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resistance, and recurrence, they have emerged as at-
tractive targets for cancer treatment and management.
Salinomycin, a widely used antibiotic in poultry farming,
was identified by the Weinberg group as a potent anti-
CSC agent in 2009. As a polyether ionophore, salino-
mycin exerts broad-spectrum activities, including the
important anti-CSC function. Studies on the mechanism
of action of salinomycin against cancer have been con-

tinuously and rapidly published since then. Thus, it is
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imperative for us to update its literature of recent re-
search findings in this area. We here summarize the no-
table work reported on salinomycin's anticancer
activities, intracellular binding target(s), effects on tumor
microenvironment, safety, derivatives, and tumor-
specific drug delivery; after that we also discuss the
translational potential of salinomycin toward clinical ap-

plication based on current multifaceted understandings.
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1 | INTRODUCTION—CANCER STEM CELLS (CSCs) AND SALINOMYCIN

In recent years, cancer research has undergone a paradigm shift, moving from broad proliferative suppression
toward mechanistic research on causes that trigger cancer or drive malignancy as well as therapy resistance.
Accumulating studies support the exciting notion that there is a small population of cancer cells hidden in the tumor
bulk which are able to initiate tumor growth and remodel tumor cell population against treatment. At the outset,
these cells were called tumor initiating cells (TICs) and later named stem-like cancer cells or CSCs. CSCs are
renowned for their indefinite potential of self-renewal and generation of heterogeneous tumor cells.™* Studies
have suggested that CSCs can be plastic and transform between quiescence state and active proliferation state.>
The induction of stemness-related genes and oncogenes, such as sex determining region Y-box 2 (SOX2), octamer-
binding transcription factor 4 (OCT4), kruppel-like factor 4 (KIf4), and avian myelocytomatosis virus oncogene
cellular homolog (c-Myc), in nontumorigenic mammary epithelial cells, has been shown to be capable of trans-
forming the original cells into tumorigenic CSCs, lending a strong support to the plasticity of CSCs.” The tumor
microenvironment (TME) shows a dominant regulatory role in tumor formation, progression, and distant migra-
tion.2 1% CSCs may also be regulated by stromal cells and immune cells in the TME or regulate the architecture of
TME and thereby shape the heterogeneous tumor bulk, which contributes back to the CSC plasticity.”** **

The existence of CSCs is considered to be one of the major reasons for tumor recurrence and therapy resistance.
Current hypotheses regarding CSCs' origin include: (1) CSCs may be generated from normal stem cells or progenitor cells*®

3,16

after mutations occur®'® or after escaping regulation®®; (2) CSCs may originate from mesenchymal stem cells during

wound healing to repair damaged tissues'’; (3) CSCs may arise from normal somatic cells after rendered stem-like
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characteristics, for instance, through epithelial-mesenchymal transition (EMT) or aberrant epigenetic regulation.¢*®

However, the explicit mechanism of CSC generation could be distinct in various cancer types or in different patients and is
yet to be fully understood. Current approaches to identify CSCs within a tumor bulk are mainly classified into two: (1) by an
antigenic method from cell surface marker expression,19 such as cluster of differentiation (CD)133, CD44, and nestin, that
are also recognized as markers expressed in normal stem cells; (2) by a functional method from their ability to efflux DNA-
binding dyes using flow cytometry, and may show a higher expression of membrane pumps such as ABCG2 (adenosine
triphosphate-binding cassette subfamily G member 2), ABCA3 (adenosine triphosphate-binding cassette transporter A3)
involved in multidrug resistance (MDR). However, due to the heterogeneity of the CSC population and the complexity of
CSC regulation (i.e., plasticity),?® a standard in vitro protocol or definition to precisely identify CSCs has not been well
established other than their tumorigenic ability in xenograft animal models. Nonetheless, mounting efforts have been made
by global researchers trying to deepen the understanding of CSCs and explore the ways to target them. We have recently
summarized research advances for breast CSCs, one of the most studied cancer types, and enumerated CSC-associated
multifold intercellular and intracellular interplays.”*

Shibue and Weinberg have pointed out that most conventional therapeutics lack an efficiency in eradicating
carcinoma cells that have entered the CSC state, which thereby permits a CSC-dependent disease relapse.'®
Therefore, novel drugs and regimens targeting CSCs would have a potential clinical relevance for cancer treatment,
such as by inducing cell death of CSCs, by inhibiting CSC-associated cell signaling pathways (e.g., Wnt, Notch,
Hedgehog, and Hippo pathways), by reversing EMT or by immuno-approaches targeting CSC cell surface mar-
kers.'®22:2% |ndeed, it is Weinberg group who first reported that salinomycin (Figure 1), a monocarboxylic polyether
chemical, has anti-CSC activity in breast cancer in 2009.?* Research efforts focusing on salinomycin's function and
mechanism of eliminating CSCs have been continuously reported since then. Aligning with Gupta's work, Ginestier
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FIGURE 1 Cancer stem cell and salinomycin's activities [Color figure can be viewed at wileyonlinelibrary.com]
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group recently performed a genome-wide RNA interference (RNAI) screening aiming to uncover important genes
regulating the breast CSC fate. They then tested a panel of compounds for their inhibitory effects on the identified
CSC-fate regulators, and salinomycin stood out again as one of the three most potent effectors.?”

Salinomycin is originally applied as an antibacterial and anticoccidial drug, which is commercially used as a
coccidiostat for poultry.?>?” The potential antidote activity of salinomycin has also been documented from murine
experiment results.?®?? Several studies have further revealed that salinomycin could be an attractive drug candi-
date against viruses, for example, it is repurposed recently as a potential anti-severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) agent.*° The mechanism of action (MoA) of salinomycin against microbes is likely
because of its ionophoric nature.*" In cancer therapy research, salinomycin is a selective anti-CSC agent and a
potent partner in cotherapies of cancer, as it has been shown to sensitize radiation and many clinically used
chemodrugs such as doxorubicin, trastuzumab, gemcitabine, temozolomide, and tamoxifen.>? °® We have pre-
viously summarized the biological activities of salinomycin published before 2013 and predicted potential chal-
lenges on using salinomycin as an anticancer agent.”” However, the cellular functional binding target of salinomycin
was unknown by then. Additionally, the attempts on maximizing drug efficacy via nanocarrier-based delivery
system have been published since then. The chemical modifications to help either uncover salinomycin's function or
enhance its efficacy are also in the bench state. Besides, more profound studies on dissecting the CSC-killing
activities of salinomycin and the preclinical application have been reported. Therefore, it is time herein for us to
update again the recent important advances of the preclinical studies on the anti-CSC mechanisms, safety and
toxicity, chemical derivatives, nano-carrier-based drug delivery systems, and clinical application cases of

salinomycin.

2 | MULTIFUNCTIONAL MECHANISMS OF SALINOMYCIN
AGAINST CSC

Although the explicit molecular mechanism of salinomycin's suppression activity on CSCs remains unknown, evi-
dence has accumulated, telling that the biological actions of salinomycin on eliminating CSCs may be manifold and
cell context-dependent. So far, the reported MoAs of salinomycin eliminating CSCs include: the modulation of
multiple signaling pathways in cancer cells, such as inhibition of Wnt and mitogen-activated protein kinase (MAPK)
pathways,?”*?° the initiation of autophagy,”’*? the decrease of adenosine triphosphate (ATP) levels along with
the elevation of reactive oxygen species (ROS) production,*® the sequestration of iron in lysosomes,*” the triggering
of DNA damage and prevention of DNA repair,>>%%>%¢ the induction of endoplasmic reticulum (ER) stress,*’>°
and more recently from our own research—the suppression of CSC marker expression via the interaction with its
cellular binding target nucleolin (NCL).>* We summarize below the current eye-catching work focused on the

molecular actions of salinomycin in terms of its anti-CSC activity (Figure 2).

2.1 | Functionality as a polyether ionophore and effects on mitochondria

Salinomycin (molecular formula C4,H,0041) was characterized as a new member of polyether ionophore antibiotics
in 1973-1974 by Kinashi et al.”? and Miyazaki et al.** Due to the difficulty of directly identifying solid-state
salinomycin by X-ray, Kinashi and Otake analyzed and published its p-iodophenacyl ester derivative's structure.>?
Miyasaki and colleagues then found that salinomycin is a monovalent and divalent cation (Na*, K, Ca?*, Rb, etc.)
transporter and exerts K* preference toward organic phase in a two-phase system. Salinomycin's wide-ranged
antimicrobial activities were determined subsequently including effects against protozoa, gram-positive bacteria
such as mycobacteria, and some filamentous fungi.?”>® Riddell et al. reported that salinomycin mediates the

transport of Na* and K* ions through phospholipid bilayers using 2 Na-and > K-NMR (nuclear magnetic resonance)
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TFs, transcription factors [Color figure can be viewed at wileyonlinelibrary.com]

spectroscopy.””>° Subsequent studies by Vértesy group in the 1990s published salinomycin sodium's X-ray
structures in both solution-state and solid-state, claiming its functional role as a cation ionophore and
structure-activity understandings.”®°” The mechanism of salinomycin against parasites and trypanosoma has been
demonstrated as its ability to increase Na* influx and induce cell swelling, which has been later suggested may not
be the same mechanism for its anticancer action.’® In Mai et al.'s work, they observed increased Na* influx at 20-
fold high concentration of the dose inhibiting breast CSCs.** A few years ago, Huczyniski briefly summarized the
possible mechanism of polyether ionophore and proposed three models of monovalent and divalent transportation
across lipid membrane.”?

The potassium ion channel has been known to alter mitochondrial function.®®* In 1976, Miyazaki and col-
leagues first investigated the effect of salinomycin on mitochondrial ion translocation and respiration and reported

that 0.4 uM salinomycin could release K* from mitochondria isolated from rat liver under the condition of K*
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preloaded by K* uptake stimulators.”®> Meanwhile, it could inhibit the oxidation of glutamate, a-ketoglutarate,
malate, and pyruvate but not that of 3-hydroxybutyrate or succinate. Salinomycin reversed the cell swelling induced
by K* uptake stimulators and suppressed the oxidative phosphorylation in mitochondria without substrate speci-
ficity. The pretreatment of salinomycin could prevent K uptake in mitochondria. Notably, salinomycin blocked the
mitochondrial retention of K™ more effectively than that of Na®. It inhibited respiration in medium with low but not
high K* concentration even with the addition of K* uptake stimulators.’” This study suggests that the transport of
cation by salinomycin can be condition-dependent, and could be affected by ion gradients.

A later study by Manago et al. investigated the early effect of salinomycin as a K* ionophore on mitochondrial
function in human cells in vitro.? They introduced two other K* ionophores, including one of the K* uptake
stimulator valinomycin to seek for the possible MoA of salinomycin. As a result, salinomycin decreased respiration
at tens of minutes without inducing ROS production and showed a similar activity to that of the K*/H* exchanger
nigericin. As expected, a strong cytotoxicity and an apoptotic effect of salinomycin on leukemia cells was observed.
Additionally, B-cell lymphoma 2 (Bcl-2)-associated X protein (Bax)-dependent apoptosis was induced in Bax/Bak
(Bcl-2 homologous antagonist/killer)-less mouse embryonic fibroblasts in a dose-dependent manner. Mesenchymal
stromal cells somehow attenuated the apoptotic effect of salinomycin in lymphoma cells, suggesting TME may
affect salinomycin's potency.®® Altered mitochondrial membrane potential was observed early after salinomycin

t.%> Meanwhile, as for human primary fibroblasts, mesenchymal stromal cells and healthy B cells,

(1 uM) treatmen
salinomycin showed slight toxicity after the dose was increased. This study supports the direct influence of sali-
nomycin on mitochondria as a K*/H" antiporter, and partially explains the various effects of salinomycin on
different cancer cell types maybe because of distinct metabolic states. In addition, Qin et al. reported that sali-

nomycin treatment led to p53 translocation to mitochondria and causes necrosis of glioma cells in vitro.®*

2.2 | Induction of autophagy, ROS, and DNA damage

Autophagy plays a duel role of both protecting and inhibiting cell survival in cancer cells: on one hand, it can inhibit
ROS generation and protect cells from undergoing apoptosis; on the other hand, Li et al. showed that salinomycin
treatment increased the expression of microtubule-associated protein 1A/1B-light chain 3 (LC3), suggesting the
induction of autophagy.®® Salinomycin treatment also elevated the intracellular ROS level, which resulted in cell
death at least partially through the caspase-dependent apoptosis.®® Knockdown of autophagy protein 7 (ATG7)
partially blocked the salinomycin-induced cell death, indicating that it triggered the autophagy-related apoptosis.®’
Yue et al. later demonstrated that salinomycin blocked the autophagy flux and the lysosomal proteolytic activity in
both CSCs and non-CSCs derived from breast cancer cells.®® They previously showed that autophagy is essential in
CSCs. Therefore, salinomycin eradicating CSCs could also happen through the induction of autophagy-related
apoptosis. Several other groups also reported the complex modulation of autophagy by salinomycin in cancerous
cells, but a harmonized observation of intracellular oxygen species production, LC3/autophagy induction, and
subsequent cell death under single-drug treatment in vitro.>¢4%2:¢?

A few research groups, including us, observed that salinomycin itself or by sensitizing chemodrugs or radiation,
moderately or strongly increases DNA damage, inducing G2 arrest and reduction of p21 protein level in cancer
cells.*>4¢79°72 |n accord with these findings, we also further noticed the phosphorylation of tripartite motif-
containing 28 (TRIM28) along with salinomycin treatment in neuroblastoma cells (unpublished data). This phos-
phorylation has been well known to be associated with DNA damage response and chromatin relaxation.”® Zhao
et al. recently found that salinomycin induced DNA damage and G1 arrest in glioblastoma (GBM) cells which were
ROS—mediated,”* indicating that DNA damage of salinomycin treatment could be a secondary effect. More re-
cently, by taking the advantage of RNA sequencing, Law group revealed that the drug combination of salinomycin
and dasatinib (a Src kinase inhibitor) exhibited synergism through horizontal suppression of multiple pathways in
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breast cancer cell lines, including the estrogen-mediated S-phase entry pathway (G1/S arrest), and the BRCA1
(breast cancer gene 1) and DNA damage response pathway.”®

As for glioma, Xipell et al. in 2016 reported that salinomycin could block the homologous recombination DNA repair in
response to temozolomide (TMZ)-induced DNA damage.>” Their results showed that salinomycin decreased the level of
the DNA recombinase RAD51, the O°-methylguanine-DNA methyltransferase (MGMT) and the multidrug resistance-
associated protein (MRP). It is later confirmed also by our group that salinomycin treatment markedly inhibits the pro-
liferation of TMZ-resistant GBM cells,”® along with a dramatic expressional decrease of MRP and MGMT in GBM cell lines
(unpublished data). Additionally, an Australian research group investigated the effect of salinomycin on DNA repair after
radiation using in vitro cultured GBM primary tumor cells, patient ex vivo explants and orthotopic in vivo models.*® Their
results showed that salinomycin alone induced G2 arrest in classical and mesenchymal GBM patient-derived cells,
especially in mesenchymal subtype, in accord with the original identification of salinomycin from an EMT-induced breast
cell population.?* Though a crude cell lysate pulldown analysis using biotin-linked salinomycin as bait, they identified that
the most bait-associated proteins belong to nucleotides metabolism cluster. On top of that, salinomycin and its benzoy-
lated derivative (SAL-Bz) treatment after radiation activated LC3-1l expression and markedly decreased RAD51 expression,
indicating the prevention of DNA repair, aligning with Xipell et al.'s result. Therefore, they proposed a possible autophagic
route of salinomycin through which it averts DNA repair, in response to radiation-induced DNA damage, and subsequent
tumor recurrence. In orthotopic murine models, salinomycin treatment alone prolonged the overall mice survival time
compared with radiation, while a combined treatment evidently extended the survival times of mice.*® They also generated
several derivatives and tested their efficacies in parallel, which will be refined in the following summary section of

salinomycin's derivative research.

2.3 | Induction of ER stress

Li et al. showed that salinomycin induces autophagy through the activation of ER stress, the treatment of ER stress
antagonist attenuated the autophagic activation in non-small cell lung cancer cells.®® They found that through the
mentioned route, the chemodrug sensitivity of tumor cells was potentiated. Whereas they further revealed that
autophagy, which is well known as a double-edged sword in cells, also played a protective role in salinomycin-
treated cells. The silence of autophagy-related factors ATG5 or ATG7 increased apoptosis rates of salinomycin-
treated cells, indicating again the complexity of salinomycin's actions against cancer cells.

More recently, Strand and Colleagues have put great efforts on the uncovering of salinomycin's anti-CSC effect
including the development of experimental tools such as a fluorescent salinomycin analog conjugate, and the
mechanistic investigation. They recently reported that salinomycin also induces ER Ca?* release and activates ER
stress in breast cancer cells.*”*>”” They showed the diffusion of a fluorescent conjugate of salinomycin (SAL-NBD)
in cytoplasm, particularly in ER and lipid droplet (LD) after treatment. An intracellular distribution pattern was also
observed previously in Mai et al.'s research, while in their work a salinomycin derivative was accumulated in
lysosome.** It is known that the disruption of Ca®* signaling activates ER stress coping responses, such as the
unfolded protein response (UPR), and the mobilization of pathways to regain ER homeostasis, as the cellular Ca*
homeostasis is tightly maintained to control free and bound Ca?* levels in all parts of a cell.”® Strand group observed
a concomitant activation of UPR proteins, such as C/EBP homologous protein (CHOP), G protein-coupled receptor
78 (GPR78), and activating transcription factor 6 (ATF6), after treated with salinomycin's fluorescent conjugate.
Knockdown of CHOP in a breast cancer cell line impeded the conjugate's ability to downregulate B-catenin, a key
effector in Wht signaling.’® In parallel, this conjugate increases the enzymatic activity of protein kinase C (PKC) by
~30%, which is a Wnt pathway inhibitor. Therefore, as a potential calcium ionophore, salinomycin may also
modulate calcium homeostasis and thereby alter Ca?*-involved cellular events.
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2.4 | Suppression of Wnt signaling pathway

Lu et al. assessed the anticancer activity of salinomycin focusing on Wnt signaling pathway using both in vitro
reporter system and patient samples. They found that salinomycin treatment markedly suppressed Wnt1 and its
downstream B-catenin compared with a moderate effect on Fizzled class receptor 5 (Fzd5) in vitro. Phosphorylation
of lipoprotein receptor-related protein-6 (LRP6) which is essential in Wnt signaling is therefore decreased in
response to salinomycin treatment. Given that primary chronic lymphocytic leukemia (CLL) cells produce Wnt
proteins and have constitutive Wnt activation, they observed the sensitivity of CLL cells to salinomycin and 100-
fold higher cell apoptosis rate in comparison to peripheral blood mononuclear cells (PBMC) from healthy donors.*?
Considered that salinomycin is a cation ionophore and can affect cellular Na*, K*, Ca?* exchange, they introduced
the K* ionophore nigericin and Ca2* ionophore thapsigargin and revealed that Ca?* ionophore notably inhibited
Fzd5 activated reporter, unlike the case for salinomycin and nigericin. The suppression of Wnt pathway as sali-
nomycin's recognized effect has also been reported by several other research groups.”®’” Additionally, the in-
hibitory effects of salinomycin on cancer-related signaling pathways including MAPK pathway,?°®* mTORC1
signaling,“° and Notch signaling”* have been also reported thereafter.

Lu group recently extended their work and demonstrated that salinomycin could also suppress Wnt signaling by
targeting the B-catenin/T-cell factor 4E (TCF4E) complex.®? In line with this finding, our lab observed that sali-
nomycin significantly reduced the protein kinase A (PKA) phosphorylated B-catenin level in NB cells (unpublished
data). Phosphorylation at Serine 675 of B-catenin by PKA has been reported to be associated with the activation of
downstream TCF/lymphoid enhancer factor transcription, and does not affect B-catenin degradation.?*%> In a
pulmonary fibrosis research, Hou et al. found that inflammation may trigger M2 macrophages to induce myofi-
broblast differentiation of lung resident mesenchymal stem cells (LRMSCs) via Wnt/B-catenin signaling and sali-

nomycin profoundly inhibited this differentiation, confirming the role of salinomycin as a Wnt/B-catenin inhibitor.%

2.5 | Sequestration of iron in lysosome

Intracellular iron (Fe?*) is tightly regulated to maintain iron homeostasis. Rodriguez group observed significant iron
change in the established CD24"°" breast cancer CSC population. They then synthesized a fluorescent amine
derivative of salinomycin (ironomycin, also called AM5) and explored the effects of salinomycin and AM5 on iron
homeostasis in CSC-high cancer cell lines. As a result, salinomycin (0.5 uM) treatment led to the accumulation of
iron in lysosome, decreased the expression of iron keeper ferritin and increased the level of iron regulatory protein
2 (IRP2), which normally inhibits the translation of iron transporter ferroportin. Thus, they proposed a novel
inhibitory mechanism of salinomycin on breast CSCs that is through sequestering iron in lysosome.**®” The ac-
cumulation of iron in lysosome results in ROS production, which could induce cell death. Additionally, AM5 showed
a ~10-fold higher efficacy against HMLER CD24'°" cells compared with salinomycin and meantime maintained the
selectivity of CSC-high cell population over CSC-low cells. Moreover, AM5 displayed a significantly high cyto-
toxicity against the aldehyde dehydrogenase (ALDH) positive subpopulation of breast cancer cells, which is also
well-known as a cell subset with CSC trait.°¢"?° The antitumor effects of salinomycin and AM5 were further
confirmed in two patient-derived xenograft (PDX) models. Their work highlighted a more potent anti-CSC efficacy
of AM5 with low toxicity to normal cells and the promise of AM5 as a potential therapeutic drug. Since AM5
modified the original property of salinomycin as a monovalent ionophore and the intracellular distribution of AM5
(lysosomes) is different from that of salinomycin (cytoplasm), the actual mechanism of salinomycin's anti-CSC action

might be a bit more complicated than AMS5.
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2.6 | Intracellular binding targets

Studies from us and also other groups have shown that salinomycin suppresses CSCs in many cancer types

24,34,44,75,91-94 51 GBM,384%7595 medulloblastoma,”* pancreatic can-

72,104

including breast cancer,
20,37,96 67.82,97-99
,

neuroblastoma,

cer 100-102

colon cancer, prostate cancer, melanoma,°® lung cancer, and so on. Despite the
above-mentioned efforts, the cellular target of salinomycin remained unclear for a long time. Before the era of
small-molecule inhibitor design comes, conventional natural compound-derived drugs discovered by chance lack of
knowledge of their binding targets, such as thalidomide and salinomycin. Thalidomide's binding target has been
identified through affinity purification using ferrite-glycidyl methacrylate beads.*°>°¢ In addition, a cellular binding
target of anticancer agent resveratrol has also been identified by drug affinity responsive target stability (DARTS)
assay.'?7"19? By utilizing an integrated strategy combining DARTS method and coimmunoprecipitation (co-IP) cross
confirmation, our research group identified that NCL is likely a functional cellular binding target for salinomycin.>*
We have demonstrated that salinomycin effectively inhibits NB growth with an ICsq significantly lower than that
found with most currently used chemotherapeutic drugs for NB, for example, carboplatin.’*° We also determined
that salinomycin disrupts CD34 expression in NB via NCL, the elevated levels of which in NB tumors are associated
with poor prognosis.

NCL is a multifunctional protein and is somewhat required for cell proliferation and growth. The binding of NCL to
RNA, DNA and also many proteins has been widely reported. For instance, NCL regulates Matrix Metallopeptidase 9
(MMP9) mRNA translation after iron chelator treatment.”** NCL regulated CD133, CD34 expression in hematopoietic
stem/progenitor cells (HSPC) by binding to their promoter regions.'*>*'® Interestingly, almost at the same time we
published NCL as a binding target of salinomycin, Reister et al. showed that NCL promotes Wnt signaling in HSPCs,***
which therefore attracts us to address whether the Wnt suppressing effect of salinomycin occurs through binding to NCL
in our future study. Our research on the cellular target of salinomycin may also contribute to its future translation to clinical
application, potentially stratify patients who are versus are not responsive to salinomycin therapy based on the expression
of NCL. Another interesting study is that Park et al. attempted to detect the difference of ion channels between CD133*
and CD133" NB cells. They found higher expressions of BKCa, Ca,1.3, and Na,1.7 proteins in CD133" enriched NB-CSCs,
the addition of the CaZ* ionophore ionomycin enhanced a stable Ca?* influx.'*> BKCa is also known to be expressed higher
in excitable cells and could promote cancer cell growth and metastasis.'** ' From another study, the expression of
human ether-a-go-go-related gene (hEGR) K* channel is observed in a subpopulation (CD34*CD38CD123"e") of leu-
kemia cells but not in normal bone marrow CD34*/CD38~ HSPCs.»?° Therefore, the question that if ion channel ab-
normality is a general feature of CSCs, and how NCL mediated the MoA of salinomycin against this feature of CSCs are

warranted to be further investigated.

3 | TOXICITY

3.1 | In animals

In general, salinomycin's actions can be very dose-dependent, species-dependent, and cell type-dependent.?®*?*
Salinomycin is already an approved drug by the United States Food and Drug Administration (FDA) for use in animal
feeds.’?? At a normal feeding dosage, salinomycin does not cause noticeable abnormalities in animals. Whereas,
accidental overdose and mixed overfeed of salinomycin have been reported to cause death in adult turkeys,'?®
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pigs,

(BW) salinomycin feed for chickens is safe and does not raise significant adverse effects while 120 mg/kg BW

horses,*?* dairy calves, sheep,'?® rabbits,*?’ cats,**° and so on. For example, 60 mg/kg body weight

salinomycin may affect the immune system of the chicks.'®* In the case of cats, van der Linder-Sipman et al.

performed clinical and pathologic examination, which indicated a distal polyneuropathy in poisoned cats.**°
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Miyasaki et al. reported that an acute toxicity of salinomycin was examined in mice with LDsq (lethal dose, 50%)
of 18 mg/kg intraperitoneally and 50 mg/kg orally.** In the work by Boehmerle et al., it addressed the intoxication
of salinomycin in mice and reported that at the dose of 5 mg/kg, salinomycin is well tolerated. Pharmacokinetics
evaluation showed that salinomycin was almost completely eliminated within 5 h after injection. No side effect was
observed from detecting BW and blood markers, while peripheral polyneuropathy was observed in salinomycin-
treated mice. In another study, Resham et al. studied the in vitro drug metabolism and pharmacokinetic parameters
of salinomycin and observed that salinomycin undergoes rapid metabolism in liver microsomes and has a high
intrinsic clearance, which is mainly mediated by cytochrome P450 (CYP) enzymes, especially CYP3A4. Notably, the
percentage of salinomycin in ultracentrifuged unbound fraction of plasma in human was higher compared with
mouse and rat plasma, indicating that its metabolism may be faster in human.*?

The combination of Na*/CaZ* exchanger inhibitors together with salinomycin prevented the neuropathy
without affecting salinomycin's anticancer efficacy.'*® In Gupta's work, they observed a significant anticancer effect
of salinomycin in breast cancer cell inoculated mice at the dose of 5 mg/kg BW.?* Ojo et al. investigated the toxic
effect of salinomycin, if any, on fertile ability in male mice. They tested the doses of 1, 3, or 5 mg/kg administered
daily for 28 days. Decreased motility and spermatozoa count were once observed; however, spermatogenesis was
observed again in testis 28 days after salinomycin withdrawal, indicating a reversible dose-dependent adverse

effects of salinomycin on male reproductive system of mice.'**1%°

3.2 | In human cells

Literature revealed that the ECsy values of salinomycin against tumor cells vary across cancer cell types. For
instance, from our previous work, the effective concentration of salinomycin eliminating CSC-high NB cells is about
1-2 uM in less than 48 h in vitro®'; the ECsq of salinomycin killing CSC-high GBM cells is around 1.25 uM’®; the
ICso of salinomycin against medulloblastoma cells is raging from 0.1 to 2 uM’?; and the ECs of salinomycin on CSC-
high pancreatic cancer cells is approximately 0.5-2 uM (from our unpublished data). Boehmerle et al. tested the
potential neurotoxic effect of salinomycin on human dorsal root ganglia and Schwann cells (neural cells) and
reported that at a high dose (10 uM) it could induce Na* influx and a subsequent Ca?* influx, which may conse-
quently induce calpain and cytochrome c-mediated cell death. Na*/Ca?* exchanger (NCX) inhibition significantly
antagonized high-dose salinomycin-induced peripheral neuropathy on these cells.’®® In a study that tested sali-
nomycin's effect on Leukemia cells, Fuchs et al. found that salinomycin-induced apoptosis of human CD4* T-cell
leukemia cells but not normal CD4" T cell at effective dosage.®’

Considered from one of the CSC origin theories that hypothesized CSCs may be developed from human bone
marrow mesenchymal stem cells (hBMSC), Scherzed et al. investigated the functional impairment of hBMSC by
salinomycin in vitro and reported that cytotoxic effects of salinomycin were observed at concentrations of 30 uM
and above after 24 h treatment. They observed no adverse effects on the essential functional properties, the
immunophenotype and multidifferentiation capacity of hBMSC.'*® They also investigated and summarized the
geno- and cyto- toxicity of salinomycin for human nonmalignant cells.”” After testing the cytotoxic effects of
salinomycin on primary human nasal mucosa cells and peripheral blood lymphocytes collected from 10 individuals.
They reported that no genotoxic effects were observed, while cytotoxic effects in nasal mucosa cells and lym-
phocytes at concentrations of 10-20 uM and above were observed. A slight elevation of interleukin 8 (IL-8)
secretion was observed at 5uM, which may indicate a proinflammation activating