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Abstract 

 

Glycoalkaloids are steroidal saponins generally occurring in the Solanaceae family, 

among which we can find tomatine and its aglycon tomatidine, which are mainly synthesised 

in the tomato plant (Lycopersicon esculentum Mill). Several biological activities have been 

described for these molecules, from anti-cancer to anti-inflammatory and antibacterial.  

 

We have evaluated the toxicity of these molecules in neuronal cells, namely in the 

neuroblastoma cell line SH-SY5Y. This work aims to clarify the cellular mechanisms 

underlying the effects of both compounds on these cells. Furthermore, we evaluated the 

toxicity of these compounds in gastric adenocarcinoma cells (AGS) and macrophages 

(RAW 264.7). 

 

We have found that tomatine is cytotoxic to neuronal and gastric cells in 

concentrations starting at 1 µM, while macrophages were only susceptible to this compound 

at a concentration of 2 µM or superior. The corresponding aglycon, tomatidine, is far less 

cytotoxic, exerting no toxicity in the tested concentrations (up to 25 μM) in AGS and RAW 

264.7 cells, and being safe to SH-SY5Y cells up to 6.25 μM.  

 

In light of these results, we were interested in clarifying the mechanisms underlying 

cell death. For this purpose, we analysed caspase involvement in the process, and reached 

the conclusion that tomatine/tomatidine induced-cell death is caspase-independent, a result 

that was confirmed by the absence of classical traits of apoptosis found upon assessment 

of cellular morphology. We verified also that these compounds are able to disrupt calcium 

homeostasis in SH-SY5Y cells. In light of this, we deemed relevant to study the involvement 

of the endoplasmic reticulum on cell death, and verified the involvement of the PERK/eIF2α 

branch of the UPR in tomatine/tomatidine-induced neuronal cell death. 

 

This work is important because the tomato is largely consumed by the human 

population worldwide. It is therefore important to evaluate the toxicity and know the 

underlying mechanisms of compounds that we often ingest. 

 

 

 

 

 



Toxicity of Lycopersicon esculentum Mill. glycoalkaloids – a mechanistic perspective 

v 
 

Resumo 

 

Os glicoalcaloides são saponinas esteroídicas que geralmente ocorrem na família 

Solanaceae, entre os quais podemos encontrar a tomatina e a sua aglícona tomatidina, 

que provêm especialmente do tomateiro (Lycopersicon esculentum Mill.). São atribuídas a 

estas moléculas diversas atividades biológicas, desde anti-cancerígena a anti-inflamatória 

ou antibacteriana. 

 Neste trabalho, avaliou-se a toxicidade destas moléculas em células de 

neuroblastoma humano, nomeadamente na linha cellular SH-SY5Y. Foi avaliada ainda a 

sua toxicidade em células de adenocarcinoma gástrico humano (AGS) e macrófagos (RAW 

264.7). 

 Concluíu-se que a tomatina é tóxica para as células neuronais e gástricas em 

concentrações iguais ou superiores a 1 µM, enquanto que os macrófagos só são 

suscetíveis ao mesmo composto na concentração de 2 µM. Por sua vez, a tomatidina é 

bastante menos citotóxica, não exercendo toxicidade nas células AGS e RAW 264.7 nas 

concentrações testadas, e sendo inofensiva para as células SH-SY5Y até uma 

concentração de 6.25 μM.  

À luz destes resultados, considerou-se que seria de interesse clarificar os 

mecanismos que governam a morte das células nestas condições. Para tal, analisou-se o 

envolvimento das caspases nesse processo, tendo-se concluído que o mesmo é 

independente da atividade das caspases, resultado que foi corroborado pela ausência de 

traços característicos da morfologia apoptótica. Verificou-se ainda que os compostos em 

estudo têm a capacidade de perturbar a homeostasia do cálcio nas células SH-SY5Y. 

Tendo isto em consideração, considerou-se importante esclarecer o papel do retículo 

endoplasmático na morte cellular, constatando-se o envolvimento da via PERK/eIF2α na 

morte celular. 

A importância deste trabalho tem a ver com o facto de que a população humana em 

todo o mundo inclui o tomate na sua dieta. É portanto importante avaliar a toxicidade e 

conhecer respetivos mecanismos de compostos que ingerimos com tanta frequência.  
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1. Introduction 

 

 

1.1. Taxonomy and Ecology of Lycopersicon esculentum Mill. 

 

The tomato plant belongs to the Solanaceae family. This family includes a large 

number of domesticated species, comprising several economically important ones. The 

tomato is one of the most important, along with potato, pepper, aubergine and tobacco. 

Furthermore, the Solanaceae family also comprises a number of poisonous plants, which 

contain substances used as biological pesticides. Thus, this taxon holds a large economic 

value (1, 2). 

The tomato plant originates from South America, in the Andes regions, but it is 

currently cultivated all around the globe, as its fruit represents a major element in the human 

diet, whether it is consumed fresh or as processed products. The global production of 

tomato fruits is currently estimated at 159,000,000 tons (1, 3, 4). 

 

1.2. Secondary metabolism 

 

For millions of years, land plants have been forced to interact with insects. This 

interaction can be of different natures, and therefore beneficial or not to one or both parties 

involved. For instance, among the beneficial interactions is pollination. However, most 

insect-plant interactions associated to herbivory trigger a defence response, since the vast 

majority of plants are targets to predation (5).  

Unlike other organisms, plants are unable to move, and therefore they have come 

to develop, throughout millions of years of selective pressure, multiple strategies to defend 

themselves, which spread through genetic mutations and consequent natural selection 

exerted upon them. These defence strategies can be divided in the development of physical 

features and the biosynthesis of chemical compounds. These chemical defences arose 

from mutations in primary metabolic pathways. For the plant to be able to produce this 

chemical compounds, it is essential that their toxicity to the plant itself or metabolic cost 

associated to its production do not outweigh their toxic or discouraging action towards their 

targets, improving the fitness of the plant in a sustainable manner. Furthermore, these 

defence strategies can be distinguished between constitutive and induced – the first are 

present at all times and all through the plant organism and are named phytoanticipins, and 

the latter are specifically induced by an attack, for instance in response to defence signals 
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which are induced when an insect starts feeding on the plant, and are designated as 

phytoalexins (2, 5, 6). 

In the tomato plant, several classes of secondary metabolites are synthesised, 

including polyphenols, carotenoids and glycoalkaloids (7). Given its economic value and 

considerable production for human consumption, tomato plants are bred in order to improve 

their stress resistance and nutritional value, thus increasing the content of specialized 

chemical compounds such as steroidal alkaloids (1). 

 

1.2.1. Glycoalkaloids 

 

This class of secondary metabolites is comprised in a larger group, namely alkaloids.  

Alkaloids represent a group of about 15,000 natural products which contain nitrogen in 

their chemical structure, commonly incorporated in a heterocyclic ring, and which can be 

found in a wide variety of vascular plants (around 20% of all of them) (6). 

The class of alkaloids can be further divided in three different groups, namely the true 

alkaloids, the pseudoalkaloids and the protoalkaloids. True alkaloids are basic, derive from 

an amino acid, and incorporate their nitrogen atom in a heterocyclic ring. In this group we 

can find, for instance, nicotine and atropine. Protoalkaloids, such as mescaline, do not 

incorporate their nitrogen atom in a heterocyclic ring. In turn, pseudoalkaloids differ from 

the true alkaloids because they do not derive from an amino acid. It is in this group that we 

can find the glycoalkaloids (8). Examples of such alkaloids are in Figure 1. 

 

Figure 1 – Chemical structures of nicotine (A), a true alkaloid; mescaline (B), a 

protoalkaloid; and solasodine (C), a pseudoalkaloid.  

 Most alkaloids are alkaline at physiological conditions, positively charged and water 

soluble, when in the form of salts of organic acids. Regarding their biosynthesis, most of 

these compounds are derived from amino acids, such as lysine, tyrosine, tryptophan and 

phenylalanine. Nevertheless, that is not the case of some compounds, such as the 
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glycoalkaloids (6). The components of their carbon skeleton derive from the mevalonic acid 

pathway, which is the typical biosynthetic pathway of terpenes and of the majority of 

steroids. Specifically, the precursor for glycoalkaloid biosynthesis is cholesterol (Figure 2), 

which is itself evanescent in the plant, as it is immediately transformed into other 

compounds (6, 9). 

In general, alkaloids are notorious for their toxicity and pharmacological applications. 

Regarding their value to the plant itself, they are commonly associated with plant defence 

against herbivory and pathogen organisms of several taxonomic groups (6). 

 

Figure 2 – Chemical structure of cholesterol. 

In order to properly introduce the glycoalkaloids, it is also important to discuss the group 

of saponins. This is a family of steroidal and triterpene aglycons attached to oligosaccharide 

lateral chains (hydrophilic moieties), which are constitutively produced by several 

organisms. They provide protection against predators and pathogens, given their 

antibacterial, antifungal, and insecticidal activities, as well as their capability to prevent the 

uptake of essential nutrients such as vitamins and minerals and impair protein digestion in 

the gut (10, 11, 12). These compounds are designated saponins because of their foaming 

and emulsifying properties, which in turn are due to their amphipathic character (12). 

As it was stated before, these compounds might display aglycons of steroidal or 

triterpene nature. The triterpene type is more often found, and it is typical of the 

Caryophyllaceae, Primulaceae and Sapotaceae. The steroidal compounds can be found, 

for instance, in taxons such as Solanaceae, Liliaceae, Agavaceae, Dioscoreaceae. In some 

particular cases, we can find steroidal and triterpene saponins in the same organism, as is 

the case of Avena sp., although this is not a common occurrence. Examples of crops which 

produce steroidal and triterpene saponins can be found on Table 1 (13). 

Besides their relevance for plant ecology, saponins are known to have multiple 

pharmacological properties useful to humans, being active principles in traditional folk 

medicines. Furthermore, other applications can be found in the food and cosmetic fields 

(10, 11, 12). 
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Table 1 – Examples of crops which produce steroidal and triterpene saponins (14). 

Steroidal Saponins Triterpene Saponins 

Oat Soybean 

Pepper Sunflower 

Aubergine Pea 

Potato Bean 

Tomato Spinach 

Yam Quinoa 

Asparagus Liquorice 

 

 

Steroidal alkaloids are analogues of steroidal saponins which incorporate nitrogen, and 

thus they possess sometimes similar bioactivities. These compounds incorporate a nitrogen 

atom from an amino acid through a transamination reaction. Regarding their bioactivities, 

they differ from their oxygen analogues essentially for their higher toxicity (15). In ripe 

tomato fruits, saponins exist in levels significantly higher than lycopene (about 4-fold) (16). 

α-tomatine and dehydrotomatine (Figure 3), which are from the spirosolane type, are 

among the most important compounds of the group of glycoalkaloids. Other examples 

include α-solanine and α-chaconine, from the solanidane type (Figure 3), characteristic 

from Solanum tuberosum L., and solasonine and solamargine (spirosolane type), 

characteristic from Solanum melongena L.. Solanidane, spirosolane glycosides have been 

described in a large number of Solanaceae species, in particular from the genus Solanum. 

Regarding this terminology, the spirosolane type is characterized by the incorporation of the 

nitrogen atom in an oxa-azaspirodecane structure, like the α-tomatine and 

dehydrotomatine. The solanidane type is characterized by an indolizidine ring which 

incorporates the nitrogen atom (2, 17, 18, 19).  
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Figure 3 – Chemical structures of the glycoalkaloids α-tomatine (A), dehydrotomatine (B), 

α-chaconine (C) and α-solanine (D). 

 

Glycoalkaloids, as phytoanticipins, are present all through the body of the plant. 

Nevertheless, we can pinpoint the areas in which they are more abundant, namely younger 

tissues such as leaves, sprouts, flowers and unripe fruits. Being saponins, these 

compounds are constituted by a polar and an apolar moiety, the first consisting of a sugar 

moiety, and the latter the aglycon – tomatidine (Figure 4), for instance, is the corresponding 

aglycon of α-tomatine (20). Although they can be very useful to the plant, they are not 

necessary for the plant to survive and develop normally (18, 21, 22). 

 

 

Figure 4 – Chemical structure of tomatidine (A), aglycon of α-tomatine; tomatidenol (B), 

aglycon of dehydrotomatine; and solanidine (C), aglycon of α-solanine and α-chaconine. 
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Among the about 100 steroidal alkaloids which are described to the tomato plant (1), 

we can find esculeoside A, a saponin which can be found only in ripe tomato fruits and 

which was first isolated in 2003. This compound can be converted to esculeosides B-1 and 

B-2  (16, 23). Its corresponding aglycon, esculeogenin A, seems to be very similar to the 

hormone pregnane, given that it can be converted to 3β-hydroxy-5α-pregn-16-ene-20-one, 

a pregnane derivative, by refluxing in aqueous pyridine. It is also possible to convert 

esculeosides B-1 and B-2 to this pregnane derivative through other chemical reactions, by 

refluxing in a KOH solution, followed by the reaction with HCl/MeOH. Furthermore, a 

correlation has been established between the ingestion of tomatoes and the presence of 

androstane derivatives in urine. Along with the fact that a pregnane glycoside has already 

been found in tomato fruits, this suggests that the intake of steroidal glycosides such as 

these spirosolane glycosides can promote the synthesis of steroidal hormones like 

pregnane and progesterone. This steroidal hormone is known to share some of the potential 

beneficial effects of tomatine, such as anti-tumour or antiosteoporosis activities (16). 

 

 

    

 

Figure 5 – Chemical structures of pregnane (A) and esculeogenin A (B). 
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1.3. Bioactivities of glycoalkaloids from Lycopersicon 

esculentum Mill. 

 

1.3.1. Toxicity 

 

As stated before, glycoalkaloids are known to exert toxic effects on several kinds of 

organisms, from fungi to animals. This toxicity shows to be dose-dependent (21). 

The toxicity of steroidal alkaloids was first acknowledged after the observation of 

gastrointestinal and neurological symptoms, such as vomiting and somnolence, induced by 

the glycoalkaloids of Solanum nigrum. Several decades later, in 1945, tomatine was first 

isolated and described as an antibiotic agent. Later on, it was found that the designation 

“tomatine” was attributed to two different compounds, dehydro- and α-tomatine (1). 

Essentially, there are two known mechanisms of toxicity exerted by tomatine, the 

first relying in the disruption of cellular membranes. Tomatine is able to depolarize the 

cellular membranes by binding to its sterols, leading to the leakage of cellular contents (2, 

18, 21). The other mechanism is at the level of the nervous system, where it is known to 

inhibit acetylcholinesterase (AChE) and butirylcholinesterase (BuChE) activities, like other 

glycoalkaloids such as α-solanine and α-chaconine (21, 24). Cholinesterase inhibitors 

currently raise interest as potential drugs for the treatment of neurodegenerative diseases, 

such as Alzheimer’s (AD) or Parkinson’s disease (PD), since the inhibition of these enzymes 

will prolong the action of acetylcholine as a neurotransmitter. In the brain of a patient 

suffering from AD, BuChE activity is abnormally high, which compromises cholinergic 

transmission. For this reason, cholinesterase inhibitors are a common approach in the 

treatment of this illness (24, 25). 

 

1.3.2. Anti-inflammatory activity 

 

Once an organism identifies the presence of an undesired source of infection and/or 

damage, it may trigger an inflammatory response, a defence process which involves the 

production of inflammatory mediators by specialized sensors activated by the action of 

exogenous or endogenous stimuli, such as an infection or trauma (26). There are a number 

of phenomena involved in the inflammatory response, as well as many signalling pathways 

involved. For instance, in response to lipopolysaccharides (LPS), monocytes migrate 
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towards the affected tissue, where they suffer differentiation to macrophages. Macrophages 

play a crucial part in this pathophysiological process, as they are able to produce pro-

inflammatory cytokines such as interleukins (IL-1β and IL-6, for instance) and the tumour 

necrosis factor-α (TNF-α), as well as other inflammatory mediators, as is the case of 

prostaglandin E2 (PGE2) and nitric oxide (NO) (27, 26, 28). 

The production of the free radical NO is performed by nitric oxide synthases, a group 

of enzymes among which we can find iNOS (inducible nitric oxide synthase), eNOS 

(endothelial nitric oxide synthase) and nNOS (neuronal nitric oxide synthase). The 

overexpression of iNOS, resulting in increased amounts of nitric oxide, is an important 

marker of inflammation (29). COX-2 (cyclooxygenase-2) synthesises various molecules 

which act as inflammatory mediators, such as prostaglandins. This enzyme is the inducible 

COX isoform, while the constitutive isoform is COX-1. They are both involved in 

prostaglandin biosynthesis, although the latter is not relevant to the inflammatory response 

(30, 31, 32, 33).  

One of the bioactivities described for tomatine is the anti-inflammatory activity. The 

mechanisms underlying its anti-inflammatory properties have been previously studied in 

RAW 264.7 macrophages, where the authors concluded that α-tomatine in concentrations 

between 0,5 and 2 μM is capable of preventing the secretion of pro-inflammatory cytokines, 

as well as inhibiting the LPS-induced expression of iNOS and COX-2 enzymes, therefore 

reducing the levels of PGE2 and NO, produced by the referred proteins (respectively). There 

was also evidence of a decrease in the phosphorylation of ERK1/2 (extracellular signal-

regulated kinase 1/2) caused by LPS treatment by the action of tomatine (27).  

Furthermore, it is known that among the mechanisms underlying the anti-

inflammatory activity of tomatine is the inhibition NF-κB (nuclear factor kappa B) and JNK 

(c-Jun N-terminak kinase) signaling (34). 

 

1.3.3.    Muscle hypertrophy 

 

Tomatidine is thought to be a possibly useful compound in the treatment of skeletal 

muscle atrophy, given that it was able to induce muscle hypertrophy both in vivo and in 

vitro. Regarding the in vitro studies, an incubation period of 48h with 1 µM tomatidine 

resulted in increased protein content of the cell, as well as stimulated hypertrophy and 

increased mitochondrial DNA, in terminally differentiated skeletal myotubes. The former 
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results were reproducible in vivo – it was observed that the effect of tomatidine resulted in 

a significantly increased muscular mass in young and older mice, which came along with 

decreased fat mass. The compound shows itself as effective in preventing skeletal muscle 

atrophy during fasting or limb immobilization, as well as in stimulating the recovery after 

muscle disuse (35). 

 

1.3.4.  Anti-cancer activity   

 

Given that in the past few years many natural products came up as potential anti-

cancer drugs, there has been a considerable number of studies regarding the potential anti-

cancer activity of tomatine. It was verified that this glycoalkaloid possesses an 

antiproliferative effect against an array of cancer cell lines, listed on the table below (Table 

2) (34).  

 

Table 2 – Human cancer cell lines which have shown to be inhibited by tomatine (36, 

37, 38, 39). 

Cell Line Cancer Concentration Author 

HT29 Colon ≈ 1 μM Lee et al., 2004 

HepG2 Liver ≈ 1 μM Lee et al., 2004 

PC-3 Prostate 1-5 µM Lee et al., 2011 

A549 Lung 2-4 µM Sheih et al., 2011 

MOLT-4 T-lymphoblastic leukemia 1-4 µM Kúdelová et al., 2013 

MCF-7 Breast ≈ 5 μM Friedman et al., 2013 

AGS Stomach ≈ 0,03 μM Friedman et al., 2013 

 

Although the aglycon must significantly contribute to the anti-cancer activity of tomatine, 

it is established that its anti-cancer activity is considerably lower (3).  

However, there is still much to clarify regarding the mechanisms of this anti-cancer 

activity. Studies in the human acute lymphoblastic leukemia cell line MOLT-4 indicate that 

DNA fragmentation is not involved in the cytostatic action of the compound, although p53 

(tumour protein p53) and Chk2 (checkpoint kinase 2) are activated. The phosphorylation of 

p53 on serine 15 was also induced, as well as the cyclin-dependent kinases inhibitor p21. 
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As for Chk2, the overall amount was the same, increasing the proportion of Chk2 

phosphorylated on threonine 68. These studies indicate that tomatine induces cell cycle 

arrest, leading to accumulation of cells in G1 phase (34). 

Survivin is a protein which is involved in caspase-dependent cell death, once it inhibits 

caspase-9 and binds to Smac/Diablo, but also in caspase-independent pathways, since it 

acts inhibiting the AIF (apoptosis-inducing factor). Consequently, survivin is able to promote 

cell survival. It was reported that tomatine is able to inhibit survivin, as well as induce the 

release of the AIF as a consequence of causing loss of mitochondrial membrane potential 

(40). 

The anti-cancer activity of tomatine was found to be reproducible in vivo, namely in the 

rainbow trout, by reducing tumour incidence in animals which were subjected to the 

carcinogenic compound dibutyl phthalate (DBP) in their diet (41). 

Another important mechanism of the anti-cancer activity of tomatine is its anti-metastatic 

effect, which relies on the inactivation of the PI3K/Akt signalling pathway, by inhibiting Akt 

(protein kinase B) and ERK-1 and -2 (extracellular signal-regulated kinases 1 and 2) 

phosphorylation, which is the onset of the metastisation process. Tomatine inhibits the 

binding capacity of the NF-κB, and, as a consequence, inhibits of MMP-2 (matriz 

metalloproteinase-2), MMP-9 (matrix metalloproteinase-9) and u-PA (urinary plasminogen 

activator). Processes like angiogenesis are regulated by the matrix metalloproteinases 

(MMPs), which are themselves upregulated by the NF-κB (36, 42, 43). 

Furthermore, it is known that tomatidine is a chemosensitizer, being able to potentiate 

the cytotoxic effect of chemotherapy drugs in tumours which have developed multidrug 

resistance (MDR). This effect is related to overexpression of the P-glycoprotein (P-gp) and 

other transporters from the ATP-binding cassette (ABC) superfamily, which act as efflux 

pumps to eject the drugs to the extracellular media. In this case, it was verified that 

tomatidine can potentiate the effects of the anti-cancer molecules adriamicine and 

vinblastine (44). 
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1.4. Endoplasmic reticulum (ER) stress and the unfolded protein 

response (UPR) 

 

The endoplasmic reticulum is constituted by a network of tubules which begins in 

the nucleus and is present all through the eukaryotic cell (45). This organelle is in charge of 

multiple functions, primarily synthesis, storage, and folding of proteins into their respective 

native conformation, as well as post-translational modifications and transport of proteins. It 

is also the place of biosynthesis of several lipids. The products of this biosynthesis pathways 

exit the ER through vesicles of its secretory pathway. The ER is also the major intracellular 

Ca2+ reservoir (Figure 6), being able to keep 

calcium concentrations up to a low milimolar 

level. The ER also plays a role in the 

intracellular calcium signalling, involving the 

exit of calcium ions through several 

channels, driven by the concentration 

gradient. The SERCA pump 

(sarco/endoplasmic reticulum Ca2+-ATPase) 

is one of the most relevant ATPases in what 

concerns the control of calcium gradients (46, 45, 47, 48, 49). 

Concerning protein folding, cells can generally keep its normality by the action of 

foldases, lectines, and molecular chaperones. However, when this process is compromised, 

aberrant proteins are targeted for ERAD (endoplasmic reticulum associated degradation), 

which implies their ubiquitination and proteolysis in the proteasome. If this response is 

compromised or if it reveals itself insufficient, misfolded proteins accumulate and the 

eukaryotic cells triggers a chain of events known as the UPR (unfolded protein response) 

(50, 51, 52). 

 The UPR, as it was previously mentioned, generally follows the accumulation of un- 

or misfolded proteins in the ER lumen, products of upregulated synthesis or deficiencies in 

protein processing. It can, however, be induced by other kinds of stimuli, external to the 

organelle, as is the case of high glucose concentrations. For these reasons, we can 

recognise the importance of the UPR regarding metabolic or physiological stress factors 

(Figure 7) (53). 
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Figure 7 – Major endoplasmic reticulum stress sensors. 

 

The endoplasmic reticulum possesses proteins which act as stress sensors; for this 

purpose, each one of them possesses a luminal, a transmembrane and a cytosolic domain. 

The luminal domain senses the accumulation of unfolded proteins, whereas the cytosolic 

domain is in charge of transducing the signal. From this group of proteins, we can highlight 

three as the major known stress sensors – PERK (double-stranded RNA-dependent protein 

kinase PKR-like ER kinase), IRE1α (inositol-requiring 1α) and ATF6 (activating transcription 

factor 6). While the cell keeps its homeostasis, these proteins remain in their inactive form 

through association with ER chaperones, as, for instance, BiP/HSPA5/GRP78 

(immunoglobulin-heavy-chain-binding-protein). The table below (Table 3) lists the functions 

of these proteins whilst in their active forms (45, 54, 55, 56).  

 

 

Table 3 – Modifications and mechanisms of action of ER stress sensor proteins after 

chaperone dissociation. 

Protein Modifications Effect 

PERK 
Homodimerization, 

autophosphorylation 

Protein-kinase activity; phosphorylates the 

eIF2α. 

IRE1-α 
Homodimerization, 

autophosphorylation 

Protein-kinase and RNAse activity, splices the 

mRNA encoding the XBP. 

ATF6 

Translocation to Golgi 

apparatus, cleavage to 

p50ATF6 

Activates transcription of UPR genes, CHOP 

upregulation. 
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The activated form of PERK phosphorylates eIF2α at S51. In turn, eIF2α blocks 

protein synthesis by stopping translation initiation. This allows the relief of the folding load 

of the ER, given the reduction of the amount of new unfolded proteins. Furthermore, the 

accumulated proteins are eliminated by ERAD and pro-survival proteins increase, as is the 

case of cIAP (cellular inhibitor of apoptosis). One of the genes which translation is not 

blocked by eIF2α is ATF4, which will, similarly to ATF6, upregulate the expression of CHOP 

(C/EBP homologous protein). CHOP is an inducer of apoptosis, mainly by reducing the 

expression of Bcl2 and by sensitizing cells to agents which induce ER stress. The activated 

form of IRE1α possesses endoribonuclease activity (RNAse), removing a 26-nucleotide 

from the XBP (X box binding protein) mRNA, originating sXBP1. This spliced form of XBP 

constitutes a transcription factor, activating the UPR target genes (45, 50). 

 

The UPR comprises a phase of adaptation, a phase of alarm and, finally, cell death, 

generally by apoptosis. So, when the UPR is not sufficient for the ER to recover its 

homeostasis, it may culminate in programmed cell death, as well as inflammation, cell cycle 

arrest or even autophagy (45, 50). 

 

 

1.5. Proteasome 

 

The ubiquitin-proteasome system (UPS) is present in the nucleus and cytoplasm of 

every eukaryotic cell, where it plays a determinant part in regulating a wide array of essential 

cellular processes, such as the cell cycle, signal transduction, apoptosis or even 

inflammation (57, 58, 59). 

Structurally, the proteasome (Figure 10) can be divided in two distinct parts: a core 

particle (CP) or the 20S proteasome, and a regulatory particle (RP) or the 19S proteasome. 

Together, they form the proteolytic machine known as the 26S proteasome (57).  

The CP is composed of four rings, two α and two β. In turn, each one of this rings is 

composed by seven units. The four rings are joined together in a way that the α rings face 

the outside of the CP and the β rings are on the inside. The catalytic sites of the proteasome 

can be found in the β rings. We can identify three of them, according to the substrates they 

cleave. The β1 or trypsin-like cleaves basic residues, the β2 or caspase-like cleaves acidic 

residues, and finally the and finally the β5 or chymotrypsin-like cleaves proteins after 

hydrophobic residues. So, the CP is in charge of the proteolytic activity, whereas the RP is 

in charge of the translocation of the ubiquitinated proteins to the catalytic site (57, 58).  



Toxicity of Lycopersicon esculentum Mill. glycoalkaloids – a mechanistic perspective 

14 
 

 

 

Figure 8 – Illustration of the structure of the proteasome. 

 

 Given that the UPS is a main regulator of cellular proteostasis, along with the 

lysosomes, disturbances of its homeostasis are connected to several diseases. It is 

therefore important to know how to modulate this system, in order to respond to this sort of 

pathologies, among which neurodegenerative diseases such as AD or PD (59, 60). 

Furthermore, recently, the proteasome has risen as a new target for cancer chemotherapy, 

since its inhibition has shown to effectively induce apoptosis through ER stress in a wide 

array of cancer cell lines, which naturally hold a very active protein synthesis rate (57). 
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1.6. Cell death mechanisms  

 

 

Figure 9 – Representation of the different cell death pathways in which the cell can engage.  

 

There are several aspects to take into account in the classification of cell death 

mechanisms, for instance, whether they are programmed (genetically determined and 

energy dependent) or passive, caspase-dependent or independent, or whether the 

morphology is, for example, apoptotic or necrotic (61, 62). 

In order for a cell to be considered irreversibly dead, which implies that the cell death 

process is complete, it has to be fully disintegrated into apoptotic bodies, its cellular 

membrane must have been disrupted, or it was phagocytosed by the surrounding cells (61). 

 

1.6.1. Apoptosis 

 

Apoptosis is the term used to describe the most common form of programmed cell 

death, since it is the mechanism of cell self-destruction which occurs during the normal 

development of an organism. Furthermore, it is also triggered by a wide array of exogenous 

stimuli. As it was previously mentioned, apoptosis is a genetically regulated process. Its 

underlying genes have shown to be highly conserved (62, 63). 

Morphologically, its main hallmarks include chromatin condensation (resulting in 

pyknosis), cellular membrane blebbing and fragmentation into apoptotic bodies, formed 
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after the cellular membrane blebs and engulfs whole organelles and nucleus and 

endoplasmic reticulum fragments, and shrinkage of the cell, leading to a separation from 

the surrounding cells (62, 64).  

It is generally accepted that apoptosis might follow the death receptor (or extrinsic) 

pathway or the mitochondrial (or intrinsic) pathway, although there may be some overlap 

between the two (62). Recently, new cell death mechanisms which result in the 

morphological hallmarks of apoptosis were described. This mechanism are related to 

grazyme A and/or B, however, granzyme A induces cell death in a caspase-independent 

manner (65). 

Although the molecular events underlying apoptosis are diverse, the most part of 

them involve the mitochondria. ROS (reactive oxygen species) have an importance on the 

phosphorylation of some proteins which exert regulatory roles on apoptosis - that is the 

case, for instance, of tyrosine. The activation of caspases is also a key event in apoptosis. 

Caspases are a group of cysteine-aspartic acid proteases which may act as initiators, 

activating other caspases (as is the case of caspase-8 and -9) or as executioners (as are 

caspase-3, -6 and -7). However, the mitochondrial pathway of apoptosis can occur in a 

caspase-independent manner, as long as the apoptosis inducing factor (AIF) and the 

endonuclease G (EndoG) migrate from the mitochondria to the nucleus. This also results in 

DNA fragmentation, yet in larger fragments (66, 67, 68). 

 

Figure 10 – Representation of the death receptor and mitochondrial pathways of apoptosis.  
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1.6.2. Necrosis 

 

Necrosis is the designation given to passive, energy-independent cell death, which 

occurs when the cell is physically injured (69).  

Regarding the hallmarks of necrosis, prior to the disruption of the cell membrane 

itself we can find organelles such as mitochondria and lysosomes with disrupted 

membranes or swollen, distended endoplasmic reticulum with disaggregated ribosomes, 

and cytoplasmic vacuolization. Furthermore, necrosis is commonly associated with 

inflammation, since the leakage of the intracellular compounds signals the danger to the 

surrounding area (62, 70). 

Unlike what occurs with the apoptotic bodies, which are completely phagocyted by 

the neighbour cells, only a part of the remains of the necrotic cell is engulfed by 

macropinocytosis. This the process by which large endocytic vacuoles named 

macropinosomes are formed, in an actin-dependent manner (71, 72). 

 

1.6.3. Autophagy 

 

As it is implied by the designation itself, autophagy is the process by which a cell 

feeds on itself, ultimately obtaining its energy when the uptake of nutrients is not sufficient 

for it to keep its homeostasis. Generally, it occurs when the cell stops receiving normal 

signaling, nutrients or oxygen, but it may also play a protective role in eliminating damaged 

or prejudicial cell components. For instance, autophagy plays a very important part in 

eliminating excess ER resulting from the UPR. The cells undergoing autophagy commonly 

engage in programmed cell death without caspase activation (69, 73).  

Mechanistically, autophagy consists in extensive formation of multimembrane 

autophagic vesicles containing cell components to be digested. These vesicles are 

ultimately engulfed by the lysosomes (69). 
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1.6.4. Paraptosis 

 

Paraptosis is a form of apoptosis-like PCD which was recently described and that 

does not meet the criteria to be considered apoptosis, both from a mechanistic and 

morphological perspective. It may also be referred to as non-lysosomal vacuolated 

degeneration. Morphologically, paraptosis does not result in apoptotic morphology - the 

major hallmark of paraptosis is vacuolization of the cytoplasm, derived from the 

endoplasmic reticulum. There is also swelling of the mitochondria. Furthermore, this type of 

PCD is caspase-3-independent, and so caspase inhibitors are unable to prevent the cells 

from dying. However, caspase-9 is known to be involved. Although paraptosis might still be 

underexplored from a mechanistic point of view, some of its mediators have already been 

identified. It is known that the mitogen-activated protein kinase kinase (MEK-2) is involved 

in the process, as well as Jun N-terminal kinase (JNK)  and the calcium-binding protein 

ALG-2 (74, 75, 76, 77). 

This phenomenon is associated to the cell death which occurs during the normal 

neural development, as well as to some neurodegenerative diseases (75, 77). 

 

1.6.5. Necroptosis 

 

Most of the stimuli which induce apoptosis can also result in necrotic cell death, as 

long as the duration or intensity of said stimuli is overpowering to the cell. The term 

necroptosis, or necrosis-like PCD, emerged out of need to distinguish this cell death 

mechanism from the classic necrosis previously described, given that this is a genetically 

regulated process which might only be activated when the cell, for some reason, cannot 

undergo apoptosis. Like apoptosis, necroptosis is a regulated process which occurs during 

development and in healthy tissues. This process relies on the activity of the 

serine/threonine kinase RIP1. Although it was clarified that RIP1 is an upstream intervenient 

in necroptosis, there are several models for its mechanism of action. Some of the described 

downstream events in this signaling cascade include increased permeability of 

mitochondrial membranes and build-up of ceramides with pro-necrotic activity (68, 72, 78). 

Necroptosis is connected to increases in Ca2+ levels arising from the ER, and 

consequently it may occur along with apoptosis. The increase in calcium levels may end up 

disrupting lysosomal membranes, and therefore activating its resident proteases, for 
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instance, calpains. Since there is calpain activation, this cell death mechanism may overlap 

with autophagy (78).  

 

 

1.7. Objectives 

 

 This work aims to clarify the cellular mechanisms underlying the toxicity exerted by 

Solanaceae glycoalkaloids, namely tomatine and tomatidine, in neuroblastoma (SH-SY5Y) 

and gastric adenocarcinoma (AGS) cell lines.   

 For this reason, the main objectives were: 

 Assess the effect of the compounds in cell viability and membrane integrity; 

 Observe the morphological modifications induced by the compounds; 

 Determine the involvement of caspases in cell death; 

 Analyse their effect on calcium homeostasis; 

 Determine the importance of the UPR and the ER stress sensors involved in the 

process; 

 Define whether the compounds are able to inhibit 20S proteasome activity. 

Furthermore, another goal of this work is to verify the anti-inflammatory activity of 

tomatine and tomatidine in a cell-free system and in RAW 264.7 macrophages, by: 

 Analysing if there is any inhibitory activity over phospholipase A2; 

 Determining whether they are able to diminish NO production by LPS-stimulated 

macrophages. 
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2. Materials and Methods 

 

2.1. Standards and Reagents 

 

Tomatine and tomatidine were obtained from Extrasynthese (Genay, France). The 

Fura-2 AM fluorescent probe was purchased from Abcam Biochemicals. 3-(4,5-

dimethylthiazolyl- 2)-2,5-diphenyltetrazolium bromide (MTT), trypan blue,  propano-2-ol, 

dimethyl sulfoxide (DMSO),  β-nicotinamide adenine dinucleotide (NADH), sodium 

pyruvate, Triton™ X–100, sodium deoxycholate, Trizma® 

hydrochloride,  soybean lipooxygenase (LOX) from Glycine max (L.) Merr. (Type V-S; EC 

1.13.11.12), phospholipase A2 from honey bee venom (Apis mellifera), 1,2-dilinoleoyl-sn-

glycero-3-phosphocholine, N-(1-naphthyl)ethylenediamine, sulphanilamide, 

lipopolysaccharide (LPS) from Salmonella enterica, Giemsa dye, DPX mountant, and 

thapsigargin were obtained from Sigma-Aldrich (St. Louis, MO, USA). Dulbecco’s Modified 

Eagle Medium (DMEM), Hank’s balanced salt solution (HBSS), penicillin-streptomycin 

solution (penicillin 5000 units/mL and streptomycin 5000 µg/mL), foetal bovine serum (FBS) 

and 0,05% trypsin-EDTA were acquired from GIBCO, Invitrogen™ (Grand Island, NY, 

USA). Staurosporin, carbobenzoxy-valyl-alanyl-aspartyl-[O-methyl]-fluoromethylketone (Z-

VAD.fmk) and salubrinal were purchased from Santa Cruz Biotechnology, Inc. Phosphoric 

acid (H3PO4) was acquired through Scharlau. Methanol and potassium dihydrogen 

phosphate were purchased from Merck (Darmstadt, Germany). Caspase-Glo® 

3/7  luminescent kit was obtained from Promega Corporation. Lactacystin, 20S proteasome 

and Suc-Leu-Leu-Val-Tyr-AMC (20S proteasome fluorogenic substrate) were purchased 

from Enzo Life Sciences, Inc (Farmingdale, NY, USA). 

 

2.2. Cell culture conditions 

 

Human neuroblastoma cell line SH-SY5Y, human gastric adenocarcinoma cell line 

AGS and RAW 264.7 mouse macrophages were maintained in DMEM culture medium with 

1% penicillin/streptomycin and 10% FBS at a temperature of 37 ºC, with 5% CO2.  

 

 

https://www.promega.com/resources/protocols/technical-bulletins/101/caspase-glo-37-assay-protocol/
https://www.promega.com/resources/protocols/technical-bulletins/101/caspase-glo-37-assay-protocol/
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2.3. MTT assay 

 

This assay is widely used to determine the proportion of viable cells. The assay 

comprises incubation of cells with MTT, which is reduced to formazan in mitochondria by 

cells with active metabolism. These cells are considered to be viable, as opposed to non-

viable cells, which cannot reduce MTT (79).  

SH-SY5Y and AGS cells were washed twice with HBSS, trypsinized, centrifuged 

and plated at a density of 3 x 104 and 1,5 x 104 cells/well, respectively, followed by a period 

of incubation of 24h at the previously described conditions. In the case of RAW 264.7 

macrophages, they were washed, scraped and plated at a density of 2,5 104 x cells/well. 

After a new period of incubation of 24h, every well was filled with 100 µL of a MTT 

0.5 mg/mL solution and incubated for 2 hours. The MTT solution was then removed from 

the wells, and the formazan in each one of them was dissolved in 200 µL of a solution of 

3:1 DMSO:isopropanol. The absorbance at 560 nm was read in a Thermo Scientific ™ 

Multiskan ™ GO microplate reader, in order to determine the amount of formazan. As the 

product of MTT reduction, the amount formazan is presumably proportional to the 

population of viable cells (79). 

 

2.4. LDH assay 

 

LDH leakage was evaluated, in order to assess membrane integrity. In the case of 

cellular death by necrosis, the cells will swell and their membranes will eventually disrupt, 

causing cytosolic enzymes such as the LDH, to leak to the extracellular media. To determine 

the LDH leakage, a kinetic NADH oxidation assay was conducted, using sodium pyruvate 

as substrate. The cells were incubated in the presence of each compound for 8 or 24 hours. 

After the incubation period, 20 µL of culture media was removed from each well. To these 

aliquots, NADH at 210,7 μM and sodium pyruvate at 1,363 μM (final concentrations) were 

added. The absorbance was then read at 340 nm in a Thermo Scientific ™ Multiskan ™ 

GO microplate reader. As a positive control for maximum LDH leakage to the extracellular 

media, 1% Triton X-100 was used. 
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2.5. Cellular density assay 

 

This assay was executed as described before (80) (80). SH-SY5Y cells were plated 

in 96-well plates at a density of 3 x 104 cells/well and incubated overnight at the previously 

described conditions. The cells were then incubated in the presence of the compounds for 

24 hours. When this period was finished, the cells were fixed with previously chilled 40% 

trichloroacetic acid for 60 min at 4 ºC. Ended this hour, the wells were carefully washed with 

water and left to dry. A 30 min incubation with 0,4% SRB in 1% acetic acid followed. The 

solution was then removed, and the wells were washed several times with 1% acetic acid. 

Finally, an incubation with tris-base for 10 min was performed and the absorbance was read 

at 492 nm in a Thermo Scientific ™ Multiskan ™ GO microplate reader. 

 

2.6. Cell morphology assessment 

 

The assay was performed as described before (81). Cells were plated in 24-well 

plates, at a density of 7 x 104 cells/well, and incubated at 37ºC for 24h. Cover slips had 

been previously placed on the wells. In the following day, the medium was removed, and 

the cells were incubated with the compounds of interest for another 24h. Ended this period, 

the fixation with methanol was carried out. The medium was removed, the wells were 

washed with HBSS and 600 µL of previously chilled methanol or 4% formaldehyde were 

added. The plate was then placed on ice for 30 min. After removal of the methanol, the wells 

were washed with HBSS one more time, and incubated with the Giemsa colouration (1:10 

dilution with distilled water, filtrated) for 25 min. Finally, the cover slips were washed three 

times with water, dried and fixed with DPX mountant. 

 

2.7. Intracellular Ca2+ quantification 

 

SH-SY5Y cells were plated in black bottom 96-well plates at a density of 3 x 104 

cells/well, followed by a period of incubation of 24 hours to allow the cells to adhere to the 

surface of the wells. Ended this period, the cells were exposed to the fluorescent calcium 

probe Fura-2/AM, at a concentration of 5 µM in HBSS, and then the probe was removed, 

the cells were washed with HBSS and the cells were incubated with the compounds for 



Toxicity of Lycopersicon esculentum Mill. glycoalkaloids – a mechanistic perspective 

23 
 

another hour, in HBSS supplemented with 10% FBS. Thapsigargin at 5 µM was used as a 

positive control to assess the maximum cytosolic calcium levels which we could obtain. 

Finally, the calcium levels were read in a Cytation™ 3 (BioTek) multifunctional microplate 

reader. The relative amount of cytosolic calcium was determined by calculating F340/F380. 

 

2.8. Determination of the involvement of the PERK/eIF2α branch 

of the UPR  

 

Cells were plated at a density of 3 x 104 cells/well in 96-well plates. The cells were 

then subjected to the action of the compounds for 8 hours, both in the presence or absence 

of salubrinal at 40 µM. The latter is known to prevent ER stress through inhibition of the 

eIF2α phosphorylation. The differences is cell viability between group subjected to the 

glycoalkaloids alone or co-incubated with the compounds and salubrinal were then 

evaluated by MTT assay. 

 

2.9. Caspase inhibition assay 

 

Cells were seeded in 96-well plates at a density of 3 x 104 cells/well. After this time 

period, the culture medium was replaced by new medium or new medium with Z-VAD-FMK 

at 50 µM, followed by 1 hour of incubation at 37ºC, at the end of which 2 µL of a solution 

fifty-fold concentrated of each compound was added to the respective wells. The cells were 

subjected to the action of tomatine and tomatidine for 8h, both in the presence and absence 

of Z-VAD-FMK. The pan-caspase inhibitor shown to be non-toxic at the referred 

concentration and incubation period. The positive control group was subjected to 

staurosporin at 500 nM for the same time period. After this 8 hour incubation, the cell viability 

was determined performing an MTT assay as described before. 
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2.10.  Caspase-3/7 activity assay 

 

Caspase-3 activity was assessed using the Caspase-3/7-Glo (Promega 

Corporation) kit. Cells were plated at a density of 3 x 104 cells/well and subjected to the 

presence of tomatine of tomatidine for 8 hours. Staurosporin at 500 nM was used as a 

positive control for maximum caspase-3 activity. Ended the 8 hours of incubation, 60 µL of 

culture medium were removed from each well, followed by the addition of 40 µL of the 

luminescent kit (in order to achieve a 1:2 dilution).  

A period of incubation of 10 minutes at 22ºC followed, at the end of which 

luminescence was read in a Cytation™ 3 (BioTek) multifunctional microplate reader. 

 

2.11. 20S proteasome inhibition assay 

 

The assay was carried out in black-bottom 96-well plates. The first thing to be added 

to the respective wells was the compounds, in a solution of 50 µL (and therefore twofold 

concentrated). To the positive control group we resorted to lactacystin, known to be a 20S 

proteasome inhibitor, here used in final concentration of 10 and 20 µM. The previous step 

was followed by the addition of 70 ng of 20S proteasome in 25 µL of assay buffer. Finally 

25 µL Suc-LLVY-AMC were added, so that the final substrate concentration on the well was 

of 40 µM. In each well, the final volume was 100 µL. The plate was left to incubate in the 

dark at 37ºC for two hours. Ended this time, the absorbance was measured at 340 nm 

absorption and 460 nm emission in a Cytation™ 3 (BioTek) microplate reader. 

 

2.12. Determination of the activity of the honey bee 

phospholipase-A2 (PLA2) activity  

 

For this assay PLA2 was used at 0.25 µg/mL and 5-LOX was used at 0.23 µg/mL. The 

enzymes and the compounds were dissoved in sodium deoxycholate at 3 mM in tris-HCl at 

50 mM and pH 8.5. PLA2 substrate (1,2-dilinoleoyl-sn-glycero-3-phosphocholine) was used 

at 65 μM, dissolved in sodium deoxycholate at 10 mM in tris-HCl at 50 mM and pH 8.5. The 

assay was performed in 96-well plates. To each well, 50 µL of sample, 20 µL of each 
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enzyme and 20 µL of substrate were added, plus 30 µL of buffer (the enzymes and substrate 

were prepared 7-fold concentrated, and the samples 2.8-fold concentrated). After na 

incubation period of 35 min at 37 ºC, the absorbance was read at 234 nM in a Thermo 

Scientific ™ Multiskan ™ GO microplate reader. 

 

2.13. Determination of nitric oxide levels 

 

RAW 264.7 cells were plated in 96-well plates at a density of 3,5 x 104 cells/well. In 

the following day, they were incubated with the compounds under analysis. 2 hours after 

the incubation, 2 μL of a fifty-fold concentrated LPS solution were added, in order to reach 

a final LPS concentration in the well of 0,05 mg/mL, and so that the cells were co-exposed 

to the compounds and LPS for 22 hours. Ended this 22 hours, 75 μL of the supernatant 

were collected from each well. To each of these aliquots, 75 μL of Griess reagent were 

added, and the plate was incubated in the dark for 10 minutes. Finally, the absorbance at 

562 nm was read in a Thermo Scientific ™ Multiskan ™ GO microplate reader. 

 

2.14. Statistical analysis 

 

For the statistical analysis, GraphPad Prism software was employed. T-test were 

performed with a level of significance of p<0,05. 
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3. Results and discussion 

 

3.1. SH-SY5Y and AGS cells 

 

3.1.1.  Glycoalkaloid cytotoxicity 

The first step was to evaluate the concentrations at which tomatine and tomatidine 

exerted their toxic effect upon the cell lines used. 

We verify that the impact of tomatine and tomatidine on cell viability is dose-

dependent for both compounds (Figure 11). 

 

Figure 11 – Effect of tomatine (A) and tomatidine (B) on SH-SY5Y cell viability after 24 

hours, evaluated by MTT reduction assay. Results presented as mean ± SEM. 

 

 

However, although the behavior of dose-response curve is similar, the IC50 is quite 

different: while it is only 1.63 µM for tomatine, it is considerably higher for tomatidine (above 

tested concentrations), indicating that tomatine is more cytotoxic to SH-SY5Y cells than 

tomatidine.  This agrees with previous literature, which reports the higher toxicity of the 

glycoalkaloid when compared to the respective aglycon, since the glycoalkaloid is an 

amphipatic molecule and therefore able to interact with the membranes in a more efficient 

manner, as the glycosidic side chain is determinant to the toxicity of glycoalkaloids.  



Toxicity of Lycopersicon esculentum Mill. glycoalkaloids – a mechanistic perspective 

27 
 

In order to elucidate the type of cell death involved, we evaluated the activity of the 

cytosolic enzyme LDH in the extracellular media, in order to determine whether the cell 

death is related or not to the occurrence of necrosis. 

The action of tomatidine in the concentrations tested showed no increase in the 

leakage of the LDH to the extracellular media when compared to the control group, and 

therefore the hypothesis of cell death by necrosis can be excluded (Figure 12). However, 

tomatine has shown to increase the activity of this enzyme in the extracellular media, 

although only in the highest concentration tested (4 µM). This result agrees with the 

literature, which describes the ability of the glycoalkaloids to disrupt cellular membranes. In 

addition, we conclude that concentrations up to 2 µM may be used without the interference 

of this property of the saponins (Figure 12). 

 

 

Figure 12 – Influence of tomatine (A) and tomatidine (B) on membrane integrity in SH-SY5Y 

cells, assessed by cytosolic LDH leakage. Triton X-100 at 1% was used as a positive control 

for maximum extracellular LDH activity. Results presented as mean ± standard deviation of 

the mean.  

 

 Considering that the glycoalkaloids are known to interact with the cholesterol 

molecules in the cell membranes, leading to their disruption, the determination of the levels 

of activity of cytosolic lactate dehydrogenase in the extracellular media allows us to assess 

if and to what extent the cell membranes are rupturing by action of our compounds of 

interest. Here we determined that, in the tested concentrations, tomatidine does not cause 

membrane disruption. As for tomatine, we verify an increase of about 30% in the LDH 

activity in the highest concentration tested (4 µM). In light of these results, we can assume 
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that observed decreases in cell viability are not completely due to the occurrence of 

necrosis, but to cell death by mechanisms which remain to be clarified. 

 

In order to evaluate if the toxicity found is neuron-specific, we have tested the two 

molecules in the stomach adenocarcinoma cell line AGS. We verify that tomatidine does 

not exert any toxicity to AGS cells up to 25 μM. However, tomatine is toxic to these cells in 

concentrations as low as 1 μM (Figure 13) (which are, however, higher than previously 

reported), behaviour which is similar to that found in SH-SY5Y cells. The glycosidic side 

chain of tomatine confers it some hydrophilicity, resulting in a greater readiness for 

interacting with the cell.  

 

 

Figure 13 – Effect of tomatine (A) and tomatidine (B) on AGS cell viability after 24 hours, 

evaluated by MTT reduction assay. Results presented as mean ± SEM.  

 

 

In what regards membrane integrity, it was observed that AGS cells were more 

susceptible for the occurrence of cytosolic LDH leakage than SH-SY5Y cells (Figure 14). In 

fact, 1 μM tomatine lead to membrane disruption, while the same concentration elicited no 

such effect in the neuronal cell line. This concurs with the literature which, as previously 

mentioned, describes the disruption of cell membranes along the gastrointestinal tract as 

one of the main mechanisms of glycoalkaloid toxicity. 
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Figure 14 – Influence of tomatine on membrane integrity in AGS cells assessed by cytosolic 

LDH leakage. Triton X-100 at 1% was used as a positive control for maximum extracellular 

LDH activity. Results presented as mean ± SEM.  

 

After interpreting the results from both the MTT and LDH assays, we were interested 

in knowing if the molecules under study could be exerting an anti-proliferative effect. As it 

can be seen in Figure 15, incubation with tomatine results in minor anti-proliferative effect. 

 

Figure 15 – Influence of tomatine (A) and tomatidine (B) on cellular density in SH-SY5Y 

cells. Results presented as mean ± standard deviation of the mean. 
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3.1.2.   Cell morphology  

 

Given the effect upon cellular viability indicated by the MTT assay, we were 

interested in shedding some light on the mechanism of cell death which is taking place. For 

this reason, we have conducted experiments for cell morphology assessment.  

As it can be in Figure 16, despite the decrease in cell viability, no classical traits of 

apoptotic nor necrotic morphologies can be found. We can highlight that the cells are still 

extending their neurites to their surrounding area, which constitutes an important hallmark 

of a healthy phenotype in SH-SY5Y cells.  

 

 

 

Figure 16 - Influence of 2 µM tomatine (C) and 25 µM tomatidine (D) on the morphology of 

SH-SY5Y cells after 24 hours, when compared to a control group (A). Staurosporine at 500 

nM (B) was used as a positive control for cell death. Images obtained by Giemsa coloration.

  

 

 Necrosis, opposed to programmed cell death, involves the swelling of the cells and 

membrane disruption (69). Such necrotic traits cannot be found in these images. 
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 On the other hand, the apoptotic morphology is characterized by blebbing of the cell 

membranes, presence of apoptotic bodies, shrunken cells and chromatin condensation and 

posterior fragmentation (82). Neither of this phenomena can be detected in the pictures 

above, which suggests that the decreased cell viability we obtain in MTT assays might be 

due to other form of programmed cell death, rather than classical apoptosis.  

 In the case of AGS cells (Figure 17), we verify that after 24 hours in the presence of 

2 µM tomatine, the cells start to display some characteristics that could be compatible to 

necrosis/necroptosis, namely the presence of swollen nuclei. However, in order to definitely 

confirm this hypothesis, more data would be necessary. In addition, the cytosolic structures 

found in treated cells could be compatible with autophagosomes. 

 

 

Figure 17 - Influence of 2 µM tomatine (B) on the morphology of AGS cells after 24 hours, 

when compared to a control group (A). Images obtained by Giemsa colouration.  

 

 

3.1.3. Tomatine and tomatidine interfere with calcium 

homeostasis 

 

In order to produce further information regarding the mechanism of action of these 

molecules, we have evaluated their ability to interfere with calcium homeostasis. Ca2+ levels 

must be tightly regulated since their rise in the cytosol is toxic and can potentially lead to 

cell death. Cytosolic concentrations of free ions are generally kept at a nanomolar range 

(83). 
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Thapsigargin, used here as a positive control, is known to deeply disturb Ca2+ 

homeostasis, given that it irreversibly inhibits the sarco/endoplasmic reticulum pump Ca2+-

ATPase (SERCA), which is localized in the ER membrane and exerts its function pumping 

free calcium ions into the ER lumen (45, 84). Thus, the SERCA pump is crucial for 

maintaining Ca2+ levels within a normal range, and inherently for keeping ER homeostasis, 

and therefore it is essential to the survival of the cell (85).  

Our results show that glycoalkaloids disrupt calcium homeostasis as we verify that 

the incubation of cells for 1 hour with tomatine or tomatidine induces a substantial increase 

of the amounts of calcium ions in the cytosol in the same range of the positive control (Figure 

18). 

 

Figure 18 – Effect of glycoalkaloids on calcium levels, evaluated by relative amounts of 

cytosolic calcium, in SH-SY5Y cells. 5 μM thapsigargin was used as a positive control for 

the calcium efflux from the endoplasmic reticulum. A: tomatine; B: tomatidine. Results 

presented as mean ± standard deviation of the mean. 

 

In light of these results, we can conclude that the molecules under study disturb 

calcium homeostasis. However, the precise target in which they exert their effect remains 

to be determined. 

 

3.1.4.  eIF2α phosphorylation is involved in glycoalkaloid toxicity 

 

Given its impact on Ca2+ levels, we hypothesised that the glycoalkaloid toxicity could 

be a consequence of its effect upon molecular targets in the ER, the major calcium storage 

organelle in cells.  
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In this regard, we determined the involvement of the PERK/eIF2α branch of the UPR 

in the toxicity exerted by these molecules. For this purpose, we incubated cells with the 

compounds in the presence of salubrinal, a selective inhibitor of eIF2α phosphorylation (86, 

87). As it can be seen in Figure 19, co-incubation of tomatine and tomatidine with salubrinal 

rescues cells from the damage caused by these molecules, which indicates that the 

glycoalkaloid toxicity in these cells involves activation of the PERK/eIF2α pathway. In light 

of these results, we can infer the tomatine and tomatidine trigger ER stress and may cause 

the onset of the UPR. 

 

 

Figure 19 – Differences on cell viability of SH-SY5Y cells when exposed to tomatine (A) or 

tomatidine (B) alone or with co-incubation with the eIF2α phosphorylation inhibitor 

salubrinal. Results presented with mean ± standard deviation of the mean. 

 

Salubrinal acts on the phosphatases which act on eIF2α, as is the case of PERK. 

From this inhibitory action results an increase on eIF2α phosphorylation, to which is 

associate an impairment of protein synthesis. The consequential decrease in the load of 

proteins to fold in the ER is crucial to cell recovery from situations of endoplasmic reticulum 

stress (88, 89). 

 In order to elucidate if the effect upon the ER stress status was neuron-specific, AGS 

cells were subject to the same experience. As it can be seen in Figure 20, co-exposition 

with salubrinal failed to produce significant differences when compared to the groups 

treated with tomatine alone. Our results indicate that glycoalkaloids toxicity at the level of 

the ER may be exerted selectively on neuronal cells. 
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Figure 20 – Differences on cell viability of AGS cells when exposed to tomatine alone or 

with co-incubation with the eIF2α phosphorylation inhibitor salubrinal. Results presented 

with mean ± standard deviation of the mean. 

 

        3.1.5. Glycoalkaloid toxicity in neurons is caspase-independent 

 

In order to evaluate the possible contribution of caspases to glycoalkaloid-induced 

cell death, we incubated the cells with the compounds in the presence of Z-VAD.fmk, a pan-

caspase inhibitor. This experiment did not result in any significant differences in toxicity 

(Figure 21), which strongly suggests that the cell death induced by tomatine and tomatidine 

relies on caspase-independent mechanisms.  

 

 

 

Figure 21 – Effect of co-exposition of glycoalkaloids with Z-VAD.fmk, a pan-caspase 

inhibitor, on SH-SY5Y cells. Staurosporine at 0.5 µM was used as a positive control for the 
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effect of caspase inhibition on cell viability. Results presented with mean ± standard 

deviation of the mean. 

 

This result was confirmed by evaluating caspase 3/7 activity following incubation 

with the compounds, which did not elicit any activation (Figure 22). This results confirm the 

occurrence of a cell death mechanism other than classical apoptosis through the 

mitochondrial or death receptor pathways. 

These results agree with previous literature, which reports the same results on 

different cell lines and in in vivo experiments regarding the anti-cancer potential of tomatine 

(90). 

 

 

Figure 22 – Effect of glycoalkaloids in caspase 3/7 activities in SH-SY5Y cells. 

Staurosporine at 0.5 μM was employed as a positive control for maximum caspase activity. 

Results presented as mean ± standard deviation of the mean. 

 

Differently, in the case of AGS cells there is an involvement of caspases in 

glycoalkaloid toxicity, as shown in Figure 23. Along with the results obtained concerning 

cytosolic LDH leakage and cell morphology, these results raise the possibility that AGS cell 

death induced by glycoalkaloids occurs through necroptosis. 
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Figure 23 – Effect of co-exposition of glycoalkaloids with Z-VAD.fmk, a pan-caspase 

inhibitor, on AGS cells. Staurosporine at 0.5 µM was used as a positive control for the effect 

of caspase inhibition on cell viability. Results presented with mean ± standard deviation of 

the mean. 

 

 

3.1.6. Effect of glycoalkaloids on 20S proteasome activity 

 

In light of the involvement of ER stress to the activity displayed by these tomato plant 

molecules, we assessed the capacity of these compounds to inhibit the proteasome, given 

its importance to protein homeostasis. 

 Results reveal that tomatine can inhibit 20S proteasome activity in very low 

concentrations (2 μM). Once again the glycoalkaloid displays a stronger activity, when 

compared to its aglycon, which does not seem to share the potential of tomatine for 

proteasome inhibition (Figure 24). 
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Figure 24 – Influence of tomatine (B) and tomatidine (C) in the 20S proteasome activity. 

Lactacystin (A) was employed as a positive control for proteasome inhibition. Results 

presented with mean ± standard deviation of the mean. 

 

Given the capacity of tomatine to inhibit the proteasome, we cannot rule out the 

hypothesis that the ER stress triggered by this molecule is a consequence of an overload 

of misfolded/unfolded proteins that would normally by destroyed by this catalytic complex. 

20S proteasome inhibitors compose a relatively new approach in the development 

of anti-cancer drugs. These molecules are able to inhibit cancer cells through several 

distinct mechanisms – they can induce apoptosis, block the cell cycle, and prevent tumour 

angiogenesis, among several other processes (57, 91). Considering our results, it can be 

useful to further investigate the potential of tomatine for this purpose. 
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3.2. Effect of glycoalkaloids on RAW 264.7 macrophages 

 

Given the fact that natural products frequently exert several biological activities, we 

were interested in pursuing other biological targets. For this reason, the macrophage cell 

line RAW 264.7 was used. 

 

3.2.1.  Glycoalkaloid cytotoxicity 

 

As usual, the first experiments were used to determine the potential toxicity of the 

molecules under study in the cell line to be used. Similarly to what we observed with AGS 

cells, tomatidine did not exert any toxicity on RAW 264.7 macrophages. Interestingly, this 

cells demonstrate to be more resistant to tomatine toxicity than both AGS and SH-SY5Y 

cell lines (Figure 25).   

 

 

Figure 25 – Effect of tomatine (A) and tomatidine (B) on RAW 264.7 cell viability after 24 

hours, evaluated by MTT reduction assay. Results presented as mean ± standard deviation 

of the mean. 
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3.2.2.  Influence of glycoalkaloids in the production of NO by 

LPS-stimulated macrophages  

 

Production of NO is one of the hallmarks of inflammation and, for this reason, we 

have studied the potential anti-inflammatory activity of tomatine and tomatidine by 

monitoring the levels of this mediator in LPS-challenged macrophages. 

Our results show that tomatine is not very effective as an anti-inflammatory agent by 

inhibition of NO production, as the tested concentrations, 0,125-1 μM, could not lower the 

amounts of NO in the collected supernatant more than 10% (Figure 27). Concentrations 

above 1 μM were cytotoxic to RAW 264.7 macrophages and so they could not be applied 

to this purpose. Tomatidine, less cytotoxic, could be tested up to 25 μM, concentration which 

was capable of lowering NO production in about 20%. 

 

 

Figure 26 – Influence of tomatine (A) and tomatidine (B) in production of NO by LPS-

stimulated RAW 264.7 macrophages. Results presented as mean ± standard deviation of 

the mean. 
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3.2.3.  Influence of glycoalkaloids in the honey bee PLA2 

activity 

 

Phospholipase A2 is an enzyme which acts in the arachidonic acid pathway and is 

able to hydrolyze phospholipids of cellular membranes (92). We determined that 

glycoalkaloids are not able to inhibit this enzyme (Figure 28), and so their previously 

described anti-inflammatory activity does not rely in the arachidonic acid pathway inhibition. 

 

 

Figure 27 – Influence of tomatine (A) and tomatidine (B) in the activity of the honey bee 

PLA2. Results presented as mean ± standard deviation of the mean. 
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4. Conclusions and future perspectives 

 

In order to clarify the mechanisms underlying glycoalkaloid-induced cell death, we 

found that glycoalkaloid toxicity is largely caspase-independent. We determined that these 

compounds exert their effect through the endoplasmic reticulum, since they disrupt calcium 

homeostasis and promote the UPR by inducing eIF2α phosphorylation. 

In order to accomplish our goal, it would be interesting to evaluate the changes in 

the mitochondrial membrane potential. It could also be relevant to determine if the death 

domain receptor-associated adaptor kinase RIP (RIP1) is involved in the cell death process. 

Furthermore, to the purpose of examining further the involvement of the UPR in 

glycoalkaloid toxicity, it could be useful to study the remaining branches of this mechanism 

and to assess the involved genes by RT-PCR. 

The tomato is one of the most important foodstuffs worldwide, which justifies the 

research on its properties. To the best of our knowledge, the effects of tomatine on the ER 

were still unknown. The obtained results are useful in that they go towards the objectives of 

this work, which was to unveil new mechanisms underlying glycoalkaloid toxicity. 
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