3 is mainly indirect with three leading mechanisms having been associated with 
the process i.e. potassium efflux, lysosomal destabilization, and the generation of reactive 
oxygen species (ROS).

Potassium leakage from the cell can be triggered in at least three different ways; 1) by 
extracellular adenosine triphosphate (ATP) that activates ATP-gated ion channels, 2) by 
membrane-permeating molecules, such as bacterial toxins that form pores through the cell 
membrane, or 3) by high extracellular Ca2+ levels [3-7]. Lysosomal destabilization has been 
associated with many NLRP3 activators such as monosodium urate (MSU) crystals, asbestos, 
alum, and silica, which are taken up into cells via phagocytosis [8, 9]. Incomplete (frustrated) 
phagocytosis causes lysosomal rupture and the release of the lysosomal enzyme, cathepsin 
B, which has been shown capable of activating NLRP3 [10, 11]. Since NLRP3 activators 
generally have several effects on the cell, it has also been postulated that particulate matter 
and other agents potentially rupturing the lysosomal membrane could induce potassium 
efflux, which would then serve as the ultimate activator of NLRP3 [7]. In addition to its effect 
on potassium efflux, ATP is also capable of inducing both cathepsin B release and oxidative 
stress [12, 13]. Particle phagocytosis has also been shown to induce an NADPH oxidase-
mediated ROS production; if this phenomenon can be prevented, then the inflammasome 
does not become activated [9]. In addition to NADPH oxidase activity, mitochondria are 
another major ROS source in the cells since in these organelles, ROS are generated as by-
products of ATP-producing oxidative phosphorylation. Disturbances in the mitochondrial 
electron transport chain increase ROS production; for example, this has been shown to 
predispose macrophages to inflammasome activation after their exposure to ATP [14, 15]. 
In summary, these examples emphasize that NLRP3 has multiple activation mechanisms and 
many of them seem to be highly dependent on local conditions.

In this study, we have explored the activation mechanism of NLRP3 in our aggregation 
model utilizing human retinal pigment epithelial (RPE) cells where the blockade of 
proteasomes and autophagy is known to induce inflammasome signaling [16]. Post-mitotic 
RPE cells, that play the critical role in the pathogenesis of age-related macular degeneration 
(AMD), share various features with the role of neurons in Alzheimer’s disease. Considering 
the crucial role of the NLRP3 inflammasome in both health and disease, understanding the 
activation process is essential if we are to consider this structure as a potential therapeutic 
target.
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Materials and Methods

Cells and stimulations
Majority of this study has been performed on human ARPE-19 line cells that are adequately available 

for all necessary repetitions in order to verify the findings with certainty. The inflammasome activation has 
been achieved by blocking intracellular degradation systems using our previously optimized protocol [16]. 
In this model, proteasomes and autophagy are blocked by MG-132 and bafilomycin A1 (BafA), respectively. 
BafA has also been replaced by chloroquine with similar results [16]. Since the model set up, we have proven 
that this protocol is working also on primary human RPE cells and RPE cells differentiated from human 
embryonal stem cells (hESC-RPE cells; data not shown).

ARPE-19 cells were purchased from the American Type Culture Collection (ATCC, Manassas, VA, USA). 
The cells were cultured in standard conditions of humidified 5% CO2 atmosphere at 37 ºC in Dulbecco’s 
modified Eagle’s medium (DMEM) and nutrient mixture F-12 1:1 mixture (Life Technologies, Carlsbad, CA, 
USA) containing 10% inactivated fetal bovine serum (FBS; Thermo Fisher Scientific, Waltham, MA, USA), 
100 units/ml penicillin, 100 µg/ml streptomycin, and 2 mM L-glutamine (Lonza, Basel, Switzerland). In the 
experiments, cells were plated on 12-well plates (Sigma-Aldrich, St. Louis, MO, USA) at a concentration of 
200 000 cells/ml/well in serum-containing medium and incubated for three days. Confluent cell cultures 
were washed with serum-free medium and primed with recombinant human IL-1α (4 ng/ml; R&D Systems, 
Minneapolis, NE, USA) in serum-free medium. After 24 h incubation, the cells were exposed to MG-132 
(5 µM; Calbiochem) for 24 h. The cells were further stimulated with bafilomycin A1 (BafA, 50 nM; Sigma-
Aldrich) for an additional 24 h. Cell cultures were also exposed to the P2X7 inhibitor A740003 (50 µM; 
Santa Cruz Biotechnology, Dallas, TX, USA) or 50 mM KCl (potassium chloride) simultaneously with IL-1α. 
N-acetyl-L-cysteine (10 mM; NAC), ammonium pyrrolidinedithiocarbamate (50 µM; APDC), or glyburide 
(200 µM) were added 5 min prior to MG-132, and mito-TEMPO (200 µM) or diphenyleneiodonium chloride 
(20-30 µM; DPI; all from Sigma-Aldrich) 1 h before MG-132 where indicated.

Test conditions, such as concentrations and incubation times, were optimized separately for each 
chemical prior to experiments reported here. MG-132+BafA is known to cause some damage to the plasma 
membrane, which can be seen as increased release of lactate dehydrogenase (LDH) [16] but the cells still 
remain functional and the factors measured from medium have not entered there through passive leakage. 
In addition to our unpublished data, it can be seen in our previous publication that e.g. the levels of IL-1β 
were significantly different when measured either from the cell lysates or the culture medium samples [16]. 
In case of severely ruptured membranes, the concentrations would have remained closer to each other.

Sample preparation
Medium samples and cell lysates were collected 24 h after the BafA treatment. Cells were rinsed with 

1x Dulbecco’s phosphate buffered saline (DPBS; Lonza) before lysis with the specific buffer for the cathepsin 
B activity assay (Abnova). The cell lysates were centrifuged (16 060 x g, 10 min) and supernatants were 
transferred into clean microtubes. Protein concentrations were measured by the Bradford method from cell 
lysates [17]. Both medium samples and cell lysates were stored at −70 ºC until analyzed.

Enzyme-linked immunosorbent assay (ELISA) measurements
Concentrations of the pro-inflammatory cytokine IL-1α were determined using a commercial ELISA set 

(BD, Franklin Lakes, NJ, USA). The assay was performed from the cell culture medium samples as described 
previously [16]. We have optimized the ELISA kit to detect lower IL-1β concentrations than reported by 
the manufacturer. We have verified our protocol by comparing the results to those obtained using the 
eBioscience™ human IL-1beta High Sensitivity ELISA (eBioscience, San Diego, CA, USA), and the assay 
functionality has persevered highly constant and repeatable. We have also shown that this assay measures 
mature IL-1β rather than inactive pro-IL-1β [16]

ATP measurement
Extracellular ATP was measured from cell culture medium samples using a commercial kit (ATP 

Determination Kit, Thermo Fisher Scientific) according to the manufacturer’s protocol.
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Cathepsin B activity assay
Cathepsin B activity was measured from cell lysates with commercial kits (R&D Systems and Abnova, 

respectively) according to the manufacturers’ protocol. Results were normalized to protein concentrations.

ROS detection
Cells were plated on 96-well plates (Corning, NY, USA) at a concentration of 20 000 cells/well in 0.1 

ml of serum-containing medium, and incubated for two days. Confluent cell cultures were exposed for 24 h 
to IL-1α (4 ng/ml) and KCl (50 mM) in serum-free medium where indicated. Thereafter, 5 µM MG-132 and 
10 µM ROS-sensitive fluorescent dye 2´,7´-dichlorodihydrofluorescein diacetate (DCFDA; Thermo Fisher 
Scientific) were added to the cultures for 0.5, 1, or 2 h.  After incubation at +37°C and 5% CO2, the cell 
culture medium was removed, the cells were washed once with DPBS (Gibco), and fresh DPBS was added. 
Intracellular ROS production was measured using a spectrofluorometer (Cytation 3, Biotek Instruments Inc, 
Winooski, USA) with an excitation λ of 485 nm and emission λ of 530 (ex/em = 485/530 nm).

Statistical analysis
Statistical analyses were conducted using the GraphPad Prism (Graphpad Software, San Diego, CA). 

Pairwise comparisons were performed using the Mann–Whitney U-test and p-values of 0.05 or less were 
considered significant. In cases the relative differences wanted to be emphasized, the data of treated cells 
have been compared to the mean of their most relevant control group.

Results

Potassium efflux does not play a major role in the inflammasome activation by MG-
132+BafA
Since the activation of ATP-gated cation channels can result in potassium efflux, we first 

measured the levels of extracellular ATP from our cell culture medium samples. An exposure 
of IL-1α-primed ARPE-19 cells separately to either MG-132 or BafA showed increasing 
(after MG-132) and decreasing (after BafA) trends in the levels of extracellular ATP. When 
administered together, they significantly increased the amounts of extracellular ATP (Fig. 1). 
This finding pointed to the possibility that ATP could promote potassium efflux-mediated 
NLRP3 activation by opening ATP-sensitive K+ channels. However, inhibition of the potassium 
channel/ATP receptor P2X7 by the specific inhibitor A740003 did not significantly reduce 
the levels of IL-1β cytokine released from the MG-132 and BafA-treated RPE cells (Fig. 2A), 
suggesting that P2X7 was unlikely to mediate potassium efflux for activating the inflammasome. 
The result was similar also with glyburide, a functional inhibitor of ATP-sensitive potassium 
channels (KATP), which previously has been shown to inhibit NLRP3 inflammasome-mediated 
signaling [18, 19] (Fig. 2B). Furthermore, when we elevated the extracellular potassium 
levels (with KCl), i.e. a property that should be capable of preventing potassium efflux being 
induced by any means, this also failed to reduce the MG-132+BafA-induced IL-1β production 
in IL-1α-primed ARPE-19 cells (Fig. 2C). 
Although ATP is a widely known and strong 
inflammasome activator in macrophages, 
we have not been able to repeat that on RPE 
cells (data not shown). Numerous different 
possibilities have been tested but trials 
still need to be continued. Together, these 
suggest that ATP is not at least as obvious 
inflammasome activator in RPE cells as it is 
in macrophages, and the role of potassium 
efflux may not be the principal mechanism 
in the inflammasome activation upon 
dysfunctional cleanup.

Fig. 1. The levels of 
extracellular ATP in the 
culture medium following 
the inflammasome 
activation of IL-1α-
primed RPE cells by MG-
132+bafilomycin A (BafA). 
Data combined from 3 
independent experiments 
with 4-6 replicate 
samples/group in each 
experiment are presented 
as mean ± SEM. **p<0.01, Mann -Whitney U-test.
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Cathepsin B does not contribute to the 
inflammasome activation by MG-132 
and BafA
The possible role of lysosomal enzyme 

cathepsin B in the NLRP3 activation was 
evaluated by measuring the cathepsin B 
activity from cell lysates. IL-1α alone did 
not affect the cathepsin B activity but the 
exposure of ARPE-19 cells to MG-132 and 
BafA significantly reduced the enzyme’s 
activity i.e. cathepsin B activity in treated 
cells was only 12.7 % from that of untreated 
control cells (Fig. 3). Concurrently, the IL-
1β release from the cells was significantly 
increased (Figs. 1-2). Therefore, active 
cathepsin B which has been associated with 
the NLRP3 activation in other systems (10, 
11), did not appear to be the mechanism in 
our set-up.

Challenges in intracellular clearance 
promote ROS production in human RPE 
cells
We observed in our previous 

study that the MG-132+BafA treatment 
significantly increased oxidative stress 
by upregulating the intracellular levels 
of the lipid peroxidation end product, 
4-hydroxynonenal (HNE) [16]. Since MG-
132 is already capable of inducing the inflammasome activation in primed RPE cells and 
BafA merely potentiates the response, the production of short-living ROS was studied right 
after the addition of the first activating signal (MG-132). We determined intracellular ROS 
production by adding DCFDA to cell cultures concomitantly with MG-132, and followed the 
ROS levels for two hours. We observed that MG-132 induced significant ROS production 
already 30 min after the proteasome inhibition (Fig. 4A). The increase in ROS levels 
proceeded until 1 h but did not increase further after that (Fig. 4A). MG-132 induced ROS 
production also in unprimed cells (Fig. 5). The result is in accordance with our previous 
data showing inflammasome activation by MG-132 and BafA without IL-1α priming (16). 
Interestingly, the priming of RPE cells with IL-1α significantly increased the ROS production 
(Fig. 4B). Conversely, a high extracellular K+ level that prevented potassium efflux from the 
cells, significantly reduced the ROS production of IL-1α-treated ARPE-19 cells (Fig. 4B). MG-

Fig. 3. Cathepsin B activity 
in ARPE-19 cells upon the 
inflammasome activation. Data 
combined from 3 independent 
experiments with 1-3 replicate 
samples/group in each 
experiment are presented as 
mean ± SEM. *p<0.05, Mann 
-Whitney U-test.

Fig. 4. 
Intracellular 
R O S 
production. 
ROS were 
detected at 
d i f f e r e n t 
timepoints 
f o l l o w i n g 
the MG-132 
treatment of primed ARPE-19 cells (A). Additionally, 
the effect of high extracellular potassium levels 
on the ROS production at 1h was studied (B). Data 
combined from 5-7 independent experiments with 
5-8 replicate samples/group in each experiment are 
presented as mean ± SEM. *p<0.05, ***p<0.001, ns - 
not significant, Mann -Whitney U-test.

Fig. 2. The effect of potassium efflux blockade 
on the release of IL-1β cytokine from ARPE-19 
cells upon the inflammasome activation. Possible 
potassium leakage from cells was prevented by 
inhibiting ATP-sensitive ion channels using a P2X7 
inhibitor  (A) or by glyburide  (B). Moreover, K+ 
efflux was blocked by increasing the extracellular 
level of potassium by KCl  (C). IL-1α released from 
the cells was measured from medium samples 
using the ELISA technique. Data combined from 
2-8 independent experiments with 4-8 replicate samples/group in each experiment are presented as mean 
± SEM. ***p<0.001, ns - not significant, Mann -Whitney U-test.
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132 restored the ROS production to a similar level as detected with IL-1α alone but did not 
achieve the significantly increased ROS levels induced by MG-132 in primed cells without the 
presence of high extracellular potassium (Fig. 4B). These data suggest that potassium efflux-
induced ROS production may play a role in the priming of RPE cells by IL-1α.

Antioxidants reduce the IL-1β secretion from MG-132 and BafA-treated RPE cells
In order to study the role of ROS in NLRP3 activation, we applied ROS scavengers NAC 

and APDC to cell cultures for reducing the oxidative stress. Treatment with the glutathione 
precursor NAC did not result in any change in the MG-132+BafA-induced IL-1β release; in 
contrast APDC, an inhibitor of NADPH oxidase significantly reduced the levels of extracellular 
IL-1β (Fig. 6A). The role of NADPH oxidase-dependent ROS production in the IL-1β release 
was confirmed by treatment with DPI, another inhibitor of NADPH oxidase-derived ROS 
(Fig. 6B). A significant decrease in the IL-1β release was obtained also by the mitochondrial 
ROS scavenger mito-TEMPO (Fig. 6C). These data are considered evidence that both NADPH 
oxidase and mitochondria-derived ROS contribute to the IL-1β secretion in our aggregation 
model.

Discussion

In the present study, we found that oxidative stress was the major mechanism 
contributing to the NLRP3 inflammasome activation in human RPE cells exposed to MG-
132 and BafA, two compounds which together block the intracellular clearance of protein 
aggregates and dysfunctional organelles. NAC is a synthetic precursor of glutathione (GSH) 
that serves as a substrate for ROS-scavenging enzymes [20]. In human breast cancer cells, 
NAC has been shown to inhibit the effects of several proteasome inhibitors including MG-
132 [21]. Despite its dual role as an antioxidant and a proteasome inhibitor blocker, NAC 
displayed the least efficacy on the IL-1β release in our model when compared to other anti-
oxidative molecules. DPI has been reported to block both NADPH oxidase and mitochondria-
derived ROS but with respect to the latter, DPI concentrations should be higher than those 
(20-30 µM) used in our studies [22, 23]. However, in order to exclude the possibility that 
DPI would be affecting also the mitochondria-derived ROS in our system, e.g. due to cell-

Fig. 5. ROS production by MG-132 in unprimed ARPE-19 cells. Cells were grown 
until confluent (initially 20  000 cells/well on a 96 well plate), and DCFDA (10 
uM) was added with MG-132 (5 uM) following the incubation for 1 h before 
the detection by a fluorometer (ex488nm/em528nm). Data combined from 3 
independent experiments with 12 or 24 parallel samples per group are presented 
as mean ± SEM. ***p<0.001, Mann-Whitney U-test.

Fig. 6. The role of ROS in the IL-1β release 
induced by MG-132 and BafA. Intracellular 
ROS were inhibited with NAC, APDC (A), 
DPI (B), or mito-TEMPO (C), and IL-1β was 
measured from the culture medium using 
the ELISA technique. Data combined from 
2-3 independent experiments with 4-6 
parallel samples per group are presented as 
mean ± SEM. *p<0.05, **p<0.01, ***p<0.001, 
ns = not significant, Mann-Whitney U-test.
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dependent differences between macrophages and RPE cells, we also used APDC, another 
inhibitor of NADPH oxidase-derived ROS. Since both inhibitors caused similar effects, we 
conclude that the NADPH oxidase pathway in addition to mitochondria-derived ROS is 
participating in the inflammasome activation evoked by MG-132 and BafA.

Bauernfeind et al. reported that in macrophages, ROS were important in the priming 
but not in the activation of NLRP3 inflammasome [23]. Interestingly, we observed that 50 
mM extracellular KCl (i.e. a concentration that prevents potassium leakage from the cell), 
blocked the ROS production induced by the priming signal IL-1α. This suggests that IL-
1α-induced potassium efflux-linked ROS production can promote the NLRP3 priming also 
in human RPE cells. Under these conditions, MG-132 and BafA did not result in increased 
IL-1β release, which may be a consequence of incomplete priming. In a study with bone-
marrow derived mouse macrophages (BMDMs), ROS were not needed either for priming 
or for the activation of NLRP3 by bacterial toxins, particulate matter, or ATP [7]. Instead, 
the researchers considered potassium efflux to be the common factor responsible for the 
NLRP3-mediated signaling. Guha et al. have provided data that BzATP could result in IL-1β 
release from RPE cells by binding to P2X7 receptors [24]. In our system, the inhibition of ATP-
dependent ion channels exerted no effect on the IL-1β release, suggesting that IL-1α may 
have induced potassium leakage by some means other than through ATP-gated channels. 
Our results also indicated that IL-1α alone did not increase the levels of extracellular ATP. 
This supports the idea that ATP release rather followed than preceded the inflammasome 
signaling. In contrast to the study of Bauernfeind et al. [23], in our present study, it was clear 
that ROS were playing a central role in the inflammasome activation process. This became 
evident when ROS scavengers were added after the priming signal. Thereby, our data is also 
in line with the numerous studies indicating that increased oxidative stress is a mechanism 
capable of achieving NLRP3 activation [14, 15, 25-27].

Since elevated ROS production can result in the permeabilization of lysosomal 
membranes [28], and lysosomal rupture has been shown to activate NLRP3 inflammasomes 
in ARPE-19 cells [29], we also examined this possibility. It appears that the presence of 
cathepsin B is not enough but its enzymatic activity is needed for NLRP3 activation [10, 11, 
30]. However, Hornung et al. showed in mouse macrophages treated with silica crystals that 
cathepsin B activity and caspase-1 activity do not exist at the same time [10]. They suggested 
that the loss of cathepsin B activity after the lysosomal rupture rapidly activated caspase-1. 
Our results are in line with that hypothesis, since we observed significantly reduced enzyme 
activity despite the inflammasome activation. The loss of enzymatic activity was not 
surprising since MG-132 and BafA are both known to inactivate or prevent the activation of 
cathepsin B [31-33].

NLRP3 is an intracellular pattern recognition receptor (PRR) with complicated 
activation mechanisms due to the diverse nature of its activators and its apparent propensity 
for indirect ligand sensing instead of direct contact and recognition. In this study, we found 
oxidative stress to be the predominant mechanism in the NLRP3 activation process in human 
RPE cells with impaired intracellular clearance. This resembles the situation in the RPE 
cells of patients with age-related macular degeneration (AMD), which is the most common 
vision-threatening disease of the elderly in Western countries [34, 35]. Chronic, low level 
inflammation is involved in the pathogenesis of AMD and recently, NLRP3 inflammasome 
signaling has been implicated as having a crucial role in this process [27, 36-38]. Clarifying 
the activation mechanisms of NLRP3 will represent a major step forward in leading to novel 
treatments for chronic inflammation-related diseases such as AMD.
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