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Highlights 

i.) Microglia activation induces cathepsin X expression and its activity. 

ii.) Cathepsin X inhibition suppresses microglia activation. 

iii.) Cathepsin X mediates microglia activation-mediated neurodegeneration. 

iv.) Cathepsin X inhibition exerts neuroprotection.  

 

 

 

 

 

 

 

 

Abbreviations: 6-OHDA, 6-hydroxydopamine; BSA: bovine serum albumin; CNS, central nervous 
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6, interleukin-6; JNK, Jun-N-terminal kinase; LPS, lipopolysaccharide; MAPK, mitogen-activated 
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Abstract 

Inflammation plays a central role in the processes associated with neurodegeneration. The 

inflammatory response is mediated by activated microglia that release inflammatory 

mediators to the neuronal environment. Microglia-derived lysosomal cathepsins, including 

cathepsin X, are increasingly recognized as important mediators of the inflammation involved 

in lipopolysaccharide (LPS)-induced neuroinflammation. The current study was undertaken 

to investigate the role of cathepsin X and its molecular target, γ-enolase, in 

neuroinflammation and to elucidate the underlying mechanism. We determined that the 

exposure of activated BV2 and EOC 13.31 cells to LPS led to increased levels of cathepsin X 

protein and activity in the culture supernatants in a concentration- and time-dependent 

manner. In contrast, LPS stimulation of these two cells reduced the release of active γ-

enolase in a manner regulated by the cathepsin X activity. Cathepsin X inhibitor AMS36 

significantly reduced LPS-induced production of nitric oxide, reactive oxygen species and the 

pro-inflammatory cytokines interleukin-6 and tumor necrosis factor-α from BV2 cells. 

Inhibition of cathepsin X suppressed microglial activation through the reduced caspase-3 

activity, together with diminished microglial cell death and apoptosis, and also through 

inhibition of the activity of the mitogen-activated protein kinases. Further, SH-SY5Y treatment 

with culture supernatants of activated microglial cells showed that cathepsin X inhibition 

reduces microglia-mediated neurotoxicity. These results indicate that up-regulated 

expression and increased release and activity of microglial cathepsin X leads to microglia 

activation-mediated neurodegeneration. Cathepsin X inhibitor caused neuroprotection via its 

inhibition of the activation of microglia. Cathepsin X could thus be a potential therapeutic 

target for neuroinflammatory disorders. 

Keywords: Cathepsin X, γ-Enolase, Microglia, Neuroinflammation, Neuroprotection. 
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1. Introduction 

Microglial cells are macrophage-like cells resident in the central nervous system (CNS) that 

have a ramified morphology. Their proper function is required for optimal brain function and 

for the prevention of neuroinflammation and neurodegeneration. During loss of brain 

homeostasis, which is dangerous for the CNS, microglia receive signals by a number of 

receptors. These signals evoke rapid changes in microglial cell shape, gene expression and 

functional behavior, together known as “microglial activation”. Activation of microglia is the 

hallmark of neurodegenerative disorders associated with chronic neuroinflammation. It is 

characterized by increased phagocytic activity and intensive production of pro-inflammatory 

molecules including chemokines, cytokines, reactive oxygen species (ROS), and nitric oxide 

(NO) (Kettenmann et al., 2011). On the other hand, in response to neuronal injury, microglia 

secrete neurotrophic factors that support the remaining healthy neurons (Nakajima et al., 

2001, Schindowski et al., 2008). It is now widely accepted that microglia play important roles 

in homeostasis and pathogenesis in the CNS (Li et al., 2007). 

There is increasing evidence that activated microglia also induce the synthesis and 

secretion of lysosomal cathepsins (Kingham and Pocock, 2001, Nakanishi, 2003a, Wendt et 

al., 2009, Clark and Malcangio, 2012, Fan et al., 2012, Hafner et al., 2013, Lively and 

Schlichter, 2013, Fan et al., 2015). Cysteine cathepsins constitute the largest cathepsin 

family, including the 11 members (cathepsins B, C, F, H, K, L, O, S, W, V and X) that 

possess a conserved active site involving cysteine, histidine and asparagine residues in the 

catalytic triad (Rawlings et al., 2012). They are synthesized as inactive precursors that are 

normally activated in the acidic environment of lysosomes. For this reason, they were 

considered as, primarily, being involved in non-specific catabolism of intracellular proteins 

(Turk et al., 2000, Turk et al., 2001). However, cathepsins have been found to regulate a 

number of other important physiological and pathological processes (reviewed in (Pislar and 

Kos, 2014)). Many studies have been focused on cathepsins B, L, and S that appear to be 

most active proteases in the inflammatory response and play a key role in the neurotoxic 
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effects (reviewed in (Pislar and Kos, 2014)). In contrast, cathepsin X has been far less 

studied in this respect.  

The role of cathepsin X, a cysteine cathepsin with solely carboxypeptidase activity, is 

restricted to cells of the immune system, predominantly monocytes, macrophages, and 

dendritic cells (Kos et al., 2005, Kos et al., 2009). Cathepsin X expression and proteolytic 

activity were recently found to be strongly upregulated in mouse brain, in particular in glial 

cells and aged neurons (Wendt et al., 2007, Hafner et al., 2013). Its association with 

inflammation-induced neurodegeneration has also been reported (Stichel and Luebbert, 

2007). The neurodegenerative action of cathepsin X involves the sequential cleavage of the 

C-terminal amino acids of γ-enolase that abolishes its neurotrophic activity (Obermajer et al., 

2009). In this way, neuronal survival and neuritogenesis, mediated by active γ-enolase inside 

the cells and that which is released from microglia, can be regulated, leading to impaired 

neuroprotection (Hafner et al., 2012, Hafner et al., 2013). Additionally, cathepsin X plays an 

important role in the neuronal injury induced by the neurotoxic stimulant 6-hydroxydopamine 

(6-OHDA), and could thus be involved in chronic neurodegenerative disorders resulting from 

progressive loss of dopaminergic neurons in the substantia nigra (Pislar et al., 2014). 

Substantially increased secretion of cathepsin X from microglia has been observed in 

response to the inflammatory stimulus induced by lipopolysaccharide (LPS) that induces 

death of the nigral dopaminergic neurons through microglial activation (Wendt et al., 2009). 

However, the role of cathepsin X in neuroinflammation and the underlying mechanism 

remain elusive.  

For these reasons, we have examined the expression pattern, release and cell 

localization of cathepsin X and its proteolytic target, γ-enolase, in LPS-stimulated microglial 

BV2 and EOC 13.31 cells. Using the cathepsin X specific inhibitor AMS36, cathepsin X 

inhibition has been shown to play an anti-inflammatory role in LPS-stimulated microglial cells. 

Furthermore, the detailed molecular mechanisms underlying the anti-inflammatory and 

neuroprotective effects of cathepsin X inhibition have been analyzed. 
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2. Material and Methods 

2.1. Cell cultures 

Mouse microglial BV2 cells were a generous gift from Dr. Alba Minelli (University of Perugia, 

Perugia, Italy). Mouse microglial EOC 13.31 cells (CRL-2468) and human SH-SY5Y (CRL-

2266) cells from the American Type Culture Collection (Manassas, VA, USA). BV2 and SH-

SY5Y cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Sigma, St. Louis, 

MO, USA) supplemented with 10% fetal bovine serum (FBS) (HyClone, Logan, UT, USA), 2 

mM L-glutamine, 50 U/ml penicillin and 50 µg/ml streptomycin (Sigma). The cells were 

maintained at 37 °C in a humidified atmosphere of 95% air and 5% CO2, and grown to 80% 

confluence. EOC 13.31 cells were grown at 37 °C in DMEM (Sigma) supplemented with 

mouse macrophage colony stimulating factor 1 (R&D Systems, Minneapolis, M) at a 

concentration of 20 ng/ml, 10% FBS (Hyclone, Logan, UT), 2 mM L-glutamine (Sigma), 50 

U/ml penicillin and 50 µg/ml streptomycin (Sigma) and maintained in a humidified 

atmosphere containing 5% CO2. Confluent cells were subcultured two or three times per 

week using 0.25% trypsin. 

2.2. Activation of microglial cells 

Confluent BV2 and EOC 13.31 cells were stimulated with LPS at 0.1 to 10 µg/ml (L6529, 

Escherichia coli 055:B5, Sigma) in serum-free medium for 24 h or the time indicated. 

Successful activation was checked routinely by measurement of nitrite in the culture 

supernatants, using the Griess reagent system as described below.  

When required and 1 h prior to LPS stimulation, microglial cells were pretreated with 

AMS36, a specific, irreversible inhibitor of cathepsin X (1-10 µM), synthesized as reported 

(Pislar et al., 2014), or with the γ-ENO peptide (25-100 nM) (custom made by Biosynthesis, 

Lewisville, TX, USA) that corresponds to the C-terminal 30 amino acid sequence of human 

brain γ-enolase. After stimulation, the microglial cells were harvested and aliquots of the 

supernatants taken for ELISAs, activity assays, flow cytometric analysis, western blotting and 
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staining by immunofluorescence. In the case of the co-culture model, the supernatants of 

microglial cells were collected, centrifuged (1200Xg, 5 min) to remove any cellular material, 

and transferred to cultured neuroblastoma SH-SY5Y cells. 

2.3. The microglial culture supernatant (MCS) transfer model  

To test the effect of soluble factors secreted by activated microglia, confluent SH-SY5Y cells 

were cultured in complete medium and treated, for 24 h, with the supernatants of stimulated 

microglial BV2 cells containing 1 µg/ml LPS and in the absence or presence (1 or 10 µM) of 

AMS36. After transfer of the MCS, SH-SY5Y cells were examined for neuronal viability and 

caspase activity, and by signaling pathway analysis and immunofluorescence staining. 

2.4. Quantification of nitrite 

After LPS stimulation, as described above, aliquots of the cell supernatants were removed 

and either stored at -80 ºC or used immediately for determination of nitrite content as an 

indicator of nitric oxide (NO) production (Liu et al., 2014). Accumulation of NO in culture 

supernatants was determined by the Griess reagent system (Promega, Madison, WI, USA), 

in accordance with the manufacturer’s instructions. Absorbance was measured with an 

automatic microplate reader (Tecan Safire2, Switzerland) at 550 nm. NaNO2 was used as the 

standard in calculating nitrite concentrations (µM). 

2.5. ELISAs 

To prepare culture supernatants and cell lysates for analysis of the protein levels of 

cathepsin X and γ-enolase, BV2 and EOC 13.31 cells were first stimulated as described 

above. The microglial culture supernatants were then collected, centrifuged and stored at -80 

ºC. The cells were washed with phosphate buffered saline (PBS), pH 7.4, harvested in cell 

lysis buffer (0.05 M sodium acetate buffer, pH 5.5, 1 mM EDTA, 0.1 M NaCl, 0.25% Triton X-

100) and stored at -80 ºC. Total protein concentration was determined by DC™ Protein 

Assay (Bio-Rad, Hercules, CA, USA). Cathepsin X was determined by ELISA, performed as 

reported (Kos et al., 2005), using goat anti-cathepsin X AF934 antibody (RD Systems, MN, 
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USA) as capture antibody and mouse anti-cathepsin X 3B10 monoclonal antibody 

conjugated with horseradish peroxidase (HRP) as detection antibody. To measure active γ-

enolase, microtiter plates were coated with equal aliquots of the protein in 0.01 M 

carbonate/bicarbonate buffer, pH 9.6, at 4 ºC. After blocking with 2% bovine serum albumin 

(BSA) in PBS, pH 7.4, for 1 h at room temperature, mouse antibody against C-terminal γ-

enolase (Santa Cruz Biotechnology, CA, USA), suitable for detecting its active form, was 

added. Following 2 h incubation at 37 ºC, the wells were washed and filled with anti-mouse 

antibody conjugated with HRP. After further 2 h incubation at 37 ºC, 200 µg/well of TMB 

substrate in 0.012% H2O2 was added. After 15 min, the reaction was stopped by adding 50 µl 

of 2 µM H2SO4. The amount of cleaved substrate was determined by measuring the 

absorbance at 450 nm, and the protein levels of cathepsin X and γ-enolase were expressed 

relative to those in untreated cells (control). 

2.6. Cathepsin X activity  

Cathepsin X activities in cell lysates and culture supernatants of activated microglial cells 

were measured with the cathepsin X-specific, intramolecularly quenched fluorogenic 

substrate Abz-Phe-Glu-Lys(Dnp)-OH, synthesized by Jiangsu Vcare Pharmatech Co. (China) 

as desrcribed previously (Pislar et al., 2014). After stimulation, culture supernatants were 

collected, centrifuged and stored at -80 ºC until used. Cell lysates were prepared in lysis 

buffer (0.05 M sodium acetate, pH 5.5, 1 mM EDTA, 0.1 M NaCl, 0.25% Triton X-100) and 

protein concentration was determined. An aliquot of 100 µl of microglial culture supernatant 

was incubated at 37 ºC with an aliquot of 100 µg of lysate proteins, followed by measurement 

of cathepsin X activity using 10 µM Abz-Phe-Glu-Lys(Dnp)-OH. The fluorometric reaction 

was quantified at 37 ºC at an excitation wavelength of 320 nm and emission wavelength of 

420 nm on a microplate reader (Tecan Safire2). Values are presented as change of 

fluorescence as a function of time (∆F/∆t) and cathepsin X activity was expressed relative to 

that of untreated cells (control). 
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2.7. Cell viability 

Cell viability was evaluated by [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-

sulfophenyl)-2H-tetrazolium (MTS) assay. BV2 and SH-SY5Y cells were seeded in complete 

medium in 96-well culture plates in quadruplicate (2 x 104/well). The next day, cells were 

treated as described above and, after the times indicated, cell viability was assessed using 

the CellTiter 96 Aqueous One Solution Cell Proliferation Assay (Promega), in accordance 

with the manufacturer’s instructions. The absorbance was measured with an automatic 

microplate reader (Tecan Safire2) at 490 nm. Values are expressed as a percentage of the 

untreated cells (control).  

2.8. Cytokine assay 

Cytokine release from cells was measured in culture supernatants obtained by centrifugation 

at 1200 rpm for 5 min and stored at -80 ºC until measurement. Cytokine production was 

assessed by flow cytometry using a BD cytometric bead array - human inflammatory cytokine 

kit containing beads for determining interleukin-6 (IL-6) and tumor necrosis factor α (TNF-α) 

(BD Biosciences; San Diego, CA, USA). Flow cytometric analysis was performed using a 

FACS Calibur flow cytometer with sorting option: four-color and CELLQuest software (BD 

Biosciences). Standard curves were generated using recombinant cytokines provided in the 

kit. The data were analyzed with FlowJo software (Tree Star, Inc.; Ashland, OR, U.S.A.).  

2.9. Determination of intracellular reactive oxygen species (ROS) 

Intracellular ROS generation was determined by staining the cells with dichlorofluorescein 

diacetate (DCFH-DA) probe (Sigma), using flow cytometry. BV2 cells were seeded in 24-well 

culture plates in duplicate (2 x 105/well) in complete medium. The next day, cells were 

treated as described above. Following 6 h stimulation, cells were washed with PBS and 

incubated with 10 µM DCFH-DA in pre-warmed PBS for 20 min at 37 ºC. The cells were then 

washed again with PBS, resuspended in culture medium, and analyzed by a FACS Calibur 

flow cytometer (BD Biosciences). The intensity of DCFH-DA fluorescence of the cells served 
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as a measure of ROS production. Data were analyzed using FlowJo software (Tree Star, 

Inc.) and values are expressed as fold increase of ROS production relative to that of 

untreated cells (control). 

2.10. Caspase 3/7 activity assay 

The activity of caspase 3/7 was measured in total cell lysates of BV2 and SH-SY5Y cells (1 x 

106/mL) stimulated as described above. After 24 h stimulation, cell lysates were prepared 

and caspase 3/7 activity was measured utilizing a fluorescent Ac-DEVD-AFC peptide 

substrate (Bachem, Bubendorf, Switzerland)  as described (Murn et al., 2004). Fluorescence 

was monitored continuously for 30 min using a fluorescence microplate reader (Tecan 

Safire2) at an excitation wavelength of 405 nm and emission wavelength of 535 nm. Values 

are presented as change of fluorescence as a function of time and caspase 3/7 activity was 

expressed relative to that of untreated cells (control). 

2.11. Detection of apoptosis 

Apoptosis was detected and quantified using an Annexin–FITC Apoptosis Detection Kit 

(Sigma), in accordance with the manufacturer’s instructions. BV2 cells were cultured in a 24-

well plate (2 x 105/well) in complete medium. The next day, cells were treated as described 

above. Following 24 h incubation, cells were washed with cold PBS and re-suspended in 500 

µl of binding buffer. FITC-labeled Annexin V (5 µl) and PI (10 µl) were added to the cells and 

incubated for 15 min in the dark. Cell apoptosis was analyzed using a FACS Calibur flow 

cytometer (BD Bioscience). The percentage of apoptotic cells (Annexin V-positive cells) was 

evaluated using FlowJo software and the results presented as percentages of apoptotic cells. 

2.12. Flow cytometry analysis of phosphorylated proteins 

ERK phosphorylation in SH-SY5Y cells was determined by staining the cells with antibody 

recognizing ERK2 phosphorylation at Tyr204, using flow cytometry. SH-SY5Y cells were 

seeded in 24-well culture plates in duplicate (2 x 105/well) in complete medium. The next day, 

cells were treated microglial culture supernatants as indicated above. Following 6 h 
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stimulation, cells were washed with PBS, fixed with 5 % formalin for 10 min at room 

temperature and further permeabilized with ice-cold methanol for 20 min at 4 ºC. Nonspecific 

staining was blocked with 3% BSA in PBS for 30 min. Next, cells were incubated with 

specific antibody to ph-ERK-2 [Tyr204] (Santa Cruz Biotechnology) at the dilution 

recommended by the manufacturer, in blocking buffer for 45 min at 4 ºC and subsequently 

incubated with Alexa-Fluor-488-conjugated secondary antibodies for an additional 30 min at 

room temperature, protected from light. Finally, cells were washed twice with PBS and 

analyzed by flow cytometry (FACS Calibur, BD Biosciences). Data were analyzed using 

FlowJo software (Tree Star, Inc.) and values are expressed as fold increase of ERK2 

phosphorylation relative to that of untreated cells (control). 

2.13. Immunoprecipitation and Western blot analysis 

For immunoprecipitation, cells were seeded in 25 cm2 flasks (5 x 106/well), and for detection 

of signaling kinases in cell lysates, cells were seeded in 6-well plates (2 x 106/well). After 

stimulation at indicated time, cells were harvested in cell lysis buffer (50 mM HPES, pH 6.5, 

150 mM NaCl, 1 mM EDTA, 1% Triton X-100) supplemented with a cocktail of protease and 

phosphatase inhibitors, and incubated for 30 min on ice. Protein determination and western 

blotting were performed as described (Hafner et al., 2012).  

For immunoprecipitation, the protein concentrations were adjusted by adding lysis 

buffer, pH 8.0, to a final concentration of 100 µg in 50 µl. Then 5 µg of mouse anti-α-enolase-

specific antibody, mouse anti-γ-enolase-specific antibody or IgG control antibody (Santa 

Cruz Biotechnology) were added and incubated overnight at 4 ˚C. To purify the immune 

complexes, 50 µl of this mixture was added to washed protein A-Sepharose beads 

(Amersham Pharmacia Biotech AB, Uppsala, Sweden) and mixed for additional 2 h at 4 ˚C. 

The beads were then washed with binding buffer (0.14 M phosphate buffer), pH 8.2, and the 

immune complexes eluted by boiling in SDS sample buffer. 

For western blot, the following primary antibodies were applied: goat anti-cathepsin X 

(1/500, R&D Systems), rabbit anti-phospho-p38 (1:1000; Cell Signaling, MA, USA), rabbit 
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anti-phospho-Jun-N-terminal kinase (JNK) (1:50; Santa Cruz Biotechnology), rabbit anti-

phospho-ERK1/2 (1:2000; Cell Signaling), rabbit anti-ERK1 (1:1000; Santa Cruz 

Biotechnology), rabbit anti-p38 (1:1000; Cell Signaling), rabbit anti-JNK (1:1000; Cell 

Signaling), rabbit anti-ERK2 (1:5000; Santa Cruz Biotechnology) and mouse β-actin (1:500; 

Sigma). Signals from anti-goat HRP-conjugated (1/5000, Santa Cruz Biotechnology), anti-

rabbit or anti-mouse HRP-conjugated secondary antibodies (1:5000; Millipore) were 

visualized with an enhanced chemiluminescence detection kit (Thermo Scientific, Rockford 

IL, USA). The band intensities were quantified using Gene Tools software (Sygene, UK), and 

expressed as values relative to those of controls.  

2.14. Immunofluorescence staining 

For co-localization of cathepsin X with LAMP1, clathrin or γ-enolase, microglial BV2 

cells were cultured on glass coverslips (2 x 104/ml) in 24-well culture plates and, next day, 

stimulated as indicated above for 24 h. The cells were then fixed with 5% formalin at room 

temperature for 30 min and permeabilized with 0.05% Tween 20 for 10 min. Non-specific 

staining was blocked with 3% BSA in PBS, pH 7.4 for 30 min. Cells were then incubated with 

goat anti-cathepsin X (1:500; R&D System), rabbit anti-LAMP1 (1/100; Sigma), mouse anti-

clathrin (1:1000; Abcam, Cambridge, UK) or mouse anti-γ-enolase (1:20; Santa Cruz 

Biotechnology) antibodies in blocking buffer, for 2 h at room temperature. The cells were 

washed with PBS and further incubated for an additional 2 h with Alexa Fluor 488- and Alexa 

Fluor 555-labeled secondary antibodies (Molecular Probes, Eugene, OR, USA). After 

washing with PBS, the Prolong Antifade kit (Molecular Probes) was used for mounting 

coverslips on glass slides. Fluorescence microscopy was performed using Carl Zeiss LSM 

710 confocal microscope (Carl Zeiss, Oberkochen, Germany) with ZEN 2011 image 

software. The relative co-localization areas were analyzed for several cells (cell number ≥ 

10). The quantification of co-localization areas is presented by the average of the pixels in 

the third quadrant in scatter plot of two fluorescence intensities. The secondary antibody 

control was also performed in parallel to each experiment (Suppl. Fig. 1A, 1B). 
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2.15. Statistical analysis 

Results shown are representative of at least two independent experiments, each performed 

in, at least, duplicate, and are presented as means ± SD. ANOVA test and post hoc analysis 

for multiple comparisons using Dunnett’s multiple comparisons t-test using GraphPad Prism, 

version 6 was used for statistical evaluation when two sets of values were compared; P< 

0.05 was considered to be statistically significant. 

3. Results 

3.1. LPS-induced regulation of cathepsin X and its substrate γ-enolase in activated microglial 

cells 

Activated microglia release mediators, such as inflammatory molecules or neurotrophic 

factors, that display either harmful or beneficial effects on neuronal survival and signaling (Li 

et al., 2007). The amounts of released factors depend on the intensity of stimulation and on 

time; therefore we first determined whether microglial cells modulate the expression of 

cathepsin X, by following activation by LPS, in a concentration- or a time-dependent manner. 

For this purpose, microglial cells BV2 were stimulated for 24 h with 0.1 to 10 µg/ml LPS. 

Microglial activation was confirmed by an increase in nitrite concentration in the cell culture 

supernatants (Fig. 1A). Following stimulation, the total level of cathepsin X protein in cell 

lysates, determined by ELISA, was found to be slightly elevated at higher concentrations of 

LPS (1 and 10 µg/ml) (Fig. 1B). However, LPS stimulation at 1 µg/ml increased significantly 

the concentration of cathepsin X in the culture supernatant of BV2 cells (Fig. 1B). Supporting 

the results of the ELISA, the activity of cathepsin X was similarly increased after LPS 

stimulation in culture supernatants, the most pronounced effect being at 1 µg/ml of LPS. 

However, in cell lysates, the activity of cathepsin X was lower (Fig. 1C). When analyzing the 

time-dependence of LPS stimulation, the effect of LPS (1 µg/ml) stimulation on cathepsin X 

activity was found to be most evident after 24 h of stimulation (Fig. 1D). These results were 

confirmed for murine microglial EOC 13.31 cells, in which cathepsin X release and its activity 
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in culture supernatants was again increased in an LPS concentration dependent manner 

(Suppl. Fig. 2A-C). 

Intrigued by the fact that cathepsin X intra- and extracellular protein levels were 

altered significantly in activated BV2 cells, we further studied the vesicular localization of 

cathepsin X that followed LPS stimulation for 24 h. In control BV2 cells, a strong localization 

of cathepsin X in lysosomal structures was observed using lysosomal marker LAMP1; 

however, it was less prominent in activated microglial cells (Fig. 1E). Additionally, the co-

localization of cathepsin X with vesicles containing clathrin was studied. Similarly, LPS 

stimulation reduced co-localization of cathepsin X with clathrin in microglial cells compared to 

co-localization in control cells; however the reduction was not significant (Fig. 1F).  

In our previous study (Hafner et al., 2013), γ-enolase was shown to be present in 

mouse microglia EOC 13.31 cells and strongly co-localized with cathepsin X in the 

perimembrane region. Additionally, the upregulation of γ-enolase in microglial cells in 

response to neurotoxic stimulus was demonstrated (Hafner et al., 2013). Here, it was further 

investigated as to whether LPS-activated microglia regulate γ-enolase. The results of the 

ELISA indicate that LPS stimulation of BV2 cells has no effect on expression of the active 

form of γ-enolase; detected by using a specific antibody that recognizes the intact C-terminal 

end of γ-enolase. However, the level of active γ-enolase in the culture supernatants of the 

BV2 cells was significantly decreased. This coincided with the increasing concentration of the 

stimulating LPS (0.1 – 10 µg/ml) (Fig. 2A). Similarly, LPS stimulation of EOC 13.31 cells 

resulted in a significantly reduced level of active γ-enolase in culture supernatants that was 

most evident at the highest concentration of LPS (2.5 µg/ml), whereas no change in protein 

level of active γ-enolase was observed in cell lysates (Suppl. Fig. 3A). Nevertheless, the 

decreased levels of active γ-enolase were reversed in the presence of the specific inhibitor of 

cathepsin X AMS36 (10 µM), as seen in the culture supernatants of BV2 (Figure 2B) and 

EOC 13.31 cells (Suppl. Fig. 3B). This indicates that cathepsin X is a regulator of γ-enolase 

activity in LPS-activated microglia. In order to evaluate the association of cathepsin X with γ-
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enolase in activated microglia, their co-localization was studied. On following LPS stimulation 

for 24 h, more extensive co-localization was observed at the plasma membrane in these BV2 

cells than on unstimulated BV2 cells (Fig. 2C). In addition, the interaction of cathepsin X with 

γ-enolase in BV2 cells was identified. We immunoprecipitated putative cathepsin X/γ-enolase 

complexes from unstimulated and LPS-stimulated BV2 cells. The interaction was observed 

between cathepsin X and γ-enolase in unstimulated control cells. However, the stimulation of 

BV2 celles with LPS (1 µg/ml) for 24 h, resulted in an increase of the cathepsin X 

immunoprecipitated with γ-enolase. No immunoprecipitation was observed when using 

antibody to α-enolase, and control antibody (mouse IgG), indicating on the specificity of the 

interaction (Fig. 2D). 

3.2. Inhibition of cathepsin X reduces microglial activation 

In an attempt to understand the involvement of cathepsin X in microglia activation, BV2 cells 

were pre-incubated with cathepsin X inhibitor AMS36 (1 and 10 µM) for 1 h, prior to LPS 

stimulation, and NO production quantitated. In the absence of LPS stimulation, addition of 

AMS36 did not lead to any change in levels of NO whereas, when followed by LPS 

stimulation, they increased significantly (Fig. 3A). In comparison to LPS stimulated cells, the 

level of NO was significantly reduced in the supernatants of activated BV2 cells pretreated 

with AMS36 at 10 µM (Fig. 3A).  

To evaluate the impact of the latter result we studied the release of pro-inflammatory 

cytokines, IL-6 and TNF-α, in the culture supernatant. BV2 cells were treated with LPS for 24 

h in the absence and presence of AMS36 (1 and 10 µM). AMS36 alone did not elicit any 

marked alteration in release of cytokines, whereas LPS stimulation significantly increased the 

levels of both cytokines (Fig. 3B and C). Pretreatment with AMS36 at 10 µM prior to LPS 

stimulation significantly reduced IL-6 and TNF-α production (Fig. 3B and C), indicating that 

inhibition of cathepsin X reduced microglial activation.  
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3.3. Cathepsin X inhibition reduces apoptosis and activation of MAP kinases in activated 

microglia 

LPS induces microglial cell death by apoptosis (Lee et al., 2001b). Treatment of BV2 cells 

with LPS (1 µg/ml) for 24 h and 48 h decreased their viability, found to be significant at 48 h 

(Fig. 4A). Pre-incubation of BV2 cells with AMS36 (1-10 µM) for 1 h partially reversed the 

effect of LPS stimulation at 48 h, but only at a higher a concentration of inhibitor (10 µM of 

AMS36) (Fig. 4B). The effect of γ-ENO peptide, which mimics the C-terminal end of active γ-

enolase, the latter being shown to be increased in the supernatant of activated microglia, 

was also studied. At a higher concentration (100 nM), it enhanced the viability of 

unstimulated BV2 cells and, moreover, the peptide was observed to protect against LPS 

toxicity (Fig. 4C). These results suggest that inhibition of cathepsin X, which preserves γ-

enolase in its active form, significantly reduces LPS-mediated microglial cell death.  

ROS are additional factors that can induce several signaling pathways, leading to 

microglial death during inflammation in response to extracellular stimuli such as bacterial 

LPS (Dilshara et al., 2014). We therefore studied the effect of cathepsin X inhibitor AMS36 

on ROS production in LPS-stimulated BV2 microglial cells. Cytometric analysis showed that 

AMS36 significantly reduced LPS-induced ROS production after 6 h stimulation at both 1 and 

10 µM (Fig. 5A). In addition, caspase 3 activity was measured in cell lysates of LPS 

stimulated BV2 cells. Inflammatory stimuli trigger activation of the caspase cascade, 

ultimately leading to apoptosis (Lee et al., 2001a). Caspase 3, an executor of caspase 

cascade, was activated in BV2 cells in response to an LPS stimulus, whereas AMS36 

significantly decreased this activation in a concentration-dependent manner (Fig. 5B). The 

effect of cathepsin X inhibitor on LPS-induced microglial apoptosis was confirmed by an 

Annexin V/PI staining assay using flow cytometry (Fig. 5C), in which the reduction of 

microglial apoptosis correlated well with the reduced viability of microglial cells in the 

presence of AMS36 after LPS stimulation.  
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MAPKs play important roles in modulating the expression of the pro-inflammatory 

response in LPS-stimulated microglia (Kim et al., 2004, Jack et al., 2005). Pretreatment of 

BV2 cells with AMS36 markedly blocked LPS-induced p38 and JNK activation (Fig. 6A and 

B), and also reduced LPS-induced phosphorylation of ERK1 and ERK2 (Fig. 6C). These 

results suggest that cathepsin X is indeed involved in inflammatory signaling in LPS-

stimulated microglia. 

3.4. Inhibition of cathepsin X abrogates microglia-mediated neurotoxicity 

Microglia, when activated, could induce neuronal cell degeneration by releasing inflammatory 

mediators and cytokines (Kaushal and Schlichter, 2008, Saijo et al., 2009). We therefore 

investigated whether increased levels of cathepsin X in the MCS could contribute to the relief 

of activated microglia–induced neurotoxicity. For this purpose, microglial cells were activated 

with LPS in the absence and in the presence of cathepsin X inhibitor AMS36 at 1 µM and 10 

µM for 24 h, and the resulting MCS added to cultures of neuronal SH-SY5Y cells. The 

viability of neuronal cells was assessed 48 h later by MTS assay. The viability of SH-SY5Y 

cells treated with MCS from unstimulated BV2 cells did not differ significantly from that for 

control cells treated with the complete medium for SH-SY5Y cells, whereas treatment with 

MCS from LPS-activated BV2 cells (MCS[LPS]) resulted in a significant reduction of neuronal 

viability 48 h after transfer. However, the neurotoxic effect of MCS collected from activated 

BV2 cells pretreated with AMS36 (MCM[AMS36/LPS]) was reduced in a concentration 

dependent manner (Fig. 7A). Cell death induced by culture supernatant of activated microglia 

was further confirmed by analyzing the activity of caspase-3, an executor of apoptotic cell 

death. SH-SY5Y cells treated with MCS[LPS] for 24 h showed increased caspase-3 activity 

in contrast to those treated with complete medium or MCS of unstimulated microglia, 

whereas treatment with AMS36 prior to LPS stimulation of BV2 cells (MCS[AMS36/LPS]) led 

to a smaller increase of caspase-3 activity in neuronal cells (Fig. 7B). These results suggest 

that cathepsin X released from activated microglia contributes to the neuroinflammatory 

response that is reflected in neuronal death and in inhibited neurite outgrowth. 
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5. Discussion 

Microglia play an important role in inflammatory responses in the CNS. Activated microglia 

secrete large amounts of neurotoxic factors, such as NO, TNF-α and IL-6, that promote 

neurodegeneration and contribute to neuronal loss (Gonzalez-Scarano and Baltuch, 1999, 

Nakanishi, 2003a). In addition to inflammatory cytokines, activated microglia also secrete 

cathepsins, including cathepsin X (Wendt et al., 2009). This study has revealed the role of 

cathepsin X in LPS-induced neuroinflammation. LPS is shown to regulate the levels of 

cathepsin X and its substrate γ-enolase in microglial BV2 and EOC 13.31 cells. Further, 

inhibition of cathepsin X with AMS36 blocks the release of the active form of γ-enolase from 

LPS stimulated microglia cells, attenuating NO production and secretion of pro-inflammatory 

cytokines IL-6 and TNF-α. The underlying molecular mechanism of the inhibitory effect is 

indicated by the facts that AMS36 was shown to reduce the probability of LPS-induced 

microglia cell death by suppressing intracellular ROS production and caspase-3 activity and 

by regulating the MAPK signaling pathway. Moreover, inhibition of microglial cathepsin X was 

shown to be neuroprotective against microglia-derived factors in neuronal cells.  

Alterations in the expression patterns and localization of the lysosomal cathepsins in 

the central nervous system have been reported in normal, aged brain and under pathological 

conditions (Nakanishi, 2003b, Wendt et al., 2007, Hafner et al., 2013). Cathepsin X 

expression and proteolytic activity were found to be strongly upregulated in the mouse brain, 

in particular in glial cells and aged neurons (Wendt et al., 2007, Hafner et al., 2013), and their 

association with inflammation-induced neurodegeneration has also been reported (Stichel 

and Luebbert, 2007). In response to LPS, an inflammation elicitor that induces death of the 

nigral dopaminergic neurons through microglial activation, a substantial increase in cathepsin 

X secretion from microglial cells has been observed (Hunter et al., 2009, Wendt et al., 2009). 

In addition, levels of cathepsin X protein were significantly increased in the cytoplasm of 

activated microglial cells (Wendt et al., 2009). In our study, increased levels of cathepsin X 

were demonstrated in the culture supernatants in response to LPS stimulation, using two 
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microglial cell lines, BV2 and EOC 13.31. The increase of secretion was dependent on the 

level of the stimulus, 1 µg/ml being the most effective concentration. Likewise, the proteolytic 

activity of cathepsin X in the culture supernatant of activated microglial cells was increased 

by prior LPS stimulation. It is postulated that the functions of microglia, either neuroprotective 

or neurotoxic, are determined by the equilibrium between various factors that depend on the 

concentration of the stimulant, e.g. LPS (Li et al., 2007). Higher concentrations of LPS (≥ 1 

µg/ml) promote neurotoxic microglial function through release of pro-inflammatory mediators 

and cytokines (Li et al., 2007). Similarly, secreted cathepsin B has been shown to be a major 

causative factor of microglia-induced neuronal apoptosis (Kingham and Pocock, 2001). 

During LPS-induced inflammation, cathepsin B is also translocated from lysosomes to other 

subcellular compartments in hippocampal neurons (Czapski et al., 2010). Higher 

concentrations of LPS significantly induce the release and activity of cathepsin X, a protease 

shown to play an active role in apoptosis of dopaminergic neurons (Pislar et al., 2014). As for 

cathepsin B, altered localization of cathepsin X was observed in activated microglial cells. 

The less prominent lysosomal and clathrin vesicular localization of cathepsin X, following 

LPS stimulation and noted in BV cells, is in line with the increased release of cathepsin X 

from microglial cells in response to LPS stimulus. 

Microglial cells are also a source of growth factors, suggesting that they provide 

trophic support for glia and neurons (Elkabes et al., 1996). Activated microglia have been 

linked with neuroprotection in several studies, and it has been suggested that glial cells are 

activated in response to neuronal injury, with subsequent release of neurotrophic factors, 

such as nerve growth factor, brain-derived neurotrophic factor, neurotrophin-3 and 

neurotrophin-4/5, that exhibit neuroprotective effects (Mallat et al., 1989, Lindsay et al., 1994, 

Elkabes et al., 1996, Nakajima et al., 2001). Neurotrophic activity has been reported for the 

C-terminal end of γ-enolase (Hattori et al., 1995, Hafner et al., 2012) that is needed for its 

translocation towards the plasma membrane. When cleaved by cathepsin X, the 

translocation and neurotrophic activity of γ-enolase are attenuated (Hafner et al., 2010). γ-
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Enolase has been used for many years as a marker of neuronal loss (Herrmann and 

Ehrenreich, 2003) and is expected to be present in brain tissue in neuronal cells. However, it 

was recently shown to be present also in the microglial cells surrounding the senile plaques 

in Tg2576 transgenic mice, where it has a neuroprotective role in amyloid-β-related 

neurodegeneration (Hafner et al., 2013, Pislar and Kos, 2013). Here we showed that 

increased concentrations of LPS result in significantly reduced release of active γ-enolase 

from activated BV2 and EOC 13.31 cells. This observation coincides with that of the 

increased activity, at higher concentrations of LPS, of cathepsin X which is capable of 

cleavage and inactivation of γ-enolase. The interaction of cathepsin X with γ-enolase in 

microglial BV2 cells was confirmed by the immunoprecipitation study, where LPS stimulation 

strongly increased their association in cells. This result are in line with the study of the co-

localization of cathepsin X and γ-enolase, which demonstrates stronger association of these 

two proteins at the plasma membrane in BV2 cells following LPS stimulation. This suggests 

that the lower levels of active γ-enolase in the culture supernatant of activated microglial cells 

are the result of cathepsin X cleavage. Nevertheless, pretreatment of microglial cells with a 

specific inhibitor of cathepsin X not only reversed the decrease of the level of active γ-

enolase in the culture supernatant of LPS-activated microglia, but also enriched the 

microglial supernatant with the active form of γ-enolase that is able to exert neurotrophic and 

neuroprotective effects.  

Activated microglia release a variety of neurotoxic mediators, including cathepsin X. 

Inhibition of activated microglia could thus serve as a key mechanism for the treatment of 

inflammation-associated neurological disorders. We demonstrated that the specific 

irreversible inhibitor of cathepsin X, AMS36, reduces excessive release of NO, a marker of 

activated microglia, whereas the basal NO level is not reduced after treatment with the 

inhibitor. Furthermore, inhibition of cathepsin X with AMS36 reduced the LPS-induced 

elevated levels of IL-6 and TNF-α in culture supernatants of BV2 cells. Although IL-6 may 

promote the survival, differentiation and growth of neurons, it has been shown to reduce 
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hippocampal neurogenesis (Vallieres et al., 2002) and is therefore considered to be the pro-

inflammatory mediator (Frei et al., 1989) similar as known for TNF-α (Sawada et al., 1989). 

The TNF-α released from activated microglia mediates neurotoxicity and can cause neuronal 

cell death, either directly or indirectly via the induction of the formation of NO and free 

radicals in glial cells (Zajicek et al., 1992, Hu et al., 1997). Thus, suppression of NO, IL-6 and 

TNF-α formation by the inhibition of cathepsin X contributes to reduced neurotoxic effects of 

activated microglia.  

Microglial cells undergo apoptosis on inflammatory activation in a manner similar to 

that of the activation-induced cell death of lymphocytes, in which process NO is a major 

autocrine mediator (Lee et al., 2001b, Suk et al., 2001). Inflammatory stimuli such as LPS 

play multiple roles in microglial apoptosis. LPS not only induces cytotoxic NO production, but 

also initiates the NO-independent apoptotic pathway by inducing the caspase cascade (Lee 

et al., 2001a). Here, the viability of BV2 cells was observed to be reduced following LPS 

stimulation, in line with other studies (Lee et al., 2001a, Jung et al., 2005, Kacimi et al., 

2011). Furthermore, inhibition of cathepsin X not only suppressed microglial activation, and 

consequently the inflammatory response through reduced NO and ROS production, but also 

affected the viability of microglial cells on LPS stimulation. Thus inhibitor AMS36 diminished 

the degree of LPS-induced reduction of BV2 cell viability. An identical effect was observed in 

the presence of the peptide mimicking the active C-terminal end of γ-enolase, additionally 

highlighting the link between cathepsin X proteolytic activity and the degree of microglial 

apoptosis. We further demonstrated that inhibition of cathepsin X suppresses LPS induced 

apoptosis. When cells were exposed to LPSs, they underwent early apoptosis and late 

apoptosis/death and the effect in cell death was more evident as seen in viability assay. 

However, in the presence of inhibitor AMS36, both apoptotic populations were significantly 

decreased. The NO-independent cytotoxic mechanism involves upregulated caspase-11 that 

is autoactivated in microglia and triggers an activation cascade of downstream caspases, 

ultimately leading to cell apoptosis (Lee et al., 2001a). Caspase-3 is the final executor of 
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caspase-dependent apoptotic damage; its activity was significantly increased in microglial 

cells upon LPS stimulation. Nevertheless, the activation of caspase-3 in activated BV2 cells 

was suppressed in the presence of AMS36, suggesting that inhibition of cathepsin X 

contributes to the inhibition of microglia activation.  

The inflammatory response elicited by activated microglia is associated with the 

activation of MAPKs, and this can lead to a variety of physiological processes such as cell 

growth, differentiation and apoptotic cell death (Svensson et al., 2011). The MAPK family, 

that includes JNK, p38 and ERK, plays a critical role in the production of cytokines and 

mediators associated with the pathogenesis of inflammation (Kacimi et al., 2011). Indeed, 

LPS induces p38, JNK and ERK activation in BV2 cells, as is well documented (Lee and Kim, 

2014, Liu et al., 2014). Pretreatment with cathepsin X inhibitor AMS36 apparently reduced 

the activation of LPS-induced MAPK kinases, demonstrating that cathepsin X inhibitor-

mediated suppressed microglia activation can interfere with MAPK signaling pathways. 

In vivo, during neurodegeneration, the toxic factors released from activated microglia 

cause neuronal death (Glass et al., 2010). Here, we showed that microglial cathepsin X is 

implicated in degeneration of neuronal cell, where an inhibitor of cathepsin X AMS36 

protected cell against LPS toxic effect. The neuroprotective mechanism of the action of 

AMS36 may include reduced caspase-dependent apoptosis. Pretreatment of BV2 cells with 

AMS36 upon LPS stimulation significantly decreased caspase-3 activity in SH-SY5Y cells. 

Activation of the caspase cascade, and consequent induction of apoptosis, has been 

observed in neuronal cells in response to toxic stimuli such as 6-OHDA (Blum et al., 2001). 

Our previous study showed the involvement of cathepsin X in 6-OHDA-induced apoptosis in 

both PC12 and SH-SY5Y cells, and provided evidence that inhibition of cathepsin X protects 

neuronal cells against neurotoxicity (Pislar et al., 2014). Therefore, these results are in line 

with protective action on neuronal cells of cathepsin X inhibition.  
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In conclusion, this study provides a new insight into the involvement of cathepsin X in 

inflammation-induced neurodegeneration. There is a significant release of cathepsin X from 

activated BV2 and EOC 13.31 cells following a LPS stimulus that coincides with reduced 

release of the active form of γ-enolase. Additionally, we demonstrated a protective role for 

cathepsin X inhibitor AMS36 in LPS-induced neuroinflammation and analyzed the underlying 

molecular mechanisms, as summarized in Fig. 8. Cathepsin X inhibitor AMS36 suppresses 

NO and ROS production and attenuates cytokine release from activated microglia, through 

the inhibition of MAPK signaling pathways. We have also shown that inhibition of cathepsin X 

activity could be important for preventing and treating neurodegenerative diseases that are 

associated with excessive microglial activation and subsequent neurotoxic inflammation. 
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Figure legends  

Fig. 1. Effects of LPS stimulation on cathepsin X e xpression and localization in BV2 cells. 

BV2 cells were stimulated with concentrations of LPS of 0.1 to 10 µg/ml) for 24 h or the time 

period indicated. (A) Nitrite concentration in the culture supernatants of LPS stimulated BV2 

cells. Values are means ± SD of five independent experiments. *P < 0.05 (B) The levels of 

cathepsin X in cell lysates and culture supernatants of BV2 cells stimulated for 24 h with 

concentrations of LPS ranging from 0.1 to 10 µg/ml were measured by ELISA, using goat anti-

cathepsin X AF934 and mouse anti-cathepsin X 3B10 as capture and detection antibodies, 

respectively. Values are means ± SD of three independent experiments. *P < 0.05 (C and D)  

Cathepsin X activity in cell lysates and culture supernatants determined at concentrations of LPS 

ranging from 0.1 to 10 µg/ml (C) and with 1 µg/ml LPS at the times indicated after stimulation 

with 1 µg/ml LPS (D), using the cathepsin X-specific substrate Abz-Phe-Glu-Lys(Dnp)-OH. 

Values are means ± SD of five independent experiments. *P < 0.05 (E) Representative images 

of double immunofluorescence staining for LAMP1 (green fluorescence) with cathepsin X (red 

fluorescence) in unstimulated BV2 cells (Control) and in cells stimulated with 1 µg/ml LPS (LPS) 

for 24 h. The graph (right panel) represents the quantification of the relative co-localization area 

of LAMP1 and cathepsin X as mean ± SD of the pixels in third quadrant of scatter plot (cell 

numbers ≥ 10). *P ˂ 0.05 Scale bars 20 µm (F) Representative images of double 

immunofluorescence staining for clathrin (green fluorescence) and for cathepsin X (red 

fluorescence) in unstimulated BV2 cells (control) and in cells previously stimulated with 1 µg/ml 

LPS (LPS) for 24 h. The graph (right panel) presents the quantification of relative co-localization 

area of clathrin and cathepsin X as mean ± SD of the pixels in third quadrant of scatter plot (cell 

numbers ≥ 10). Scale bars 20 µm 

Fig. 2. Expression and localization of γ-enolase in LPS-stimulated BV2 cells. Cells were 

stimulated for 24 h with increasing concentrations of LPS (0.1 -10 µg/ml) either in the absence or 
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the presence of cathepsin X inhibitor AMS36 (10 µM). (A) Levels of active γ-enolase in cell 

lysates and culture supernatants of BV2 cells stimulated with LPS for 24 h were measured by 

ELISA, using for capture mouse antibody against C-terminal γ-enolase, suitable for detecting its 

active form. Values are means ± SD of three independent experiments. *P < 0.05 (B) The levels 

of active γ-enolase in culture supernatants of BV2 cells pretreated with AMS36 for 1 h prior to 

LPS stimulation for 24 h, measured by ELISA. Values are means ± SD for three independent 

experiments. *P < 0.05 (C) Representative images of double immunofluorescence staining for 

cathepsin X (green fluorescence) and γ-enolase (red fluorescence) in unstimulated BV2 cells 

(control) and cells stimulated with 1 µg/ml LPS (LPS) for 24 h. The graph (right panel) presents 

the quantification of relative co-localization areas of cathepsin X and γ-enolase as mean ± SD of 

the pixels in third quadrant of scatter plot (cell numbers ≥ 10). *P ˂ 0.05 Scale bars 20 µm (D) 

Representative images of Western blot after immunoprecipitation. BV2 cells were stimulated 

with LPS (1 µg/ml) for 24 h. Cells were then lysed and incubated with either mouse α-enolase- 

or mouse γ-enolase-specific antibody or nonspecific mouse IgG. The immunoprecipitates were 

analyzed by western blotting probed with goat anti-cathepsin X antibody. Graph showing the 

relative amount of cathepsin X in the immunoprecipitates after LPS stimulation compared to 

untreated control BV2 cells. 

Fig. 3. Effect of cathepsin X inhibition on LPS-ind uced release of pro-inflammatory 

cytokines from BV2 cells. Cells were pretreated with cathepsin X inhibitor AMS36 (1 and 10 

µM) for 1 h and then stimulated with LPS at 1 µg/ml for 24 h. (A) Nitrite concentration in the 

culture supernatants of LPS stimulated BV2 cells. Values are means ± SD of five independent 

experiments. *P < 0.05 (B and C ) Release of cytokines, IL-6 (B) and TNF-α (C) into the culture 

supernatants of LPS stimulated BV2 cells determined by flow cytometry. Values are means ± SD 

of two independent experiments. *P < 0.05 
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Fig. 4. Effects of cathepsin X inhibitor and active  γ-enolase peptide on LPS-induced 

microglial cell death. (A) BV2 cells were stimulated with LPS at 1 µg/ml for 24 h and 48 h. Cell 

viability was evaluated by MTS assay. (B and C) BV2 cells were pretreated with cathepsin X 

inhibitor AMS36 (1 and 10 µM) (B) or with active γ-enolase peptide γ-ENO (25 and 100 nM) (C) 

for 1 h, then stimulated with LPS (1 µg/ml). After 48 h, cell viability was evaluated by MTS assay. 

Values are means ± SD of three independent experiments, each performed in quadruplicate. *P 

< 0.05 

Fig. 5. Cathepsin X inhibitor reduces LPS-induced a poptosis in BV2 cells. Cells were 

pretreated with cathepsin X inhibitor AMS36 (1 and 10 µM) for 1 h, then stimulated with LPS at 1 

µg/ml. (A) Intracellular ROS levels after 6 h were measured by flow cytometry using a 

fluorescent DCFH-DA probe. Each value is expressed as the relative percentage of DCF-

positive cells normalized to the appropriate control. Values are means ± SD of four independent 

experiments, each performed in duplicate. *P < 0.05 (B) Caspase-3/7 activity in cell lysates 

following 24 h of stimulation determined fluorometrically using the specific substrate for caspase 

3/7 Ac-DEVD-AFC. Each value is expressed as the rate of change of fluorescence (∆F/∆t). 

Values are means ± SD of four independent experiments, each performed in duplicate. *P < 

0.05 (C) The percentages of apoptotic cells determined by flow cytometry, using Annexin V and 

PI staining 24 h, after incubation with LPS in the absence or presence of the inhibitor. The 

quadrant threshold was set according to control BV2 cells. Cells treated with LPS and apoptotic 

cells (Annexin V positive cells) were determined. The graph (right panel) shows the results of 

quantitative analysis and indicates the percentage of fraction of cells showing apoptosis 

(Annexin V positive cells). Results are means ± SD of two independent assays. *P < 0.05 

Fig. 6. Effect of cathepsin X inhibitor on LPS-stim ulated activation of MAPKs. Cells were 

pretreated with cathepsin X inhibitor AMS36 (1 and 10 µM) for 1 h and then stimulated with LPS 

at 1 µg/ml for additional 1 h. Representative images of Western blots for the activation of p38 
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(A), JNK (B) and ERK1/2 (C), are given. Levels of phosphorylated form of p38, JNK, ERK1 and 

ERK2 were quantified and normalized to the respective total protein level. Each value is 

expressed relative to control cells. Values are means ± SD of two independent experiments. *P 

< 0.05 

Fig. 7. Neuroprotective effect of cathepsin X inhib itor in a microglial culture supernatant 

(MCS) transfer model. Microglial BV2 cells were pretreated with cathepsin X inhibitor AMS36 (1 

and 10 µM) for 1 h, then stimulated with LPS at 1 µg/ml for 24 h. The microglial culture 

supernatants (MCS) were transferred to neuronal SH-SY5Y cells. (A) Neuronal cell viability 

evaluated 48 h after MCS transfer from BV2 cells to SH-SY5Y cells by MTS assay. Each value 

is expressed relative to cells treated with complete SH-SY5Y medium (Control). Values are 

means ± SD of four independent experiments, each performed in quadruplicate. *P < 0.05 (B) 

Caspase-3/7 activity in cell lysates of SH-SY5Y cells measured 24 h after MCS transfer using 

the specific substrate for caspase-3/7 Ac-DEVD-AFC. Each value is expressed as change in 

fluorescence as a function of time (∆F/∆t) and is expressed relative to control cells. Values are 

means ± SD of four independent experiments, each performed in duplicate. *P < 0.05  

Fig. 8. The mechanism of cathepsin X involvement in  neuroinflammation-induced 

neurodegeneration. LPS activates microglia by triggering several signaling pathways and 

secreting inflammatory cytokines and certain cathepsins such as cathepsin X. Cathepsin X 

inhibitor AMS36 slows down these processes and ameliorates LPS-mediated neuroinflammation 

leading to reduced neuronal death and apoptosis. Additionally, AMS36 reverses the decrease in 

level of microglia-secreted active γ-enolase, thus contributing to neuroprotection. 
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Figure legends for Supplementary material 

Fig. S1. Secondary antibody control staining. (A-B) Representative images of double 

immunofluorescence staining with anti-mouse Alexa Fluor-488 (green fluorescence) and anti-

goat Alexa Fluor-555 (red fluorescence) secondary antibodies (A) and with anti-rabbit Alexa 

Fluor-488 (green fluorescence) and anti-goat Alexa Fluor-555 (red fluorescence) secondary 

antibodies (B) in unstimulated BV2 cells (control) and cells stimulated with LPS (1 µg/ml) for 24 

h. Scale bars 20 µm. 

Fig. S2. Effect of LPS stimulation on cathepsin X expression and activity in EOC 13.31 

cells. EOC 13.31 cells were stimulated with the increasing concentrations of LPS (0.5 - 2 µg/ml) 

for 24 h or the time period indicated. (A) Determination of nitrite concentration in the culture 

supernatants of LPS stimulated EOC 13.31 cells. Values are means ± SD of five independent 

experiments. *P < 0.05 (B) The levels of cathepsin X in cell lysates and culture supernatants of 

EOC 13.31 cells stimulated with various concentrations of LPS (0.5 - 2 µg/ml) for 24 h were 

measured by ELISA, using goat anti-cathepsin X AF934 and mouse anti-cathepsin X 3B10 as a 

capture and detection antibody, respectively. Values are means ± SD of three independent 

experiments. *P < 0.05 (C) Cathepsin X activity in cell lysates and culture supernatants were 

determined at various concentrations of LPS (0.5 -2 µg/ml) for 24 h, using cathepsin X-specific 

substrate Abz-Phe-Glu-Lys(Dnp)-OH. Values are means ± SD of five independent experiments. 

*P < 0.05 

Fig. S3. Expression of γ-enolase in LPS-stimulated EOC 13.31 cells. Cells were stimulated 

with the increasing concentrations of LPS (0.5 - 2 µg/ml) in the absence or presence of 

cathespin X inhibitor AMS36 (10 µM) for 24 h. (A) The levels of active γ-enolase in cell lysates 

and culture supernatants of EOC 13.31 cells stimulated with LPS for 24 h were measured by 

ELISA, using for capture mouse antibody against C-terminal γ-enolase, suitable for detecting its 

active form. Values are means ± SD of three independent experiments. *P < 0.05 (B) The levels 
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of active γ-enolase in culture supernatants of EOC 13.31 cells pretreated with AMS36 for 1 h 

prior to LPS stimulation for 24 h were measured by ELISA. Values are means ± SD of three 

independent experiments. *P < 0.05 
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Inhibition of cathepsin X reduces the strength of microglial-mediated 

neuroinflammation 

Anja Pišlara,*, Biljana Božićb, Nace Zidarc and Janko Kosa,d 

Highlights 

 

i.) Microglia activation induces cathepsin X expression and its activity. 

ii.) Cathepsin X inhibition suppresses microglia activation. 

iii.) Cathepsin X mediates microglia activation-mediated neurodegeneration. 

iv.) Cathepsin X inhibition exerts neuroprotection.  

 


