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α-Solanine induces ROS-mediated autophagy through
activation of endoplasmic reticulum stress and
inhibition of Akt/mTOR pathway

MHasanain1,5, A Bhattacharjee2,5, P Pandey1, R Ashraf1, N Singh1, S Sharma1, AL Vishwakarma3, D Datta1,4, K Mitra*,2,4 and J Sarkar*,1,4

α-Solanine is a glycoalkaloid found in species of the nightshade family including potato. It was primarily reported to have toxic

effects in humans. However, there is a growing body of literature demonstrating in vitro and in vivo anticancer activity of

α-solanine. Most of these studies have shown activation of apoptosis as the underlying mechanism in antitumor activity of

α-solanine. In this study, we report α-solanine as a potential inducer of autophagy, which may act synergistically or in parallel with

apoptosis to exert its cytotoxic effect. Induction of autophagy was demonstrated by several assays including electron microscopy,

immunoblotting of autophagy markers and immunofluorescence for LC3 (microtubule-associated protein 1 (MAP1) light chain-3)

puncta. α-Solanine-induced autophagic flux was demonstrated by additionally enhanced – turnover of LC3-II and – accumulation

of LC3-specific puncta after co-incubation of cells with either of the autophagolysosome inhibitors – chloroquine and –

bafilomycin A1. We also demonstrated α-solanine-induced oxidative damage in regulating autophagy where pre-incubation of

cells with reactive oxygen species (ROS) scavenger resulted in suppression of CM-H2DCFDA (5 (and 6)-chloromethyl-2′,7′-

dichlorodihydrofluorescein diacetate acetyl ester) fluorescence as well as decrease in LC3-II turnover. α-Solanine treatment

caused an increase in the expression of endoplasmic reticulum (ER) stress proteins (BiP, activating transcription factor 6 (ATF6),

X-box-binding protein 1, PERK, inositol-requiring transmembrane kinase/endonuclease 1, ATF4 and CCAAT-enhancer-binding

protein (C/EBP)-homologous protein) suggesting activation of unfolded protein response pathway. Moreover, we found

downregulation of phosphorylated Akt (Thr308 and Ser473), mammalian target of rapamycin (mTOR; Ser2448 and Ser2481) and 4E-BP1

(Thr37/46) by α-solanine implying suppression of the Akt/mTOR pathway. Collectively, our results signify that α-solanine induces

autophagy to exert anti-proliferative activity by triggering ER stress and inhibiting Akt/mTOR signaling pathway.
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Glycoalkaloids (GAs) are secondary plant metabolites pro-

duced as natural toxins in order to protect the plants from

hostile environments such as cold stress, insects, phytopatho-

gen attacks and vertebrate feeding. AlthoughGAs are found in

several fruits and vegetables, potato (Solanum tuberosum L.)

is the major source of GAs in human diet.1 GAs are highly

concentrated in the flower and sprouts of potato and also

found at relatively low amount in the tuber.2 Although there are

several reports on human poisoning because of potato

alkaloids,3–5 the available data on toxic effect of GA in human

health is still incomplete.6 α-Chaconine and α-solanine are two

major constituents (95%) of total GAs in potato.1 The ratio of

α-chaconine in potatoes is three times higher than that of

α-solanine.7 α-Chaconine has also been reported to be more

toxic than α-solanine.8 Traditionally held view is that human

consumption of potato GAs at 3–6mg/kg body weight is lethal

and 41–3mg/kg body weight has toxic effect of gastrointest-

inal disturbances and neurological disorders.6

α-Solanine, a trisaccharide GA, is produced biosynthetically

via cholesterol pathway.7 The toxic level of α-solanine in

human diet is not defined yet. In spite of general perception

that GAs including α-solanine are toxic, they have been shown

to produce beneficial effect in human health depending on

concentration and condition of use. α-Solanine and other GAs

showed anti-allergic,9 anti-pyretic,10 anti-inflammatory,10,11

anti-diabetic12 and antibiotic activity against pathogenic

bacteria,13,14 viruses,15,16 fungi17 and protozoa.18 Although

there are several publications on in vitro anti-proliferative

activity of α-solanine on various human cancer cell lines,19–23

its in vivo therapeutic efficacy against mouse model of human
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cancer has been reported recently.22–24 Most of these reports

have shown that the anticancer activity of α-solanine is

mediated through induction of apoptosis.

Macroautophagy (referred to as autophagy hereafter in this

article) is an evolutionarily conserved cellular process of self-

digestion wherein cellular proteins and organelles are

degraded by lysosomal enzymes in response to intracellular

and extracellular stresses, such as starvation.25 In the

absence of stress, autophagy occurs at low basal level to

maintain cellular homeostasis by degrading intracellular

damaged proteins and organelles.26Several human diseases,

including cancer, are found to be associated with malfunction-

ing of the autophagic process.27,28 Accumulating evidences

have established that several chemotherapeutic agents

trigger autophagy to kill cancer cells.29–31 Autophagy has

also been considered as a therapeutic target in cancer cells

that are resistant to anticancer drugs.32 Recently, it has been

demonstrated that aqueous extract ofSolanum nigrum leaves,

which is a rich source of solanine induces autophagy in human

colorectal cancer cells.33 Given these observations together

with previous reports on anticancer activity of

α-solanine, we designed the study to decipher the role of

autophagy and its underlying mechanism in α-solanine-

mediated cancer cell death.

Here, we demonstrate for the first time that α-solanine

triggers autophagy-associated cell death in human cancer

cells. We further show stimulation of endoplasmic reticulum

(ER) stress and inhibition of AKT-mammalian target of

rapamycin (mTOR) signaling pathway by α-solanine, which

may have a vital role in inducing autophagy. Our findings

provide the groundwork for planning future studies on

anticancer activity of α-solanine.

Results

α-Solanine induces autophagy in human cancer cells.

We first assessed in vitro anti-proliferative activity of

α-solanine (Figure 1a) by sulforhodamine B (SRB) assay on

a panel of human cancer cell lines comprising A549, MCF-7,

DU145 and KB. Incubation of cells with α-solanine for 48 h

resulted in reduction in viability with IC50 values ~ 10 μM in all

cell lines (Figure 1b, Table 1). The least differences in the IC50

values among different human cancer cells suggest broad

spectrum anti-proliferative activity of α-solanine. As a result of

A549 being most sensitive, this cell line was selected for most

of the subsequent studies. As autophagy and apoptosis are

two major modes of cell death in response to cellular stress,

we investigated the ability of α-solanine to activate these

cellular processes. Induction of autophagy was examined by

determining the level of LC3 (microtubule-associated protein 1

(MAP1) light chain-3) by western blot assay. LC3, a subunit

of microtubule-associated proteins 1A and 1B (termed

MAP1LC3),34 is a mammalian homolog of yeast Atg8.35

During autophagy, LC3 is cleaved at carboxy terminus by

Atg4 to form LC3-I, which is eventually converted to LC3-II

through lipidation by Atg7 and Atg3. Hence, LC3-II is widely

used as an indicator of autophagy.36 In this study, A549 cells

were treated with α-solanine at IC50 concentration for different

time intervals and LC3-II expression was measured by

western blot assay. As shown in Figures 1c and d, α-solanine

treatment resulted in time-dependent conversion of LC3-I to

LC3-II where highest expression of LC3-II was observed

at 24 h. On the contrary, maximum cleavage of poly

(ADP-ribose) polymerase (PARP) and caspase-3 was

observed at 48 h post-exposure to α-solanine denoting

induction of apoptosis. Subsequently, cells were treated with

α-solanine up to 24 h in subsequent studies on autophagy. In

accordance with increased LC3-II expression, other key

autophagy regulating proteins such as Beclin 1, lysosome-

associated membrane protein 2 (LAMP-2) and autophagy-

related 5 (ATG5) were also increased in time-dependent

manner following α-solanine treatment (Figures 1c and d).

Conjugation with lipids allows LC3 to be relocated toward

autophagic vesicles and subsequently become associated

with autophagosomal membrane.35 Therefore, monitoring the

changes from a diffused pattern of LC3 to accumulation of LC3

puncta in cell cytoplasm is another way of detecting

autophagosomes by fluorescence microscopy.37 Here, cellu-

lar distribution of LC3 in A549 cells was examined by

immunofluoroscence before and after exposure to α-solanine.

As can be seen in Figure 1e, α-solanine treatment resulted in

accumulation of LC3-specific puncta in time-dependent

manner. The changes were statistically significant from 12 h

onward post-exposure to α-solanine in comparison with

untreated controls (Figure 1f). We also sought to investigate

if α-solanine induces autophagy in other human cancer cell

lines as well. As shown in Supplementary Figure S1A,

α-solanine enhanced expression of Beclin 1 in all the cell

lines. Correspondingly, LC3B-II was found to be upregulated

after α-solanine treatment in all the cell lines except DU145

where no expression of LC3B-II was noticed. α-Solanine

treatment of DU145 did not result in detectable level of ATG5

aswell (data not shown), whereas it induced PARP cleavage in

all the cell lines (Supplementary Figure S1B). In addition,

treatment of α-solanine to a stable C33A cell line expressing

GFP-tagged LC3 (C33A-GFP-LC3) resulted in marked accu-

mulation of green fluorescent dots than untreated controls

denoting induction of autophagy (Supplementary Figure S1C).

α-Solanine-induced autophagic flux was further investi-

gated in the presence and absence of autophagosome–

lysosome fusion inhibitors, bafilomycin A1 (BafA1) and

chloroquine (CQ). As expected, 2-h pretreatment with

100 nM BafA1 or 5 μM CQ alone resulted in increased

LC3B-II level, whereas combination of BafA1/CQ and

α-solanine caused additionally enhanced turnover of LC3-II

(Figures 2a and d). Similar results were obtained in

microscopic analysis where additionally enhanced accumula-

tion of LC3 puncta was seen after 24-h treatment of α-solanine

in cells pre-incubated with CQ (Figure 2e). To further confirm

α-solanine-induced autophagic flux, fusion of autophagosome

(LC3 positive) with lysosome (LAMP-2 positive) was investi-

gated by confocal microscopy (Figure 3) where significant

colocalization of the two compartments was observed post-

treatment. Finally, we inhibited autophagy through siRNA-

mediated downregulation of Beclin 1. The knock down

efficiency of siRNAwas confirmed by immunoblotting showing

significant reduction in Beclin1 expression after α-solanine

treatment (Supplementary Figure S1D). Accordingly, expres-

sion of LC3B-II (Supplementary Figure S1D) and ATG5
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Figure 1 α-Solanine-induced autophagy in A549 cells. (a) Chemical structure of α-solanine. (b) Cytotoxic effect of α-solanine. Cells were treated with α-solanine for 48 h at
indicated concentration and cell viability was measured by SRB assay. (c) A549 cells were treated with 10 μM α-solanine for indicated time points. Cell lysates were analyzed by
immunoblotting for autophagic and apoptotic markers. (CL, cleaved; FL, full length). (d) Bar graphs representing densitometric quantification of the western blot data (mean±
S.E.) of three independent experiments. (e) A549 cells were treated with 10 μM α-solanine and were fixed at different time points. Cells were then reacted with anti-LC3 antibody
and were analyzed by confocal microscopy after incubation with Alexafluor 488 tagged anti-rabbit IgG. (f) Bar graph representing average number of typical LC3
puncta/cell. Data are means± S.E. from minimum 25 cells for each experiment; *P= 0.2482, ***Po0.0001, compared with untreated control
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(data not shown) were also downregulated in siRNA-

transfected cells. Although these results imply inhibition of

autophagy, they also corroborate induction of autophagic flux

by α-solanine.

In view of the role of autophagy in promoting either cell

survival or death, we were interested to see how autophagy

contributes to the cytotoxic effect of α-solanine. Thus, A549

cells were incubated with α-solanine and doxorubicin or either

of them for 24 h. Scanning electron microscopic (SEM)

analysis revealed marked increase in apoptotic population in

α-solanine and doxorubicin-treated cells with characteristic

apoptotic bodies and membrane blebbing than other treat-

ment groups (Supplementary Figure S2A). Similarly, we also

saw significant reduction in viability of cells after co-treatment

with α-solanine and doxorubicin than treatment with either of

them (Supplementary Figures S2B and C).

Ultrastructural alterations induced by α-solanine.

Subcellular alterations in A549 cells induced by α-solanine

were analyzed by TEM. Control cells showed normal

ultrastructure with cytoplasm containing structurally intact

organelles like Golgi vesicles, rough ER and mitochondria

consisting of well-defined cristae and electron-dense mito-

chondrial matrix (Figures 4a, d and f). The cells were spindle

shaped and the nuclei contained evenly distributed chromatin

(Figure 4a). Cells treated with 10 μM α-solanine for 24 h

showed abundant autophagosomes, amphisomes and auto-

lysosomes in various stages of maturation (Figures 4b, c and e).

Mitochondria appeared less electron-dense with disruption in

mitochondrial ultrastructure and loss of cristae (Figure 4g)

Cells exhibited swollen morphology with no visible change

in the nucleus or the plasma membrane. Significant ER

swelling was observed in treated cells indicating ER stress

(Supplementary Figure S3).

α-Solanine-induced autophagy is mediated through

accumulation of intracellular ROS. It is now well appre-

ciated that reactive oxygen species (ROS) has an essential

role in the autophagic process.38 Mitochondria are the major

source of ROS inside the cells. Our electron microscopic

study revealed damage of mitochondria in α-solanine-treated

cells, which was evident as severe mitochondrial swelling and

loss of cristae network (Figure 4g). Consistent with electron

microscopy data, analysis of JC1-stained A549 cells by

confocal microscopy revealed loss of mitochondrial mem-

brane potential (Figure 5h) in α-solanine-treated cells, which

in turn caused release of cytochrome c into the cytosol

(Figure 5i). This led us to postulate that α-solanine may

trigger release of ROS from mitochondria as well which can

be an important factor in inducing autophagy. To examine

whether ROS is enhanced because of α-solanine treatment,

cells were stained with CM-H2DCFDA (5 (and 6)-chloro-

methyl-2′,7′-dichlorodihydrofluorescein diacetate acetyl

ester) and examined under confocal microscope. As can be

seen in Figures 5a and c, α-solanine caused an increase in

CM-H2DCFDA fluorescence of ~ 63% compared with control,

which was scavenged by the antioxidant and ROS scaven-

ger, N-acetyl-L-cysteine (NAC), reflecting ~ 82% decrease in

Figure 2 α-Solanine-induced autophagic flux. A549 cells were treated with α-solanine for 24 h without or with 5 μM CQ (2 h pre-incubation). Cellular LC3 was analyzed by
western blot assay (a and c) and by confocal microscopy (e). (b and d) Western blot analysis of A549 cell lysates treated with α-solanine (10 μM, 24 h) in presence or absence of
100 nM BafA1 (2 h pre-incubation) using anti-LC3 antibody

α-Solanine induces ROS-mediated autophagy
M Hasanain et al

4

Cell Death and Disease



fluorescence. In agreement with microscopic data, analysis of

CM-H2DCFDA stained A549 cells by flow cytometry revealed

significant increase in mean fluorescence of α-solanine-

treated cells compared with untreated control, which was

further decreased upon NAC exposure (Figures 5b and d).

We also used MitoSOX Red to monitor mitochondrial

superoxide levels in A549 cells. This fluorogenic dye is highly

selective for mitochondrial superoxide and is not oxidized by

any other ROS or reactive nitrogen species. The oxidation

product of the probe becomes highly fluorescent upon

binding with nucleic acids as observed in α-solanine-treated

cells indicating elevated superoxide levels in the mitochondria

(Figure 5a). Control cells showed basal levels of mitochon-

drial superoxide indicated by the fluorescence of the oxidized

product upon binding with mitochondrial DNA, whereas

NAC pretreatment resulted in decreased fluorescence.

α-Solanine-mediated upregulation of free radicals was

additionally authenticated by lipid peroxidation assay using

a naturally fluorescent fatty acid cis-parinaric acid. Here,

significant loss of fluorescence intensity was observed after

α-solanine treatment, which was subsequently restored on

pre-incubation with NAC (Figure 5g). Altogether, findings

from these experiments signify induction of ROS by α-

solanine. To further confirm the role of ROS on α-solanine-

mediated autophagy, the level of LC3-II was examined in

presence and absence of NAC after treatment with α-

solanine. As shown in Figures 5e and f, pretreatment with

NAC caused significant decrease in α-solanine-mediated

enhanced LC3-II level implying regulation of autophagy

by ROS.

ER stress is involved in α-solanine-induced autophagy.

To determine the ability of α-solanine to induce ER stress, the

expression of signaling molecules of unfolded protein

response (UPR) pathway was examined by western blotting

(Figure 6a). Exposure of A549 cells to α-solanine resulted in

an increase in the level of ER chaperone, BiP/GRP78.

Expression of other transmembrane sensors like inositol-

requiring transmembrane kinase/endonuclease 1 (IRE1)

and PERK was also elevated in α-solanine-treated cells.

Correspondingly, α-solanine-induced expression of the

transcription factors activating transcription factor 6 (ATF6),

X-box-binding protein 1 (XBP1) and ATF4, which are activated

as an adaptive response during ER stress. CCAAT-enhancer-

binding protein (C/EBP)-homologous protein (CHOP)/

GADD153, another transcription factor having binding sites

for ATF6, XBP1 and ATF4 at its promoter region and mediator

of cell death during ER stress, was found to be upregulated

after α-solanine treatment. Consistent with immunoblot data,

ultrastructural study by electron microscopy revealed swelling

of the ER lumen with smooth surface in α-solanine-treated

cells confirming ER stress (Supplementary Figure S3). These

results indicate that α-solanine is a potent inducer of ER

stress and UPR pathway. Taking cues from our observation

that α-solanine treatment induced ER stress, we investigated

calcium efflux from the ER as it is known that early ER stress

involves calcium leakage from the ER. Cytosolic calcium

levels were monitored using fluorescent calcium indicator

Fluo-4AM. Control cells showed low fluorescence indicating a

basal level of cytosolic calcium. As evident from Figure 6b,

α-solanine-treated cells showed significantly increased green

fluorescence because of elevated cytosolic calcium levels.

A similar effect was observed in Thapsigargin-treated cells,

which suggests that α-solanine treatment induces calcium

efflux from ER stores (major intracellular store for releasable

calcium) into the cytosol. Similar observations have been

reported earlier39 in Panc-1 pancreatic cancer cells with

3,3-diindolylmethane (DIM). Oxidative stress and ROS

generation are integral part of ER stress, which have both

upstream and downstream roles in the UPR pathway.

Although ROS has the potential to induce ER stress, it is

produced as a byproduct at the time of disulfide bond

formation during protein folding. To determine possible role of

ROS in activating UPR pathway, we examined PERK level in

Figure 3 α-Solanine treatment caused autophagosome–lysosome fusion. A549 cells were treated with α-solanine at 10 μM for 24 h and immunostained with anti-LC3
(marker for autophagosome) and anti-LAMP2 (marker for lysosome) antibodies. Fluorescently labeled cells were analyzed under confocal microscope
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presence or absence of NAC after α-solanine treatment. As

can be seen in Supplementary Figure S4, pre-incubation with

NAC resulted in marked downregulation of α-solanine-

induced PERK level suggesting involvement of ROS in

triggering ER stress. To further investigate role of ER stress

in α-solanine-induced autophagy, cells were transfected with

siRNA targeting PERK. Depletion of PERK activity resulted in

reduced expression of ATF4 and decreased level of LC3-II in

α-solanine-treated cells (Figure 6c). Collectively, above

findings suggest that activation of UPR pathway by α-solanine

promotes autophagy.

α-Solanine induces autophagy through inhibition of

Akt/mTOR pathway. Previous reports have established

Akt/mTOR as a key signaling pathway, which negatively

regulates autophagy.25 To gain further insight into the

molecular mechanism of α-solanine-induced autophagy, we

investigated expression and post-translational modification of

key regulatory proteins of Akt/mTOR pathway. Phosphoryla-

tion of Akt at Thr308 and Ser473 are used as markers of active

Akt, which inhibit apoptosis and autophagy. In this study,

significant downregulation of p-Akt (Ser473and Thr308) was

observed in α-solanine-treated cells suggesting involvement

of this pathway in triggering autophagy (Figures 7a and b).

mTOR, which acts downstream to Akt in Akt/mTOR

pathway, is phosphorylated during growth factor-induced cell

signaling and negatively regulates autophagy. Here, signifi-

cantly reduced level of phosphorylated mTOR (Ser2448 and

Ser2481) was noticed after α-solanine treatment, while there

seems to be no obvious change in total mTOR level between

treated and untreated groups (Figures 7a and b). Similarly,

phosphorylation of 4E-BP1 (eukaryotic initiation factor

4E-binding protein 1) at Thr37/46, a downstream target of

mTORC1, was diminished following α-solanine treatment

Figure 4 Ultrastructural study of A549 cells treated with α-solanine. Representative electron microscopic images of A549 cells treated without (a and d) or with (b, c and e)
α-solanine (10 μM, 24 h) showing accumulation of autophagic vacuoles (marked with arrows) in treated cells. (f) Electron micrograph showing cristae and electron-dense
mitochondrial matrix in vehicle-treated cells. (g) Lack of mitochondrial electron density and cristae was evident after α-solanine treatment
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Figure 5 α-Solanine-induced intracellular ROS to trigger autophagy. (a) A549 cells were treated with 10 μM α-solanine in presence or absence of 5 mMNAC. Cells were then
stained with DCFDA and MitoSOX Red dye before being examined under confocal microscope. (b) Flow cytometric analysis of DCFDA-stained A549 cells for ROS accumulation.
(c) Mean fluorescence intensities of at least 25 microscopically examined cells for each treatment were plotted and analyzed statistically (c); ***Po0.005. (d) Mean DCFDA
fluorescence of α-solanine-treated A549 cells was analyzed by flow cytometry before and after exposure to NAC. (e) α-Solanine-treated cell lysates (with or without
pre-incubation with NAC) were analyzed by western blot assay using specific antibodies. (f) Densitometric analysis of LC3-II levels relative to GAPDH. **Po0.05; ***Po0.005.
(g) Increased lipid peroxidation in α-solanine-treated cells. (h) Effect of α-solanine on MMP of A549 cells. Cells were treated with 10 μM α-solanine, stained with 2 μM JC1 and
examined under microscope. (i) α-Solanine caused release of cytochrome c from mitochondria. A549 cells were treated with 10 μM α-solanine for 24 h, immunostained with
cytochrome c and examined under confocal microscope
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(Figure 7b). Level of total 4E-BP1 was also decreased in

α-solanine-treated A549 cells in comparison with the

untreated control. To confirm regulatory role of Akt/mTOR

pathway in α-solanine-induced autophagy, cells were treated

with Akt1/2 inhibitor and rapamycin and assessed for level of

autophagy. As shown in Figure 7c, inhibition of Akt1/2 was

accompanied by increased autophagic signaling as indicated

by additionally enhanced LC3-II level in α-solanine-treated

cells. Similarly, mTOR inhibition by rapamycin resulted in

decreased phosphorylation of target protein, p70S6K at Thr389

and enhanced autophagic effect of α-solanine (Figure 7d).

Taken together, above results indicate that α-solanine

suppresses Akt/mTOR kinase activity to induce autophagy.

Discussion

The pharmacological effect of α-solanine in human has long

been a matter of debate. Although several investigators have

Figure 6 α-Solanine activated UPR pathway. (a) A549 cells were exposed to 10 μM α-solanine and harvested at indicated time points. Cell lysates were subjected to western
blot assay to determine activation of UPR pathway and band intensities were quantified. (b) ER calcium ion release in α-solanine (10 μM, 24 h) treated cells was investigated by
fluorescence microscopy after staining with 5 μM Fluo-4AM. (c) A549 cells were transfected with non-targeting or PERK siRNA and treated with α-solanine for 24 h. The
corresponding proteins were evaluated by immunoblotting and band intensities were quantified
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reported this GA to be toxic to humans,3–5 there have been an

increasing number of literatures on therapeutic potential of

α-solanine against several ailments including cancer.9,12,13,19-23

Until now, apoptosis was believed to be the crucial factor in

inducing cell death by α-solanine.22–24,40 Here, we investi-

gated the ability of α-solanine to induce cell death by

autophagy and its underlying molecular mechanism. We

demonstrate that α-solanine triggers both apoptosis and

autophagy to mediate cell death. However, induction of

autophagy appears to be an early event in A549 cells, where

highest conversion of LC3B-II was seen at 24 h, than

apoptosis, where maximum cleavage of PARP and caspase-3

was seen at 48 h. In contrast to other cell lines, we could not

detect key autophagy markers (LC3 and ATG5) in DU145

cells. This could be due to the defect in autophagy pathway in

this cell line because of the absence of functional ATG5.41

However, in view of nearly equal sensitivity of all the cell lines

includingDU145, toward α-solanine, it appears that autophagy

may not be an essential mechanism in inducing cell death by

α-solanine. Instead, it may act independently or synergistically

with apoptosis to exert the cytotoxic effect of α-solanine.

Consistent with this hypothesis, we observed an additive

effect on cell cytotoxity when the cells were co-treated with

α-solanine and doxorubicin, a known cytotoxic agent.

Figure 7 α-Solanine inhibited Akt/mTOR signaling. (a) A549 cells were analyzed for Akt/mTOR activity by western blot assay using pathway-specific antibodies after
incubation with or without α-solanine for 24 h. (b) Densitometric analysis on band intensity of corresponding proteins relative to loading-control. #Po0.05; *Po0.005. A549 cells
were treated with α-solanine in presence or absence of 10 μM Akt1/2 inhibitor (c) and 10 nM rapamycin (d). Cell lysates were analyzed by immunoblotting with corresponding
antibodies
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We carried out several studies – like conversion of LC3B-I to

LC3B-II, quantification of LC3B puncta, expression of

ATG5 and Beclin 1 and ultrastructural morphology to

demonstrate autophagy in the most susceptible cell line,

A549. Nevertheless, increase in cellular level of LC3-II, Beclin

1 and ATG5 does not ensure autophagic proteolysis of cellular

proteins and organelles. As increased turnover of LC3-II can

occur either in augmented autophagosome formation or

because of impaired autophagosome–lysosome fusion.42

Similarly, Beclin 1 and ATG5 are not specific markers of

autophagy and they are also involved in regulating

apoptosis.43,44 To address this concern, we measured

autophagic flux through several methods in α-solanine-treated

A549 cells. RNAi knockdown of Beclin 1 resulted in reduced

conversion of LC3B-I to LC3B-II and downregulation of ATG5,

implying Beclin 1 has a critical role in α-solanine-induced

autophagy. Conversely, pre-exposure of A549 cells to auto-

phagosome–lysosome fusion inhibitors BafA1 and CQ

resulted in increased LCB-II conversion and rise in

LC3B-specific puncta. This may be due to an increased

autophagosome accumulation in the cytoplasm collectively by

α-solanine and blockage of autophagosome clearance by

BafA1 or CQ. In addition, we verified α-solanine-induced

autophagosome–lysosome fusion by electronmicroscopy and

immunoflurescence. Collectively, our data demonstrate that

α-solanine is indeed able to induce autophagy.

In eukaryotic cell, ER is primarily engaged in folding and

maturation of secretary and membrane-associated proteins

and the ER homeostasis is precisely regulated by several

sensor and regulatory factors. Any perturbation in protein

folding leads to activation of a conserved signaling pathway,

collectively called as UPR pathway, in order to decrease

protein flux as well as to increase protein folding capacity in

ER. In addition to its role in initiating apoptotic process,

emerging reports are beginning to establish association

between ER stress and induction of autophagy.45–47 ER

stress is sensed and responded by 3 UPR signal transducers

viz. IRE1, PERK and ATF6.48 These transmembrane sensors

remain suppressed in non-stressed cells by binding to a

chaperone, BiP/GRP78. Upon ER stress, available pool of BiP

is occupied with misfolded proteins, resulting in derepression

of these sensors including ATF6, which in turn transactivates

BiP.49 Here, we observed upregulation of ATF6 along with its

target, BiP implying induction of ER stress by α-solanine. Our

results also demonstrate activation of other arms of UPR

pathway by means of induction of IRE1 and PERK together

with their effector molecules XBP1 (XBP1s) and ATF4.

Splicing of XBP1 enables it to translocate to nucleus where

it activates transcription of an array of genes involved in protein

folding and degradation to restore ER homeostasis.48 Recent

evidence suggests that XBP1s triggers autophagy by trans-

activating Beclin 1.50 In view of the ability of ATF6 in

transactivating XBP1,51 it is also possible that ATF6 may also

acts as a mediator in α-solanine-induced autophagy. In this

study, we observed upregulation of a death-inducing tran-

scription factor, CHOP, following treatment with α-solanine.

CHOP acts as a junction for the entire ER stress sensor

transduced signaling pathways by harboring binding

sequences for XBP1, ATF6 and ATF4 at its promoter

region.51,52 It promotes autophagy by alleviating Beclin 1

inhibition through downregulation of Bcl-2.53 Earlier report on

involvement of CHOP in inducing ROS by transactivation of

ERO1 (ref 54) supported with the electron microscopic result of

damaged mitochondrial morphology and altered mitochon-

drial membrane potential, led us to postulate that α-solanine

may cause oxidative damage to A549 cells. Indeed, we

observed significantly increased cellular ROS level after

α-solanine treatment through several assays as well as

reduction in LC3 lipidation when ROS was inhibited by NAC.

Increased level of intracellular ROS triggered ER stress, which

in turn induced autophagy. It is also likely that enhanced ROS

may have inactivated Atg4 and consequently promoted LC3B

lipidation to induce autophagy.38Collectively, our data indicate

that α-solanine triggers UPR pathway and oxidative damage to

induce autophagy.

Akt/mTOR pathway has long been implicated in regulating

apoptosis and autophagy.55,56 It has recently been shown that

α-solanine induces apoptosis by blocking Akt/mTOR

pathway.22 In line with this finding, we also observed down-

regulation of Akt and mTOR phosphorylation in α-solanine-

treated cells. Phosphorylation at Thr308 and Ser473 by

upstream kinases is essential for complete activation of Akt

in response to growth factor and other extracellular stimuli.

Activated Akt in turn relieves mTOR inhibition by phosphor-

ylating its negative regulators – TSC1, TSC2 and

PRAS40.57,58 The function of mTOR is also regulated by

phosphorylation at Ser2448 (by Akt) and at Ser2481

(autophosphorylation).59,60 In eukaryotes, mTOR exists in

two functionally distinct complexes mTORC1 and mTORC2,

depending on its phosphorylation status and the co-factors

bound to it. In this study, we observed downregulation in

phosphorylation of mTOR at Ser2448 and Ser2881, which

denotes inhibition of both mTORC1 and mTORC2,

respectively.61 mTORC1 inhibits initiation of autophagy

through phosphorylation-dependent suppression of Atg13

and Ulk1/2 kinase.62–64 Conversely, there is no evidence on

direct effect of mTORC2 on autophagy. Nonetheless, it

activates Akt through phosphorylation at Ser473 (ref.65) and

thus negatively regulates autophagy. Our result also revealed

downregulation of phosphorylated 4E-BP1 (Thr37/46) after

α-solanine treatment. Given that phosphorylation of 4E-BP1 is

promoted by mTORC1, our results confirm inhibition of

mTORC1 by α-solanine. These results, supported with

additional increase in LC3-II level upon inhibition of Akt and

mTOR kinase activity, imply that α-solanine inhibits Akt/mTOR

pathway to induce autophagy.

In summary, this study demonstrates that α-solanine

induces autophagy (in addition to apoptosis) to mediate

cancer cell death. The GA was found to enhance intracellular

ROS level and downregulate Akt/mTOR signaling pathway to

activate autophagy. We also found that α-solanine triggers ER

stress and activates UPR pathway to induce cell death. The

findings of our study along with probable mode of action of

α-solanine have been illustrated in Figure 8. Taken together,

our results reiterate chemotherapeutic efficacy of α-solanine

and provide first evidence of autophagy as an underlying

mechanism.
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Materials and Methods
Cell lines. A549 – human lung cancer cell, MCF-7 – human breast cancer cell,
C33A – human cervical cancer cell, DU145 – human prostate cancer cell and

KB – HeLa contaminant of human epidermoid carcinoma cell lines were obtained

from American Type Culture Collection (ATCC, Manassas, VA, USA). Cells were

maintained in Dulbecco's modified Eagle's medium (Sigma-Aldrich, St. Louis, MO,

USA) supplemented with 10% fetal bovine serum (Gibco BRL, Gaithersburg, MD,

USA) and antibiotic–antimycotic solution (Gibco BRL).

Chemicals and antibodies. BafA1, α-solanine, CQ, doxorubicin, N-acetyl-L-
cysteine (NAC), SRB sodium salt, AKT 1/2 kinase inhibitor, anti-LC3B and

anti-β actin were purchased from Sigma-Aldrich. Rapamycin was procured from

Millipore Corporation (Billerica, MA, USA). Anti-PARP, anti-Atg5, anti-phospho-Akt

(Ser473), anti-4E-BP1, anti-phospho-mTOR (Ser2448), anti-phospho-4E-BP1

(Thr37/46), anti-caspase -3, anti-phospho p70 S6 kinase (Thr389), anti-phospho-

Akt (Thr308), anti-Akt(pan), anti-mTOR, anti-phospho mTOR, anti-GRP78 (BiP),

anti-IRE1α, anti-PERK, anti-CHOP and anti-LC3 were obtained from Cell Signaling

Technology (Danvers, MA, USA). Paraformaldehyde, anti-ATF-6α, anti-XBP-1, anti-

CREB-2, anti-GADD153/CHOP (B-3), anti-Beclin 1 and anti-LAMP-2 were procured

from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Anti-glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) was obtained from Imgenex (IMGENEX India

Pvt. Ltd., Bhubaneswar, India). All fluorescence-conjugated and peroxidase-

conjugated secondary antibodies were purchased from Invitrogen Corp., (Carlsbad,

CA, USA) and Thermo Scientific (Rockford, IL, USA), respectively.

Cell viability assay. Cytotoxic effect of α-solanine on different cancer cells
was measured by SRB assay. Cells (104 per well) were seeded onto 96-well plates

and grown overnight before being treated with or without α-solanine at different

concentrations. After 48- h incubation with α-solanine, cells were fixed and stained

Figure 8 Proposed mechanism of α-solanine-induced cell death
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with SRB dye as described earlier.66 Bound dye was solubilized with 10 mM Tris
base and the plates were read at 510 nm absorbance.

Measurement of ROS and mitochondrial superoxide. Intracellular
level of ROS was determined by fluorescence microscopy as well as by flow
cytometry using CM-H2DCFDA (Invitrogen Corp.,). For microscopy, cells were
grown overnight at 37 °C and treated with α-solanine for 24 h. Cells were then
incubated with 10 μM CM-H2DCFDA for 30 min in dark, washed with PBS and
examined under confocal microscope. Similarly, A549 cells were trypsinized after
incubation with or without α-solanine for 24 h. Cells (2x106) were then resuspended
in 500 μl HBSS after a brief wash with PBS, stained with CM-H2DCFDA for 30 min
in dark and analyzed by FACS Caliber flow cytometer (BD Biosciences, San Jose,
CA, USA). To further confirm our finding in presence of ROS scavenger, cells were
pre-incubated with NAC for 2 h before exposure to α-solanine.
Mitochondrial superoxide level in α-solanine-treated cells was investigated by

confocal microscopy using MitoSOX Red dye (Invitrogen Molecular Probes, Eugene,
OR, USA). Briefly, cells were grown overnight on coverslips, treated with α-solanine
for 24 h and stained with 4 μM MitoSOX Red dye for 10 min in dark. After washing
with warm PBS, cells were observed under microscope.

Determination of mitochondrial membrane potential (MMP) and
release of cytochrome c. Integrity of mitochondrial outer membrane was
investigated by staining cells with a cationic dye, JC1. Cells were grown overnight in
confocal glass bottom dishes and treated with α-solanine for 24 h. Cells were then
washed with PBS and stained with 2 μM JC1 for 30 min. Samples were finally
washed with PBS and examined under confocal microscope.
Release of cytochrome c from mitochondria was assessed by confocal

microscopy. Briefly, cells were washed with PBS after incubation with α-solanine
for 24 h, fixed with 4% paraformaldehyde and permeabilized with 0.5% Triton X100.
Samples were then blocked with 2% BSA (in PBS) for 1 h and probed with anti-
cytochrome c antibody for overnight at 4 °C. Cell were then stained with Alexa Fluor
488 conjugated secondary antibody for 90 min at room temperature (RT) and
examined under microscope.

Lipid peroxidation assay. Relative levels of lipid peroxidation were
measured with cis-parinaric acid assay using standard protocol. Briefly, cells were
seeded onto 96-well plates and treated accordingly. Cells were then washed once
with warm PBS and incubated with 10 μM cis-parinaric acid for 1 h at 37 °C. After
washing with warm PBS, fluorescence intensities were measured in a spectro-
photometer at 360 nm excitation and 460 nm emission.

Estimation of cytosolic calcium levels. The experiment was performed
as reported earlier with minor modifications.39 In brief, cells were grown in glass
bottom confocal dishes overnight. The next day, cells were treated with either
α-solanine (10 μM, 24 h) or 0.5 μM thapsigargin (TG; Calbiochem, San Diego, CA,
USA) for 16 h. TG was used as positive control for ER calcium release. Cells were
stained with 5 μM Fluo-4AM (Invitrogen Molecular Probes) in calcium free
Dulbecco's phosphate-buffered saline (DPBS) for 1 h before imaging.

Scanning electron microscopy. Cellular morphology was studied using
SEM. Cells grown on cover slips were fixed in 2.5% glutaraldehyde in 0.1 M
phosphate buffer. After washing in phosphate buffer, samples were post-fixed in 1%
OsO4 and subsequently dehydrated through an ascending ethanol series, critical
point dried and coated with Au-Pd (80:20) using a Polaron E5000 sputter coater
(Polaron Equipments Ltd, Hertfordshire, UK). Samples were examined in a FEI
Quanta 250 SEM at an accelerating voltage of 15 kV using SE detector. About 200
cells from two stubs for each sample were analyzed.

Transmission electron microscopy (TEM). Ultrastructural alterations
were analyzed by using TEM thin sectioning technique as reported earlier with
minor modifications.67 In brief, cells were fixed with 4% paraformaldehyde (PFA) and
2% glutaraldehyde in 0.1 M phosphate buffer, pH 7.4 for 4 h at 4 °C. Samples were
washed in 0.1 M phosphate buffer, post-fixed in 2% OsO4 at RTand encapsulated in
agarose. This was followed by dehydration in ascending grades of ethanol,
infiltration and embedding in Spurr Resin and polymerization at 60 °C for 24 h.
Ultrathin sections (50–70 nm) were obtained using an ultramicrotome (Leica
Ultracut UCT, Leica Microsystems GmbH, Wetzlar, Germany) and picked up onto
200 mesh copper grids. The sections were double stained with uranyl acetate and
lead citrate and observed under a Jeol JEM 1400 Transmission Electron

Microscope equipped with Gatan ES500 Erlangshen and Gatan Orius SC200B
CCD cameras at 80kV (Gatan Inc., Pleasanton, CA, USA). At least 300 cells were
analyzed from three independent experiments.

Immunofluorescence staining. A549 cells were grown on coverslips for
overnight and treated with α-solanine for indicated time periods. After removing
culture media, cells were fixed with 4% PFA, permeabilized in 0.5% Triton X100 in
PBS and blocked with 2% BSA. Subsequently, cells were probed overnight with
primary antibody at 4 °C, washed thrice with PBS and incubated with corresponding
fluorescence-conjugated secondary antibody for 1 h at RT. Images were acquired
using a Carl Zeiss LSM 510 META confocal microscope (Carl Zeiss, Jena,

Germany) equipped with a Plan Apochromat 63x oil/1.4 NA DIC objective.

Western blot assay. Cells were lysed in buffer (25 mM HEPES, 0.4 M NaCl,
1.5 mM MgCl2, 0.2 mM EDTA, 1% NP 40) containing protease (Sigma-Aldrich) and
phosphatase (Roche Diagnostics, Indianapolis, IN, USA) inhibitor for 1 h on ice. The
cell lysates were centrifuged at 12000 g for 10 min and the protein content in

supernatant was measured by BCA assay (Thermo Scientific). Equal amounts of
protein were separated by SDS-PAGE and transferred onto PVDF membrane.
Following overnight incubation with corresponding primary antibodies at 4 °C,
membranes were washed and incubated with peroxidase conjugated secondary
antibody for 1 h at RT. Specific protein bands were detected with an enhanced
chemiluminescence reagent (Millipore Corporation) and visualized by a chemilu-

minescence detector (Bio-Rad Laboratories, Inc., Berkeley, CA, USA). The
densitometric analysis of blots was done by Image J software (National Institutes of
Health, Bethesda, MD, USA).

Plasmid, siRNA and transfection. EGPF-LC3 plasmid was donated by
Dr. Karla Kirkegaard (Addgene plasmid 11546; Cambridge, MA, USA).68 The siRNA

targeting human Beclin1 (ref. 69) and scrambled control siRNA were obtained from
Dharmacon, Inc., (Lafayette, CO, USA). Human EIF2AK3 (PERK)-specific siRNA
was procured from Qiagen Inc., (cat # SI02223718; Valencia, CA, USA). Cells were
transfected with Lipofectamine 2000 (Invitrogen Corp.,) as per standard protocol and
cultured for 48 h in complete medium before further analysis. The extent of gene
knockdown was determined by immunoblotting.
To establish a stable C33A cell line expressing GFP-LC3, G418 (300 μg/ml) was

added to the culture media at 48 h after transfection with GFP-LC3 plasmid. Cells
were then allowed to grow for 2 weeks in presence of G418 and viable stable clones

were selected and propagated for further experiment.

Statistical analysis. The statistical significance of the differences between two
experimental groups from three independent experiments was assessed using
two-tailed Student’s t-test. A value of Po0.05 was considered statistically
significant.
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