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Summary 

Solasodine (SOL) is a steroidal glycoalkaloid that shows a wide 

range of biological effects, most notably anticancer activities. 

Eryptosis is the programmed cell death of erythrocytes that leads 

to anemia. Specifically, chemotherapy-induced anemia can be 

precipitated in part by eryptosis triggered by anticancer agents. 

We hypothesize that the cytotoxic effects of SOL observed in 

cancer cells are nonspecific and extend to human erythrocytes. 

Eryptosis following SOL exposure was detected by fluorescence-

assorted cell sorting analysis in erythrocytes from healthy 

volunteers. Phosphatidylserine (PS) translocation and cellular 

volume were measured using annexin-V-FITC and forward scatter 

(FSC), respectively. Fluo-4/AM was used to detect cytoplasmic 

Ca2+ and H2DCFDA was employed to probe oxidative stress. 

Hemolysis was also assessed by hemoglobin leakage. In addition, 

different incubation media and inhibitors were tested for their 

potential influence on SOL activity. Exposure to SOL led to modest 

but significant hemolysis and was paralleled by significant PS 

translocation, elevated FSC, and echinocyte morphology. Energy 

restitution through ATP, guanosine, and adenine significantly 

reversed PS translocation as did the removal of extracellular Ca2+ 

and the dissipation of the cell membrane K+ gradient. 

Co-treatment of erythrocytes with SOL and SB203580, NSC 23766, 

necrosulfonamide, caffeine, and melatonin significantly inhibited 

SOL-induced PS translocation. In conclusion, SOL is a novel pro-

eryptotic compound whose activity is mediated through energy 

exhaustion, Ca2+ influx, and cytosolic KCl depletion, and requires 

p38 MAPK/Rac1 GTPase/MLKL signaling. Metabolic substrates, 

cation channel modulators, and targeted inhibition provide 

protective adjuncts to improve the therapeutic index of SOL as it 

advances toward translational applications.      
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Introduction 

 

Steroidal glycoalkaloids are secondary plant 

metabolites in various foods, including tomatoes, potatoes, 

and eggplants. Glycoalkaloids and their hydrolysis 

products, aglycons, have numerous biological effects 

despite their toxic character [1]. The two most significant 

glycoalkaloids found in solanaceous plants are solasonine 

and solamargine, whose main aglycone is solasodine 

(SOL). This spiroketal alkaloid sapogenin contains  

a structural component of a C27 cholestane skeleton where 

a 1–5 carbohydrate side chain is attached at the aglycone's 

3-OH region [2]. SOL has been shown to have antifungal 

[3], anticonvulsant [4], anti-inflammatory [5], and 

antimicrobial [6] effects.  

Importantly, the impact of SOL on cancer cells 

has been extensively examined in previous research. 

Significant inhibitory effects on cell growth have been 

reported for SOL in nasopharyngeal [7], breast [8], oral 

[9], gastric [10], colorectal [11] , liver [12], ovarian [13], 

and lung [14] cancer cells. Specifically, the anticancer 

activity of SOL depends on suppressing AKT/GSK-3b/β-

catenin, Hedgehog/Gli1, and NF-κB-p65 signaling, 

reducing mitochondrial membrane potential, and 

stimulation of cell death through apoptosis, autophagy-

dependent cell death, and ferroptosis.  

Although red blood cells (RBCs) lack 

intracellular organelles, they can still execute programmed 

cell death in the form of eryptosis and necroptosis. 

https://creativecommons.org/licenses/by/4.0/
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Eryptosis is a physiological process through which 

senescent or dysfunctional erythrocytes are labeled for 

recognition by phagocytes. This labeling is achieved 

through the breakdown of the asymmetrical distribution of 

phospholipids during which phosphatidylserine (PS) 

translocates to the outer membrane leaflet. Phagocytes 

then bind externalized PS through specific receptors to 

engulf dead RBCs and minimize the risk of hemolysis and 

anemia. Eryptosis may also be pathological if it 

prematurely occurs at a faster rate than the compensatory 

erythropoietic response. This can be seen in a plethora of 

conditions such as kidney disease, sepsis, cancer, diabetes, 

and cardiovascular disease. Additionally, eryptosis is 

triggered by a growing number of medications, pesticides, 

toxins, and other xenobiotics [15].  

Anemia is common among cancer patients and 

arises due to myelosuppressive chemotherapy [16] and 

excessive eryptosis [17]. This work tested the hypothesis 

that SOL adversely affects non-target tissue, specifically 

erythrocytes, due to nonspecific toxicity. The aim of the 

current study was to evaluate the erythrotoxic biochemical 

mechanisms of SOL in erythrocytes which constitutes  

a clinically relevant toxicity model [18]. 

               

Materials and Methods 

 

Erythrocytes, chemicals, and solutions 

The protocol for this work conforms to the 

guidelines published by the Eryptosis Study Consortium 

[15], and has been approved by the Ethics Committee of 

King Saud University (E-23-7552). In accordance with the 

Declaration of Helsinki, blood samples anticoagulated 

with EDTA or lithium heparin were taken from 23 healthy 

participants with normal complete blood count (CBC) and 

body mass index (BMI) after giving verbal and written 

informed consent. The donors were 15 males and  

8 females, with an age range of 25 to 38 years. RBCs were 

isolated by centrifugation of whole blood at 3,000 RPM 

for 20 min at room temperature and resuspended in Ca2+-

free Ringer solution. All chemicals, kits, and reagents were 

of the highest purity and were procured from Solarbio Life 

Science (Beijing, China). SOL (CAS #126-17-0) was 

prepared as a 40 mM (16.0 mg/ml) stock solution in 

ethanol and stored as aliquots at −80 °C. Aliquots were 

only used once to avoid repeated freezing and thawing. 

SOL exposure (40–500 μM) was conducted in Ringer 

solution with a hematocrit of 5 % for 48 h at 37 °C. This 

range was chosen based on previously published studies 

investigating the anticancer effects of SOL which used 

concentrations from 10 to 240 µM [8, 12]. Since SOL 

largely remains at the preclinical stage, circulating plasma 

levels are not yet available. Therefore, the concentrations 

used herein are primarily intended for toxicological 

assessment rather than direct physiological plasma 

equivalents. Erythrocytes incubated with deionized water 

and 1 % ethanol were used as a positive and negative 

control, respectively. 

 

Eryptosis 

All eryptotic markers were measured in 10,000 

cells using fluorogenic probes excited by a blue light of 

488 nm to emit a green light of 520 nm. Northern Lights 

flow cytometer (Cytek Biosciences, Fremont, CA, USA) 

was used for all assays. PS translocation was captured by 

labeling membranes with annexin-V-FITC whereas 

cytoplasmic Ca2+ and ROS were measured by  

Fluo4/AM and 2',7'-dichlorodihydrofluorescein diacetate 

(H2DCFDA), respectively. In the annexin assay, 50 µl of 

cells were added to 150 µl of Ringer buffer containing  

5 mM CaCl2 and 1 % annexin-V-FITC and incubated at 

room temperature in the dark for 10 min. In the Ca2+ assay, 

50 µl of cells were added to 150 µl of Ringer buffer 

containing 5 mM CaCl2 and 2 µM Fluo4/AM incubated at 

37oC in the dark for 30 min. In the oxidative stress assay, 

50 µl of cells were added to 150 µl of standard Ringer 

buffer containing 10 µM H2DCFDA and incubated at 

37 °C in the dark for 30 min. After incubation, cells were 

washed twice in PBS (13,000 x g, 1 min) to remove 

unbound Fluo4 and DCF before analysis in a final volume 

of 300 µl of PBS. Forward scatter (FSC) was also 

measured as a marker of cell size [19]. Since RBCs are 

relatively homogenous, lack nuclei, and occupy a narrow 

FSC/SSC region, cells were identified by acquisition 

thresholds and no post-acquisition gating was required. 

Quantification for eryptotic cells was expressed as  

a percentage of annexin V-positive cells identified by  

an analysis marker placed according to control cells. FSC, 

Fluo4, and DCF signals were expressed as mean 

fluorescence intensity (MFI) values in arbitrary units. 

 

Hemolysis 

Extracellular hemoglobin was photometrically 

measured at 405 nm by LMPR-A14 microplate reader 

(Labtron, Surrey, UK) [20]. Cells were centrifuged at 

13,000 RPM for 1 min at room temperature and 200 μl of 

the supernatant were added to a 96-well plate to measure 

hemoglobin content. 
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Scanning electron microscopy (SEM) 

Fixed cells in 2 % glutraldehyde were stained 

with 1 % osmium tetraoxide, serially dried in 50–100 % 

ethanol, gold-coated, and finally observed under  

JSM-7610F scanning electron microscope operating at 

15.0 kV (JEOL, Tokyo, Japan) [21]. 

 

Functional assays 

Cells were exposed to 100 or 200 μM SOL in the 

presence or absence of 100 μM SB203580 (p38 MAPK 

inhibitor), 20 μM of D4476 (CK1α inhibitor), 0.5 μM of 

necrosulfonamide (NSA; MLKL inhibitor), 5 μM of 

melatonin, 1 μM of staurosporine (PKC inhibitor), 20 μM 

of BAPTA-AM (cell-permeable Ca2+ chelator), 100 μM of 

NSC23766 (Rac1 GTPase inhibitor), 500 µM of ATP,  

2 mM guanosine, or 2 mM adenine [15]. 

 

Statistical analysis 

Data are displayed as means ± SD of three 

independent experiments (n = 9). Statistical analysis was 

carried out by Prism 9.0 (GraphPad, San Diego, CA, USA) 

using one-way ANOVA with Dunnett’s or Tukey’s test. 

Significance was set at a p-value of less than 0.05. 

 

Results 

 

SOL stimulates eryptosis with cell swelling and membrane 

blebbing 

The primary aim of this study was to assess the 

toxicity of SOL (Fig. 1A) in RBCs. Fig. 1B demonstrates 

that treatment with SOL at 200, 400, and 500 μM showed 

a significant increase (p <0.0001) in the percentage of 

annexin-V-binding erythrocytes. Modest but significant 

hemolytic activity was also observed (Fig. 1C). Eryptosis 

is characterized by cell shrinkage, hence FSC was 

assessed. Interestingly, cells exposed to 200, 400, and  

500 μM SOL exhibited rather significant cell swelling  

(p <0.0001) as seen in Fig. 1D. Another morphological 

feature of eryptosis is the formation of membrane blebs. 

Accordingly, exposure to 100 μM SOL resulted in 

echinocyte transformation as revealed by electron 

microscopy (Fig. 1E). 
 
 

 
 

Fig. 1. Effect of SOL on eryptosis. (A) Chemical structure of SOL. (B) Representative annexin-V-FITC histograms and arithmetic means 

of eryptotic cells. (C) Arithmetic means of the percentage of haemolytic cells. Results are shown as means ± SD (n = 9).  

(D) Representative dot plots (FSC-H vs. annexin-V-FITC), overlayed FSC-A histograms, and arithmetic means of cell size.  

(E) Representative electron microscopy micrographs (X5,000; Scale bar: 1 μm) of control and treated (100 μM) cells. ns indicates no 

statistical significance, while *(p <0.05), ***(p <0.001), and ****(p <0.0001). 

 

 

 

 

A. C. 

E. D. 
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Fig. 2. Ameliorative effect of energy restitution on SOL-induced eryptosis. Representative annexin-V-FITC histograms and arithmetic 

means of eryptotic cells in the absence and presence of (A) adenine (2 mM), (B) guanosine (2 mM), and (C) ATP (0.5 mM). Results are 

shown as means ± SD (n = 9). ns indicates no statistical significance, while *(p <0.05), **(p <0.01), ***(p <0.001), and ****(p <0.0001). 

 
 

SOL-induced eryptosis is prevented by energy restitution 

Eryptosis is also triggered by energy depletion, so 

a subsequent set of experiments explored the potential 

protective effect of metabolic substrates against SOL 

toxicity. We found that the addition of adenine (Fig. 2A), 

guanosine (Fig. 2B), and ATP (Fig. 2C) significantly 

inhibited PS translocation.  

 

SOL-induced eryptosis is sensitive to p38 MAPK and 

MLKL inhibition 

Next, we probed signaling enzymes involved in 

SOL-induced eryptosis. Using SB203580 to inhibit p38 

MAPK (Fig. 3A) significantly reversed PS exposure 

(p <0.0001) unlike D4476 (Fig. 3B) and staurosporine 

(Fig. 3C) which inhibit CK1α and PKC, respectively. 

Likewise, significant protection (p <0.05) was also seen in 

the presence of MLKL inhibitor, necrosulfonamide 

(Fig. 3D) and Rac1 inhibitor NSC23766 (Fig. 3E). 

   

SOL-induced eryptosis is ameliorated by caffeine and 

melatonin 

Ca2+ buildup and oxidative stress are recognized 

as major mechanisms underlying eryptosis, and both were 

involved in SOL-induced PS translocation, as can be seen 

in Fig. 4A (significantly increased Fluo4 fluorescence) and 

4B (significantly increased DCF-positive cells), 

respectively. Additionally, the Ca2+ channel modulator, 

caffeine (p <0.0001; Fig. 4C), and the antioxidant, 

melatonin (p <0.05; Fig. 4D) alleviated the pro-eryptotic 

activity of SOL.  

 

Extracellular Ca2+ exclusion and membrane 

depolarization reverse SOL-induced eryptosis 

Loss of K+ upon Ca2+ accumulation is  

a permissive signal for eryptosis. Thus, we were prompted 

to examine the participation of Ca2+ entry and KCl efflux 

in SOL-induced eryptosis. The results indicate that 

suspension of cells in Ca2+-free Ringer buffer (Fig. 5A) but 

not co-incubation with BAPTA-AM (Fig. 5B), 

significantly reduced SOL toxicity (p <0.0001). In 

addition, KCl-rich Ringer buffer (Fig. 5C) significantly 

inhibited PS translocation induced by SOL (p <0.0001). 

Conversely, while the addition of urea had no effect 

(Fig. 5D), sucrose rather exacerbated SOL-induced PS 

translocation (p <0.01; Fig. 5E).  

Based on these results, further experiments were 

conducted to investigate the impact of combined 

modifications to the incubation media on SOL cytotoxicity. 

It was noted that the eryptotic activity of SOL was abrogated 

(p <0.0001) upon simultaneous Ca2+ exclusion and 

membrane depolarization (Fig. 6A), Ca2+ exclusion in the 

presence of urea (Fig. 6B), membrane depolarization and 

urea addition (Fig. 6C), and concurrent Ca2+ exclusion, 

membrane depolarization, and addition of urea (Fig. 6D).  
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Fig. 3. Signaling enzymes in SOL-induced eryptosis. Representative annexin-V-FITC histograms and arithmetic means of eryptotic cells 

in the absence and presence of (A) SB203580 (p38 MAPK inhibitor; 100 µM), (B) D4476 (CK1α inhibitor; 20 µM), (C) staurosporin (StSp, 

PKC inhibitor; 1 µM), (D) necrosulfonamide (NSA, MLKL inhibitor; 0.5 µM), and (E) NSC 23766 (Rac1 inhibitor; 100 µM). Results are 

shown as means ± SD (n = 9). ns indicates no statistical significance, while *(p <0.05), **(p <0.01), and ****(p <0.0001). 

 

 

 

 
 

Fig. 4. Caffeine and melatonin abrogate SOL-induced eryptosis. (A) Representative Fluo4 histograms and arithmetic means of Fluo4 

fluorescence intensity (MFI). (B) Representative DCF histograms and arithmetic means of DCF-positive cells. (C) Representative annexin-

V-FITC histograms and arithmetic means of eryptotic cells in the absence and presence of caffeine (0.5 mM). (D) Representative annexin-

V-FITC histograms and arithmetic means of eryptotic cells in the absence and presence of melatonin (MTN; 5 µM). Results are shown as 

means ± SD (n = 9). *(p <0.05), ***(p <0.001), and ****(p <0.0001).   
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Fig. 5. SOL-induced eryptosis requires Ca2+ entry and membrane hyperpolarization. Representative annexin-V-FITC histograms and 

arithmetic means of eryptotic cells in the absence and presence of (A) extracellular Ca2+, (B) BAPTA-AM (20 μM), (C) 5 or 125 mM KCl, 

(D) urea (300 mM), and (E) sucrose (250 mM). Results are shown as means ± SD (n = 9). ns indicates no statistical significance while 
**(p ≤0.01) and ****(p <0.0001). 

 

 

 
 

Fig. 6. Effect of combined modifications of Ringer buffer on SOL-induced eryptosis. Representative annexin-V-FITC histograms and 

arithmetic means of eryptotic cells in (A) the presence and absence of extracellular Ca2+ with 5 or 125 mM KCl, (B) the presence and 

absence of extracellular Ca2+ with or without urea (300 mM), (C) 5 or 125 mM KCl with or without urea, and (D) in the presence and 

absence of extracellular Ca2+, with 5 or 125 mM KCl, and with and without urea. Results are shown as means ± SD (n = 9). 

 ****(p <0.0001). 

 

 

Discussion 

 

Eryptosis is increasingly being recognized as  

a key pathological process of many conditions including 

anemia. This study is the first to provide experimental 

evidence that SOL triggers eryptosis which indicates that 

the cytotoxicity of SOL is nonspecific to cancer cells. This 

finding is seminal for the clinical prospects of SOL since 

chemotherapy-related anemia is among the most serious 

adverse drug reactions [22]. In particular, adjunctive 
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cytoprotective strategies may improve the safety profile of 

SOL although in vivo pharmacokinetic studies remain 

necessary to assess whether the concentrations used and 

the toxic phenotypes observed are clinically achievable 

upon systemic exposure. 

Similar to other xenobiotics, this work 

demonstrates that SOL has weak but significant hemolytic 

action in human erythrocytes (Fig. 1). Naked heme has 

recently been shown to be thrombogenic by stimulating 

ferroptosis and NETosis to elicit platelet activation [23]. 

Nonetheless, Jayakumar et al. [24] reported that SOL 

showed antihemolytic activity against H2O2. This dual 

effect has been reported for picolinic acid [25], which was 

anti-hemolytic against osmotic stress but hemolytic in 

isotonic conditions.  

Following SOL treatment, PS translocation to the 

erythrocyte surface was observed (Fig. 1) indicating cell 

membrane scrambling parallel to apoptosis in nucleated 

cells [1–3]. Since the erythrocytes used in this 

investigation were collected from healthy individuals, it is 

possible that clinical conditions involving 

accelerated eryptosis could increase sensitivity to SOL. 

The exposure of PS on the surface of eryptotic cells may 

have two main pathophysiological consequences. First, it 

fosters the binding of eryptotic cells to specific receptors 

on macrophages leading to their degradation. Second, it 

enhances their adherence to the vascular wall, which could 

obstruct the microcirculation [15].    

Functional assays revealed that restoring energy 

protects cells from SOL toxicity (Fig. 2), which aligns with 

established evidence of the pivotal role of glycolytic 

integrity in erythrocyte survival. Thus, depleting 

intracellular energy reservoirs may play a significant role 

in SOL-induced eryptosis. Erythrocytes require  

a continuous supply of energy through glycolysis, and 

their deformability is adversely affected when their energy 

resources are depleted [26,27]. Also, excessive Ca2+ pump 

activity results in fast ATP consumption, attributed to Ca2+ 

influx [28] (Fig. 5). Importantly, guanosine and adenine 

act as precursors to GTP and ATP, respectively [29,30]. 

Guanosine, in particular, has cytoprotective functions 

attributed to its antioxidant effects [31], similar to 

melatonin (Fig. 4).  

Our results indicate that SB203580, NSC23766, 

and NSA each independently reversed the pro-eryptotic 

effect of SOL (Fig. 3). Signaling cascades through these 

enzymes modulate a host of downstream effectors. 

Osmotic stress activates p38 MAPK and Ca2+ influx [32], 

shown to be a required step in SOL activity (Fig. 5). Rac1 

regulates the cytoskeleton [15] and may therefore mediate 

membrane blebbing (Fig. 1), although a crosstalk with 

Ca2+ cannot be excluded [33]. Further, the participation of 

MLKL implicates necroptosis in SOL-induced RBC death 

although it can also signal for apoptosis [34]. Alarmingly, 

necroptosis is triggered by several xenobiotics, bacterial 

toxins, in vitro storage, and hyperglycemic stress; and has 

been implicated in stroke, tumor, inflammation, and 

infection [35].  

PS externalization was ameliorated by caffeine 

(Fig. 4), which is among the few compounds known to 

exert anti-eryptotic effects by inhibiting Ca2+ influx [36]. 

In congruence, eryptosis was selectively alleviated in cells 

deprived of extracellular Ca2+ but in those co-treated with 

BAPTA-AM (Fig. 5). Taken together, these results 

identify Ca2+ entry, as opposed to downstream  

Ca2+ effects, as a required step in SOL-mediated eryptosis. 

Upon Ca2+ entry, Ca2+-dependent phospholipid scramblase 

activity becomes dysregulated leading to characteristic 

membrane scrambling. Moreover, Ca2+-sensitive  

K+ channels are activated which drive K+, Cl–, and water 

out of the cell following membrane hyperpolarization. Of 

note, our results show that stabilizing membrane potential 

by dissipating this K+ gradient significantly rescues cells 

from PS translocation (Fig. 5). Interestingly, our results 

indicate that erythrocytes exposed to SOL showed 

increased cell volume (Fig. 1), which seems to suggest that 

its primary insult is osmotic.  

While the absence of appreciable shrinkage might 

seem contradictory to the protection offered by reducing 

the transmembrane K+ gradient (Fig. 5), we offer two 

plausible interpretations of this finding. First, water efflux 

might have been accompanied by sufficient Na+ entry, 

thereby minimizing net volume loss [37]. Second, cells 

undergoing osmotic swelling may attempt to restore their 

physiological size by opening K+ and Cl– channels to 

export ions [38] which is a permissive step for downstream 

eryptotic signaling. Collectively, these observations 

suggest that PS translocation and net volume changes are 

not invariably coupled under all ionic stress conditions as 

previously reported [39, 40]. Altogether, these mechanistic 

insights argue for the exploration of selective Ca2+ and  

K+ channel blockers as therapeutic adjuvants for SOL. 

Another inhibitor of SOL-induced eryptosis is 

melatonin (Fig. 4), which has antioxidant [41] and anti-

inflammatory properties. The protection conferred by 

melatonin may be linked to suppressing prostaglandin E2 

which activates Ca2+ channels to promote PS exposure 

[42]. This, along with other mechanisms, may underlie the 
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appearance of echinocytes and membrane blebs in  

SOL-treated cells (Fig. 1). Specifically, cytoskeletal 

weakening may arise from Ca2+ entry (Fig. 5), ATP 

depletion (Fig. 2), kinase stimulation (Fig. 3), calpain 

activation [43], osmotic stress and swelling (Fig. 1), and 

others. This result is in agreement with that reported by 

Manrique-Moreno et al. [44], who observed echinocytes 

following SOL treatment. Blebbing consumes membrane 

reserve, reducing the surface-area-to-volume ratio which 

significantly limits deformability. Membrane elasticity is 

also diminished, with higher cellular fragility, and an 

increased risk of occlusive lesions [15]. 

SOL toxicity was significantly enhanced when 

sucrose was added to the incubation medium (Fig. 5), 

revealing an additive effect. Congruently, sucrose 

stimulates the breakdown of the PS asymmetry in 

erythrocytes through the formation of ceramide and Ca2+ 

signaling. Our investigations also indicate that urea on its 

own was unable to confer protection against SOL, possibly 

ruling out the requirement of sphingomyelinase or several 

transport systems, most notably Na+/K+/2Cl− cotransport 

[45].  

 

Conclusions 

 

In conclusion, this study demonstrates that SOL 

triggers eryptosis characterized by cell swelling, 

membrane scrambling and blebbing, metabolic 

exhaustion, Ca2+ entry, oxidative stress, and signaling 

cascades involving p38, Rac1, and MLKL. Therapeutic 

strategies to mitigate SOL-mediated off-target erythrocyte 

injury include cation transport modulation, antioxidants, 

energy substrates, and enzyme inhibitors. Confirmation of 

the erythrotoxicity of SOL in animal models could further 

establish the clinical relevance of these findings and 

inform the development and validation of safer therapeutic 

applications. 
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