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Swainsonine (SW), an indolizidine alkaloid extracted from locoweeds, was shown toxic effects in multiple studies, but the underlying action mechanism remains unclear. SW is known to cause autophagy and apoptosis, but there has been no report on paraptosis mediated cell death. Here, we showed that SW induced rat primary renal tubular epithelial cells (RTECs) death accompanied by vacuolation in vitro. The fluorescence with the endoplasmic reticulum (ER)-Tracker Red and transmission electron microscopy (TEM) results indicated that the vacuoles were of ER origin, typical of paraptosis. The level of ER stress markers, such as polyubiquitinated proteins, Bip, CHOP and cytoplasmic concentration of Ca2+ have drastically increased. Interestingly, autophagy inhibitor could not interrupt but enhanced the induction of cytoplasmic vacuolization. Furthermore, MAPK pathways were activated by SW and inhibitors of ERK and JNK pathways could prevent the formation of cytoplasmic vacuolization. In this study, we confirmed that SW induced cell paraptosis through ER stress and MAPK signaling pathway, thus further laying a theoretical foundation for the study of SW toxicity mechanism.
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INTRODUCTION
Swainsonine (SW), an indolizidine alkaloid, is the principal toxic component of locoweeds (its name originated from Spanish “loco” meaning crazy), and is produced by fungi living within locoweeds (Cook et al., 2017). Currently, locoweed has been found throughout the world and has become the major toxic plant affecting the livestock production in pastureland (Lu et al., 2014). Locoweed poisoning causes huge economical loss annually which severely hampered the development of the grassland (Daniel et al., 2009; Wei et al., 2015; Pfister et al., 2016).
The research shows that swainsonine can cause injury of multiple tissues/organs of grazing livestock, and the extensive vacuolar degeneration is major pathological manifestation. However, the underlying mechanisms involved in SW-induced animal poisoning remain poorly understood. Recent studies indicate that SW induces a variety of cell apoptosis, such as rat cardiomyocytes Zheng et al. (2018), cerebral cortical neurons Lu et al. (2015), and caprine luteal cells (Li et al., 2015). In addition, our earlier study also showed that SW can activate autophagy in rat primary renal tubular epithelial cells (RTECs) (Wang et al., 2019). Although it has been confirmed that SW can cause the accumulation of complex carbohydrates and glycoproteins in cells due to its toxic effects, thereby inducing apoptosis and autophagy, there may be other toxic mechanisms.
Paraptosis is a type of programmed cell death displaying cytoplasmic vacuolation, usually consisting in mitochondrial and/or ER swelling. It was first described by (Sperandio et al., 2000). Previous studies show that paraptosis requires protein synthesis and can be blocked by the translation inhibitor cycloheximide (CHX)(Sperandio et al., 2004). Unlike apoptosis, paraptosis does not require activation of caspases or formation of apoptotic bodies (Fontana et al., 2020).
Although the mechanisms of paraptosis, particularly the mechanisms responsible for triggering dilation of mitochondria or the ER, have not yet been entirely clear, paraptosis is usually accompanied by an alteration of Ca2+Yoon et al. (2012) and redox homeostasis Yoon et al. (2010), as well as by proteostasis disruption Seo et al. (2019) and ER stress (Fabrizio et al., 2019; Zhang et al., 2020; Nedungadi et al., 2021). Ultimately, unfolded/misfolded proteins accumulate in the ER lumen, leading to the activation of pro-death processes. However, these features are not always present in cells undergoing paraptosis (Fontana et al., 2020).
In this study, we investigated the possible involvement of non-canonical programmed cell deaths (i.e. paraptosis) in the toxic effects of SW. Our data revealed that paraptosis caused by SW was a cell death pathway different from apoptotic and autophagic. In summary, we report for the first time that SW can inhibit proteasome function and induce ER stress, leading to ER dilation and the subsequent cell paraptosis. In addition, JNK and ERK pathways play an important role in the cytoplasmic vacuolization induced by SW.
MATERIALS AND METHODS
Materials
SW (Figure 1) was isolated from Oxytropis kansuensis Bunge (a locoweed widely distributed in western China) and identified by interpretation of spectral data (MS, 1H NMR, 13C NMR, 2D NMR) as described previously (Lu et al., 2012). Its purity was 98.17%. Bafilomycin A1 (Baf A1) (HY-100558), Rapamycin (Rapa) (HY-10219), U0126 (HY-12031), SP600125 (HY-12041) and 4-Phenylbutyric acid (4-PBA) (HY-A0281) were obtained from MCE, United States p-PERK (#3179, Rabbit, anti-rat), ATF6 (#65880, Rabbit, anti-rat), p38 (#8690, Rabbit, anti-rat), and p-p38 (#4092, Rabbit, anti-rat) antibodies were purchased from Cell Signaling Technology, United States. Caspase Inhibitor z-VAD-fmk, CHX, ER-Tracker Red, Fluo-4 AM, eIF2α(AF6771, Rabbit, anti-rat) and p-eIF2α(AF1237, Rabbit, anti-rat) were purchased from Beyotime (Shanghai, China). Bip (CY5166, Rabbit, anti-rat), Alix (CY7215, Rabbit, anti-rat), p-IRE1 (CY5605, Rabbit, anti-rat), JNK(CY5623, Rabbit, anti-rat), p-JNK (CY5541, Rabbit, anti-rat), Ubiquitin (CY5520, Rabbit, anti-rat) and β-actin (AB0035, Rabbit, anti-rat) antibodies were purchased from Abways (Shanghai, China). PERK (A01992-2, Rabbit, anti-rat), CHOP (BM4962, Rabbit, anti-rat), IRE1 (A00683-1, Rabbit, anti-rat), ERK (BM4326, Rabbit, anti-rat), p-ERK (BM4156, Rabbit, anti-rat) and Goat Anti-Rabbit IgG (BA1054) was purchased from BOSTER (Wuhan, China). Live and DeadTM Viability/Cytotoxicity Assay Kit was purchased from US Everbright® Inc. (Suzhou, China).
[image: Figure 1]FIGURE 1 | The chemical structure of swainsonine.
Cell Culture and Drug Treatment
Renal tubular epithelial cells (RTECs) were prepared as previously described Rudolfs and Lawrence (1996), Liu et al. (2016) from SD rats. RTECs were maintained in DMEM (Gibco) supplemented with 10% fetal bovine serum (FBS) (Gibco) and 100 U/mL penicillin/streptomycin (Sigma) at 37 C and 5% CO2.
The cells were cultured in a medium with SW (0–400 μg/ml) for 24 h or retreated with Baf A1 (10 nM), Rapa (50 nM), z-VAD-fmk (2 μM), 4-PBA (1 mM), SP600125(20 μM), U0126 (15 μM) or CHX (2 μM) for 2–4 h and then cultured in medium for 24 h. After reaching 70–80% confluence, the cells were harvested for the subsequent biochemistry analysis.
Measurement of Cellular Viability
For measurement of cellular viability, cells were cultured in 12-well plates and treated with SW. According to the instructions of Live and DeadTM Viability/Cytotoxicity Assay Kit, 2 μM calcein-acetoxymethyl ester (calcein-AM), a green fluorescent indicator of the intracellular esterase activity of cells, and 4 μM propidium (PI), a red fluorescent indicator of membrane damaged/dead cells, we added to each well, and the plates were incubated for 30 min in 5% CO2 at 37°C. The calcein-positive live cells and PI-positive dead cells were visualized using a fluorescence microscope (OLYMPUS-IX71, Japan) and counted.
ER Localization With ER-Tracker
ER staining was performed according to the instructions of ER-Tracker Red kit. After treatment, RTECs were washed twice with PBS and then incubated in pre-warmed ER-tracker dye solution (1 mM) for approximately 30 min at 37°C. The cells were then observed using a fluorescence microscope (OLYMPUS-IX71, Japan).
Analysis of Ca2+ Accumulation Using Fluoresce Microscopy
Fluo-4 AM is cleaved into Fluo-4 by esterases in cells and Fluo-4 combines with Ca2+ to produce stronger fluorescence. To measure cytosolic Ca2+ levels, cells were grown on 6-well plates and treated with SW. Then, Fluo-4 AM was added to the medium at a final concentration of 1 µM. After a 30 min incubation at 37°C, cells were washed with PBS, and visualized by fluorescence microscopy (OLYMPUS-IX71, Japan).
Western Blotting
After treatment, RTECs were harvested and washed with ice-cold PBS. Total protein was then extracted from the cells using ice-cold RIPA lysis buffer (Solarbio, Beijing, China) containing 1 mM PMSF. Protein concentrations were calculated using BCA assay kits (Solarbio, Beijing, China), and 20 μg of protein was subjected to 12% SDS-PAGE and transferred to PVDF membranes (Millipore, United States). The membranes were blocked with 5% nonfat milk powder at room temperature for 2 h, and immunoblotting was performed with primary antibodies at 4°C overnight, followed by HRP-conjugated secondary antibody at room temperature for 2 h. Following each step, the membranes were washed five times with TBS-T for 5 min. All antibodies (including Bip, CHOP, Alix, PERK, IRE1, and JNK etc.) were diluted at 1:5,000, according to the protocols. The proteins were visualized using enhanced chemiluminescence (Peiqing, JS-1070EV, China).
Transmission Electron Microscopy (TEM) Observation
In vitro experiments, after treatment, RTECs were washed three times with PBS, and fixed with 4% glutaraldehyde and postfixed with 1% OsO4 in 0.1 M cacodylate buffer containing 0.1% CaCl2 for 2 h at 4°C. The samples were then stained with 1% Millipore-filtered uranyl acetate, dehydrated in increasing concentrations of ethanol, infiltrated, and embedded. After polymerization of the resin at 60°C for 48 h, ultrathin sections were cut with an ultracut microtome. Sections were stained with 4% uranyl acetate and lead citrate, and images were obtained using a transmission electron microscope (HITACHI, HT7800, Japan).
Statistical Analysis
All results were expressed as the mean ± standard deviation (S.D.). Data were obtained from three independent experiments. All statistical analyses were conducted by GraphPad Prism 5 software (San Diego, CA). Data were analyzed using paired t-tests. Significant differences: * equals p < 0.05; ** equals p < 0.01.
RESULTS
SW Induced Cytoplasmic Vacuolization and Cell Death in RTECs
The cytotoxic effects of SW was evaluated in RTECs. The RTECs were cultured with various doses of SW (0, 25, 50, 100, 200, and 400 μg/ml) for 24 h. Microscopic observation showed that SW treatment induced extensive cytoplasmic vacuolation in RTECs. A significantly higher quantity of cytoplasmic vacuolated cells was observed when cells were treated with 400 μg/ml SW compared to that of control cells or cells that were treated with lower doses of SW (Figure 2A, B).
[image: Figure 2]FIGURE 2 | SW induced cytoplasmic vacuolization and inhibited cell viability in RTECs (A,B) Phase-contrast images of RTECs following incubation with SW at the indicated concentrations for 24 h. Morphometric analysis of vacuoles was performed with three different areas and the percentage of SW-induced vacuolated cells was calculated (C,D) RTECs were treated with the indicated concentrations of SW for 24 h and cellular viability was measured using Live and DeadTM Viability/Cytotoxicity Assay Kit. Analyze the number of living (green spots) and dead cells (red spots) in three different areas of control and SW-treated cells and the ratios were calculated.
After 24 h treatment, some of the cells became detached from the culture plate with intracellular vacuole surrounding the cell nucleus. To detect the effect of SW on cell survival rate, the RTECs were then treated with SW (0, 25, 50, 100, 200 and 400 μg/ml) for 24 h, and cell viability was then determined using Live and DeadTM Viability/Cytotoxicity Assay Kit. We found that exposure to SW obviously decreased the viability of RTECs in a dose-dependent manner (Figures 2C, D), suggesting that SW has cytotoxic activity against RTECs.
SW-Induced Cytoplasmic Vacuolation Is Independent of Apoptosis and Autophagy
We have previously confirmed that SW can induce apoptosis and autophagy, but which cell death pathway is related to SW-induced cytoplasmic vacuolation is still unclear.
We pre-treated the cells with autophagic inhibitor like Baf A1 and autophagy activator like Rapa and found that the treated cells continued to vacuolate even in the presence of the inhibitor or activator (Figure 3). It is noteworthy that the combination of both SW and autophagic inhibitor (Baf A1) lead to increase in cell death when compared to death by SW alone (Supplementary Figure S1) suggesting that the blockage of autophagy resulted in increased mortality rate of cells treated with SW.
[image: Figure 3]FIGURE 3 | SW induced cytoplasmic vacuolization which is independent of autophagy and apopotosis. Inverted microscopic images of RTECs treated with SW (400 μg/ml) in the presence of autophagic activators like Rapa, autophagic inhibitors like Baf A1, and apoptosis inhibitors like z-VAD-fmk for 24 h. Morphometric analysis of vacuoles was performed with three different areas and the percentage of SW-induced vacuolated cells was calculated.
To further assess the possible involvement of apoptosis, we pre-treated the cells with the pan-caspase inhibitor, z-VAD-fmk. However, we found that pretreatment with z-VAD-fmk did not affect the vacuolation or cell death of SW-treated cells (Figure 3 and Supplementary Figures S1, S2). Collectively, these results showed that an alternative cell death mode might be involved in the cytotoxic effects induced by SW.
SW Caused ER Stress-dependent Paraptosis of RTECs
Cytoplasmic vacuolation arising from ER dilation and/or swelling of mitochondria is one of the major hallmarks of paraptosis (Yoon et al., 2012; Bury et al., 2013). To further evaluate the cell death mode induced by SW in RTECs, we examined the origins of the SW-induced vacuoles.
The fluorescence microscopy of cells loaded with the ER tracker Red showed that the membranes of large vacuoles were stained with the ER tracker (Figure 4A). In addition, it is seen from the TEM data that, during the incubation of cells in the presence of SW, mitochondria almost do not change in size and are not colocalized with vacuoles. However, the TEM images with 24 h of treatment with SW clearly depicts large empty vacuoles appeared to be very close to ER (Figure 4B), stating that the cytoplasmic vacuoles originated from endoplasmic reticulum.
[image: Figure 4]FIGURE 4 | Fluorescence staining and ultrastructure of SW-induced cytoplasmic vacuolation (A) The cytoplasmic vacuolation induced by SW in RTECs was observed by fluorescence staining with ER-tracker (B) RTEC cells were treated with SW for 24 h and electron microscopy was performed. Arrows indicate the dilated ER.
We next examined whether SW-induced cell death in RTECs shared other features of paraptosis. Although the molecular basis of paraptosis still remains to be clarified, it is known to require de novo protein synthesis. Accordingly, we tested the effect of pretreatment with the protein synthesis blocker, CHX, and found that it very effectively blocked SW-induced vacuolation in RTECs (Figure 5A+B). However, the co-treatment of SW and CHX aggravated cell death (Supplementary Figure S3), which may be due to the hindrance of protein synthesis aggravating the toxic effects of SW. In addition, the levels of Alix, an inhibitor of paraptosis, were downregulated by SW in RTECs (Figure 5C, D). These results indicated that SW induced paraptosis in RTECs.
[image: Figure 5]FIGURE 5 | SW induced paraptosis in RTECs (A,B) RTECs were pretreated with CHX for 4 h and further treated with 400 μg/ml SW for 24 h. Inverted microscopic images of RTECs treated with SW (400 μg/ml) in the presence of CHX. Morphometric analysis of vacuoles was performed with three different areas and the percentage of SW-induced vacuolated cells was calculated (C,D) Alix expression level was evaluated by Western blot analysis in RTECs treated with SW at the indicated concentrations for 24 h. Three independent experiments were performed. Statistically significance was indicated: *p < 0.05, **p < 0.01 compared with control.
The dilation of ER suggested the presence of ER stress in RTECs with SW treatment, and paraptosis mediated cell death is often associated with ER stress (Lee et al., 2016). Furthermore, proteasome inhibition has been shown to induce the accumulation of misfolded proteins in the ER lumen and to impose ER stress (Nawrocki, 2005). Recent studies have shown that the occurrence of apoptosis is related to proteasome inhibition. Thus we checked for the protein expression levels of the ER stress markers like Bip and Chop in RTECs following treatment with SW (Tabas and Ron, 2011; Tang et al., 2012). We found that there was a notable increase in the expression of these markers in a dose dependent manner (Figures 6A–C). Western blot analysis using an anti-ubiquitin antibody demonstrated progressive accumulation of polyubiquitinated proteins also in SW-treated cells (Figure 6D, E).
[image: Figure 6]FIGURE 6 | SW increases the expression of proteins involved in ER stress in RTECs. RTECs were exposed to 0–400 μg/ml SW for 24 h, and western blotting showing the expression of Bip, CHOP (A–C) and polyubiquitinated proteins (D + E) in cells. Three independent experiments were performed. Statistically significance was indicated: *p < 0.05, **p < 0.01 compared with control.
It is known that one of the factors inducing the ER stress is the disturbance of the homeostasis of intracellular Ca2+ (Carreras-Sureda et al., 2017). Ca2+ is released into the cytoplasm when the ER structure is abnormal. As shown in Figure 7A, stronger fluorescence intensity was observed in SW-treated cells, indicating that SW treatment increased intracellular Ca2+ concentration.
[image: Figure 7]FIGURE 7 | SW increases Ca2+ concentration and activates pathways related to ER stress in RTECs. RTECs treated with various doses of SW for 24 h (A) SW treatment caused an increase in Ca2+ concentrations in RTECs compared with untreated cells (B) PERK, eIF2α, IRE1, ATF6 expression levels were evaluated by Western blot analysis (C–F) These column charts show the ratio of p-PERK/PERK, p-eIF2α/eIF2α, p-IRE1/IRE1, ATF6/β-actin. Three independent experiments were performed. Statistically significance was indicated: *p < 0.05, **p < 0.01 compared with control.
Also, we determined the changes in protein expression of three other ER transmembrane sensors, IRE1, PERK and ATF6 Wang and Kaufman (2014), and our results showed that the expression of p-PERK, p-IRE1, and ATF6 increased in RTECs when the cells were treated with SW (Figures 7B–F).
It is worth noting that pre-treatment of RTECs with the ER stress inhibitor 4-PBA markedly suppressed SW-induced cytoplasmic vacuolation and cell death (Figure 8), supporting the relationship between vacuoles and ER stress. In conclusion, ER stress plays an important role in SW induced paraptosis.
[image: Figure 8]FIGURE 8 | Effects of 4-PBA on SW-induced cytoplasmic vacuolization and cell death. RTECs were pretreated with 4-PBA at the indicated concentrations for 4 h and further treated with 400 μg/ml SW for 24 h (A,B) Western blotting was used to analyze the Bip protein level changes in the presence of 4-PBA. Three independent experiments were performed. *p < 0.05, **p < 0.01 (C,D) Inverted microscopic images of RTECs treated with SW (400 μg/ml) in the presence of 4-PBA. Morphometric analysis of vacuoles was performed with three different areas and the percentage of SW-induced vacuolated cells was calculated (E,F) Cellular viability was assessed using Live and DeadTM Viability/Cytotoxicity Assay Kit. Analyze the number of living (green spots) and dead cells (red spots) in three different areas of control and SW-treated cells and the ratios were calculated.
MAPK Activation Mediates Paraptosis Induced by SW
According to existing knowledge, the MAPK signal transduction pathways have been identified to be involved in the process of paraptosis induction (Wang et al., 2012; Li et al., 2020). To understand the detailed mechanism by which SW treatment induces paraptosis in RTECs, we analyzed the signal activation of the p38/Erk/JNK MAPK pathway in cells treated with SW.
Western blot analysis revealed that treatment with SW upregulated the phosphorylation levels of ERK and JNK in RTECs compared to those of the control cells. At the same time, SW did not cause significant change in total levels of ERK and JNK. However, p38 activity was not affected after treatment of RTECs with SW (Figure 9).
[image: Figure 9]FIGURE 9 | SW increases the expression of proteins involved in the MAPK cascade in RTECs (A) The proteins levels changes of ERK, JNK and p38 were analyzed by the Western blotting analysis of cells treated with a range of concentration of the SW for 24 h (B–D) These column charts show the ratio of p-ERK/ERK, p-JNK/JNK, p-p38/p38. Three independent experiments were performed. Statistically significance was indicated: *p < 0.05, **p < 0.01 compared with control.
Then we used specific inhibitors of MAPK pathways to check the effect of MAPK inhibition on cytoplasmic vacuolization induced by SW. Pretreatment of RTECs with either U0126, a ERK inhibitor, or SP600125, a JNK inhibitor, partially but significantly attenuated SW-induced vacuolation (Figure 10), but not markedly reduce cell death (Supplementary Figure S4). These results indicated that ERK and JNK pathways were involved in the cytoplasmic vacuolization induced by SW.
[image: Figure 10]FIGURE 10 | Effects of MAPK pathway inhibitors on SW-induced cytoplasmic vacuolization. RTECs were pretreated with SP600125 or U0126 at the indicated concentrations for 4 h and further treated with 400 μg/ml SW for 24 h (A–D) Western blotting was used to analyze the p-JNK and p-ERK protein level changes. Three independent experiments were performed. *p < 0.05, **p < 0.01 (E,F) Inverted microscopic images of RTECs treated with SW (400 μg/ml) in the presence of SP600125 or U0126. Morphometric analysis of vacuoles was performed with three different areas and the percentage of SW-induced vacuolated cells was calculated.
DISCUSSION
SW is a kind of indolizidine alkaloid, which was first isolated from the plant Swainsona canescens (Dawn et al., 1984; Gardner et al., 2001; Colodel et al., 2002; Haraguchi et al., 2003). Consumption of SW-containing locoweeds by livestock can cause animal poisoning, and the extensive vacuolar degeneration is major pathological manifestation. It is known that SW can induce apoptosis and autophagy. However, a drug can cause more than one kind of programmed cell death at the same time. For example, Iturin A-like lipopeptides induces paraptosis, accompanied by autophagy and apoptosis in cancer cells (Zhao et al., 2018).
Paraptosis is a kind of recently defined programmed cell death which differ from the classical apoptosis by lacking caspase activation, the formation of apoptotic bodies. The presence of cytoplasmic vacuolation arising either from swelling of mitochondria or ER dilation a significant feature of paraptosis. Although the mechanism of paraptosis still remains to be clarified, it is known to be associated with ER stress, disturbances in the Ca2+ distribution in cells Yoon et al. (2014b), Dong et al. (2017) and the perturbation of cellular proteostasis via proteasomal inhibition (Yoon et al., 2010; Yoon et al., 2014a; Mnich et al., 2015; Dongjoo et al., 2016). Also, evidence shows that activation of MAPK pathway and disruption of sulfur homeostasis may lead to the induction of paraptosis (Yoon et al., 2010; Chen et al., 2018; Dongrong et al., 2019).
Here we reported that SW was able to induce extensive cytoplasmic vacuolation mediated cell death in RTECs. In order to investigate whether SW-induced vacuolar degeneration is related to autophagy and apoptosis, we used Rapa (an autophagy activator), Baf A1 (a late-phase autophagy inhibitor) and z-VAD-fmk (an apoptosis inhibitor). However, the tested reagents did not significantly affect the SW-induced cell death and vacuolation of RTECs. Furthermore, autophagy inhibitors did not prevent but, on the contrary, enhanced the formation of cytoplasmic vacuolization induced by SW, suggesting that cytoplasmic vacuolation was due to other cell death modes.
To check whether the cytoplasmic vacuolization was resulted from paraptosis, we examined its relationship with ER structure. The results of fluorescence staining and transmission electron microscopy showed that the vacuoles originated from ER. Incubation of cells with the protein synthesis inhibitor CHX decreased cytoplasm vacuolization. In addition, SW reduced the expression of Alix in RTECs. These results suggested that the cytoplasmic vacuolization induced by SW was related to paraptosis.
We next discussed the mechanism of SW-induced paraptosis. When ER stress occurs, the expression of Bip increases and three stress receptors (PERK, IRE1 and ATF6) are activated. And, the transcription factor CHOP plays a key role in the ER stress-related apoptosis pathway (He and Klionsky, 2009; Mnich et al., 2015). We found an increase in ER stress markers like Bip, CHOP, p-PERK, p-IRE1 and ATF6 at protein level in SW treated RTECs.
ER is considered to be the major store house of Ca2+ and Ca2+ is a unique secondary messenger which plays an important role in the proper folding of proteins in the cells. One of the factors known to cause ER stress is the disorder of intracellular Ca2+ homeostasis. We observed an increase in the cytosolic concentration of Ca2+ in SW treated cells which further indicates the presence of ER stress.
In addition, we also checked the effect of SW on the proteasome in RTECs. The ubiquitin proteasome system (UPS) is a central component of the cellular protein degradation machinery. It can prevent the accumulation of misfolded or deleterious proteins in the cell and performs essential functions in homeostasis. Many newly synthesized error proteins are degraded by proteasome (Schubert et al., 2000). SW treatment induced accumulation of ubiquitinated protein which indicated that it had inhibitive effect on proteasome function.
Previously, Mimnaugh (2006) proposed that a proteasome-inhibition-triggered overload of misfolded proteins in the ER lumen could exert an osmotic force that draws water from the cytoplasm and induced extensive ER-derived vacuolization. And, the application of the ER stress inhibitor 4-PBA, which affects the protein folding and traffic Zhang et al. (2013), Kolb et al. (2015), alleviated SW-induced vacuolation and slightly inhibited the cytotoxic effect. Thus, we believe that ER stress has a key role in SW-induced cytotoxicity.
In our research, though SW activated MAPK pathways, including p38, ERK and JNK, paraptosis induced by SW was only dependent on JNK and ERK pathways. Because our results showed that U0126 and SP600125 reduced the number of vacuolated cells underwent SW treatment.
In summary, paraptosis induced by SW contributed to cytotoxicity of SW might be based on its capability to activate several pathways such as proteasome inhibition, ER stress and MAPK passway. Based on the results obtained, the following mechanism of the cytotoxic action of SW can be proposed (Figure 11): SW cause ER stress, an increase in the intracellular Ca2+ concentration, and damage to proteasomal. Consequently, the accumulation of misfolded proteins in ER results in a drastic extension of the ER cisterns and an extensive cytoplasmic vacuolization, the disturbance of the allocation of organelles by giant vacuoles, which leads to the initiation of cell death caused by paraptosis. Moreover, JNK and ERK pathways play an important role in this mode of cell death.
[image: Figure 11]FIGURE 11 | The overall mechanism of SW induced cell paraptosis.
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