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Introduction 

 

Nowadays, the neurodegenerative diseases have experienced a dramatic rise in the number 

of newly diagnosed patients. Additionally, the well-known motor-related neurodegeneration 

such as Parkinson’s disease is limited to symptomatic treatment, and thus the call for disease-

modifying agents is even more urgent now. Currently the field of drug discovery of new 

disease-modifying drug candidates expanded from FDA-drug repurposing over natural 

compounds towards novel designed synthetic compounds. Within the doctoral thesis, the main 

focus was dedicated towards the establishing and usage of in vitro models associated with the 

disorder related to dopaminergic neurons such as Parkinson’s disease by the cell death inducers 

such as salsolinol, glutamate and 3-nitropropionic acid on human SH-SY5Y cells differentiated 

by all-trans retinoic acid into neuronal dopaminergic and cholinergic phenotype. 

In vitro models served as a tool for measurement of neuroprotective activity of several drug 

candidates. During the evaluation of neuroprotection in vitro, the main part of my work was to 

screen the drug candidates of natural origin: the plant hormones cytokinins and their metabolites 

and steroids isolated from the Red Sea Soft Coral; and to those synthetically prepared such as 

novel synthetic pentacyclic triterpenes and kinetin bioisosteric derivatives. 

The neuroprotective effect of the most active derivatives was subsequently validated by 

orthogonal cytotoxicity tests (lactate dehydrogenase (LDH) release assay and propidium iodide 

(PI) test), followed by measurement of superoxide radical formation as a marker of oxidative 

stress (dihydroethidium (DHE) assay), and finalised by a caspase-3,7 activation assay. In the 

case of active triterpenes, their neuroprotective effect was evaluated using mitochondria by 

either mitochondrial membrane potential (MMP) measurement (JC10 assay) or by 

mitochondrial permeability transition pore (mPTP) opening assay (Calcein AM/CoCl2 assay). 
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Aims and scope 

 

Various natural and synthetic compounds display promising activities in Parkinson’s 

disease-modifying therapy based on neuroprotection. Human in vitro models of PD, especially 

those induced by natural metabolites of dopamine known to possess some neurotoxicity, serve 

as a suitable tool for identification of new neuroprotective agents. Up to now natural plant 

hormones cytokinins have demonstrated promising protective activities in several stress-

induced models and some Parkinson’s disease-related models. However, no systematic study 

of cytokinins on idiopathic PD model has been published. Similarly, in the case of triterpenes, 

especially betulines, only few publications demonstrated neuroprotective effect in in vitro PD 

models. The new natural compounds and their synthetic analogues bring a new possibility to 

find suitable neuroprotective drug candidates as disease-modifying medications for PD. 

 

The main aims of this doctoral thesis are:  

 Testing and searching new neuroprotective agents in in vitro salsolinol-, glutamate- and 3-

nitropropionic acid-induced models of PD, oxidative damage and Huntington’s 

disease/mitochondrial damage on human dopaminergic neuron-like SH-SY5Y cells. 

 

 The systematic evaluation of potential neuroprotective effects of natural cytokinins and their 

metabolites. 

 

 Screening of neuroprotective effects of novel synthetic pentacyclic triterpenes with a deeper 

study of processes involved in the neuroprotection.  

 

 Testing of novel kinetin bioisosteres in a glutamate-induced model of oxidative damage 

focusing on oxidative stress and the caspase-3/7 activity. 

 

 Identification of new protective agents in a series of steroids isolated from soft coral 

Sinularia polydactyla using 3-nitropropionic acid-induced model of Huntington’s 

disease/mitochondrial damage. 
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Literature review 

 

1. Parkinson’s disease 

 

1.1. Basal ganglia: Normal function and Parkinson’s disease 

 

Parkinson’s disease (PD) is the most common motor-related disorder which has experienced 

a dramatical rise in the number of newly diagnosed patients. The current incidence of PD is in 

the patients at the age of sixty and older which is 1% of the world's population [1-4]. More 

importantly as the increase in new PD cases rose in the last years, and the estimated number of 

patients in 2040 can reach up to 12 - 13 million patients globally [5, 6]. PD patients suffer from 

motor- and non-motor-related symptoms. Among the PD characteristic motor-related 

symptoms belong tremor, slowness of movements (bradykinesia), muscle rigidity, impaired gait 

and posture [7-9], while non-motor symptoms consist of olfactory loss, sleep disruption, 

problems linked with the gastrointestinal tract, psychiatric (depression, anxiety, apathy and 

psychosis) and cognitive impairments such as dementia [10].  From the clinical point of view, 

the most affected part of brain is substantia nigra pars compacta (SNpc) as a key structure of 

basal ganglia within the midbrain area. Within SNpc a dramatic loss of doparminergic 

(DAergic) neurons resulted in consequent dopamine (DA) depletion for entire basal ganglia 

projections. Interestingly, other regions containing non-dopaminergic neurons such as vagus 

dorsal motor nucleus, locus coeruleus and raphe nuclei) were proposed to be degenerated even 

before by SNpc pathology [11]. In order to understand the mechanism of motor-problems 

associated with PD caused by the loss of neurons in SNpc within basal ganglia, it is necessary 

to describe signalling pathways of the basal ganglia nuclei. Basal ganglia consist of several 

nuclei such as striatum containing medium-spiny-sized neurons (MSNs), SNpc, globus pallidus 

externa and interna (GPe and GPi), substantia nigra pars reticulate (SNpr), subthalamic nuclei 

(STN) and thalamus. All nuclei interactions result in the direct, indirect and hyperdirect 

pathways, which are responsible for the movement or its inhibition. As can be seen in Figure 1, 

the direct pathway begins with activated cortex which excites striato-nigral MSNs in striatum. 

Striatal MSNs continues with signalling by an inhibitory release of gamma-amino butyric acid 

(GABA) towards GPi and SNpr, so that these nuclei become inhibited. The absence of 

inhibitory action of GPi and SNpr via GABA, causes disinhibition of Thalamus which activates 

the cortex by glutamate release and it results in the movement. On the other hand, indirect 

pathway begins by activation of striato-pallidal MSNs which release GABA towards GPe. 
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Since GPe is inhibited, STN provides an excitatory signal to SNpr which becomes activated 

and inhibits thalamus. As a result, thalamus is not able to excite the cortex and the signalling 

ends up in reduction of movement [12, 13].  

 

 

 

Figure 1 – Normal and pathological projection of basal ganglia with direct and indirect 

pathways. D1 and D2Rs – dopamine receptors D1 and D2. (Modified and taken from 

http://www.prextontherapeutics.com/r_and_d/science_and_technology.html) 

 

Finally, the hyperdirect pathway starts with the excitatory glutamate signal from cortex 

directly to STN which becomes activated and activates GPi/SNpr by glutamate as well. As a 

result, GPi/SNpr inhibit Thalamus and its activity which ends up in similar outcome as indirect 

pathway. Furthermore, MSNs of the direct and indirect pathway are known to differ in 

expression of dopamine receptors. D1 receptor expression is linked with MSNs of the direct 

pathway, while expression of D2 receptors with MSNs of the indirect pathway [14, 15]. 

Additionally, besides the differential expression of D1 receptors of striato-nigral neurons, they 

also express substance P and dynorphin, while the striato-pallidal neurons are characterized by 

expression of encephalin along with the mentioned D2 receptors. The other difference between 

the MSNs expressing DA receptors is related to their ability to excite. More specifically, D2 

MSNs were identified as more excitable neurons than D1 MSNs, and under PD pathology this 
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difference even increases [16]. As mentioned above SNpc nuclei are significant players within 

basal ganglia. These nuclei produce dopamine and project to striatum which facilitates a direct 

pathway by activation of D1 receptors and subsequent striatal GABA release. On the other hand 

the activation of D2 receptors results in the blockade of striatal GABA release [17]. During PD 

pathology 50-80% of SNpc neurons are lost when the first symptoms appear and as a result the 

imbalance rises in favour of indirect pathway  [18-22].  

  

1.2. Forms of Parkinson’s disease, aspects of disease and molecular hallmarks 

 

PD is a heterogeneous disease, which includes many forms. Idiopathic PD predominates 

with approx. 80 % and more of incidence of all diagnosed PD. This form is characterized by an 

unknown cause of the disorder. On the other hand, familial PD with hereditary causes of the 

disease has the incidence only of 10% in all PD cases [23]. Other forms may include drug-

induced parkinsonism, vascular parkinsonism, multiple system atrophy, progressive 

supranuclear palsy, corticobasal syndrome, dementia with Lewy bodies, normal pressure 

hydrocephalus, various tremors involving essential tremor and rare causes of parkinsonism 

(conditions as Wilson’s disease) [24]. As mentioned above, in most patients, the specific cause 

of the disease is unknown. On the other hand, some genetic and pathophysiological aspects 

were also identified.  

 

1.3. Pathological aspects of PD 

 

1.3.1. Genetic factors in PD 

 

The first PD-related gene SNCA encoding α-synuclein was discovered in 1997 [25]. 

Mutations in SNCA gene (PARK1 locus) were found to be a rare cause of PD while the 

significant contributory role of α-synuclein (α-SYN) with PD is currently more clarified [11, 

26-29]. Generally, α-SYN plays an important regulatory role in vesicle trafficking, docking, 

and priming later fusion and neurotransmitter release. It was found that α-SYN regulates axonal 

transport, but there is still a gap in understanding of its physiological function in normal human 

brain [30]. On the other hand its pathological role in PD was described as a major component 

of Lewy bodies (LB) and Lewy neurites. LBs are intracellular proteinaceous inclusions mainly 

constituted from α-SYN and other proteins such as phosphorylated tau and amyloid beta [31, 

32]. It was found that LB pathological spreading starts from peripheral nervous system, more 
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precisely from olfactory bulb which continues from caudal (frontal) towards rostral (rear) 

brainstem [30]. Patients suffering from LBs are frequently diagnosed as PD with dementia 

(PDD) or Lewy body dementia (LBD) [33]. Interestingly, the study of Gomperts et al. 2013 

revealed that amyloid beta protein contributory role in LBs lies in progressive cognitive decline, 

not affecting motor impairment, in both PDD and LBB [34]. The mechanism of α-SYN toxicity 

towards DAergic neurons can be attributed to the formation of oligomers, proto-fibrils and 

fibrils. These proteinaceous structures along with other misfolded proteins such as amyloids are 

able to induce impairments of mitochondria, oxidative stress, excitotoxicity and 

neuroinflammation which consequently lead to neuronal death [32, 35]. As mentioned above 

PD is also associated with SNCA gene mutations. Interestingly mutations in SNCA e.g. A53T, 

A30P, E46K and H50Q  are the direct cause of rare early onset familial PD [36]. Despite the 

rare-associations between SNCA gene mutations and PD, the SNCA gene multiplications 

(duplication, triplications and more copies) are tightly linked with an increasing risk of 

idiopathic PD with progressive cognitive impairment [30].  

The next discovered PRKN gene encoding protein Parkin was found to be associated with 

autosomal recessive early onset PD [37, 38]. The Parkin protein has a function as E3 ligase 

contributing to misfolding protein clearance by covalent binding to ubiquitin on a substrate 

protein, which as a result aids its degradation [39]. In connection to previous SNCA, the 

presence of Parkin along with α-SYN was identified in LBs [40]. Additionally, it was shown 

that mutation in Parkin induced amyloid protein aggregation in SNpc [40]. Unlike SNCA, the 

role of Parkin seems to be more direct towards the PD pathology and progression as indicated 

above. More importantly, the direct effect of Parkin towards PD pathology was shown in the 

study using Parkin-deficient mice or on idiopathic PD patients. Within the study, the lack of or 

deficient Parkin was tightly linked with the loss of neurons in locus coeruleus [40]. Other study 

pointed out correlation between juvenile parkinsonism and associated Parkin mutations, and 

the decline of ubiquitin-ligase activity in the SNpc [41, 42]. The last evidence of an important 

role of Parkin was found in SNpc, in which Parkin regulates the release of DA [43]. 

DJ-1 as a product of PARK7 gene is a dimer protein found in cytoplasm, nucleus and 

mitochondria playing an important protective role for neurons [44]. The neuroprotective effect 

of DJ-1 is linked with regulation of  PI3K/Akt pathway, antioxidant activity, chaperone and 

protease activity [45]. Moreover DJ-1 promotes tyrosine hydroxylase (TH) expression by 

negative regulation of the transcriptional repressor (protein-associated splicing factor - PSF), 

which in turn provides sufficient levels of TH in DAergic neurons within SNpc [44]. As 

mentioned above, DJ-1 can act as a regulator for protein degradation system (e.g. degradation 
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of misfolded α-SYN ) by binding of chaperones such as HSP70, carboxy-terminus of HSP70-

interacting protein (CHIP) and mitochondrial HSP70/mortalin/Grp75 [46]. In connection to PD, 

DJ-1 is associated with early-onset PD. Many studies showed that the absence or mutations of 

DJ-1 led to locomotor deficits, D2 receptor decreased expression [47] and could result in 

autosomal recessive PD [48]. 

Leucin-rich repeat kinase 2 (LRRK2; PARK8) gene encodes protein Dardarin which is 

involved in processes such as trafficking, autophagy, protein synthesis, cytoskeletal function 

and also has implication to mitochondrial homeostasis (fusion/fission) [49]. Interestingly, the 

highest expression of LRRK2 is located in striatal MSNs, macrophages and microglial cells 

suggesting its regulatory role in inflammation [37, 50]. In contrast to previous PD-related genes, 

mutated LRRK2 is the most common cause of the autosomal dominant PD. The mutation 

G2019S with the highest occurrence is linked both to familial and idiopathic form of PD with 

late-onset [37, 51]. Interestingly, several point mutations of PARK8 were found to be 

responsible for significant DAergic neuron degeneration with or without LB aggregation. 

Additionally the study also found the connection between p-tau pathology and LRRK2 

mutations [52]. 

One of the most common genetic risk factors of PD was found in the GBA gene. GBA gene 

encoding the lysosomal protein glucocerebrosidase, despite its main function (degradation of 

glucocerebroside into glucose and ceramide), plays a significant role in decomposition of 

sphingolipids [53, 54]. Taking its natural activity into account, GBA mutations were found to 

end up in an impairment of lysosomal enzyme function driving aggregation of α-SYN  and LB 

pathology [30]. Additionally, GBA mutations have also implications in alteration of lipid levels, 

triggering of lysosomal storage disease or synucleinopathy, and dysfunction of autophagy 

machinery [55].   

Finally, the last gene associated with PD is PINK1 encodes protein PTEN-induced putative 

kinase 1. PTEN-induced putative kinase 1 is another protein with a protective function 

especially towards the stress-induced mitochondria dysfunction [56]. Additionally, PINK1 was 

proven as a cell-survival factor, mutations of which dramatically increase cell vulnerability, 

mitochondrial dysfunction and degeneration of SNpc neurons. Overall, PINK1 mutations are 

linked with the familial form of PD [56, 57].   
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1.3.2. The role of neurotransmitters in PD 

 

The roles of neurotransmitters within PD have been discussed for many years. Despite the 

essential DAergic system which in the course of time decay by SNpc degeneration, other 

neurotransmitters such as serotonin (SER), acetylcholine (ACh), gamma-aminobutyric acid 

(GABA) and glutamate (Glu) appear to be negatively influenced by PD pathology. The effect 

of DA and its metabolism is included in the next chapter in subsection “Oxidative stress”. 

 First, the serotonin system impairments are linked with motor and non-motor symptoms, 

specifically tremor, cognitive dysfunction, depression and psychosis. Additional symptom such 

as L-3,4-dihydroxyphenylalanine (L-DOPA)-associated dyskinesia was also tightly linked with 

the SER system [58]. Mechanistic insight within SER system was brought by in vivo and human 

studies. Specifically, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced model of 

PD on mice caused significant reduction of 5-hydroxytryptamine (5-HT also known as 

serotonin)  levels in prefrontal cortex [59]. This observation was also described by the other 

group [60]. As expected a decreased 5-HT levels and depression were found to be in a strong 

correlation [61]. Next in vivo study using macaque monkeys identified a drop in 5-HT 

transporters (SERT) in cortex and anterior cingulate [62]. PD patient study revealed that 

approx. 25% of serotonergic receptor (5-HT1A) decline in raphe nuclei correlated with 

solemnity of resting tremor symptoms [63]. Additionally, the reduction of 5-HT and SERT was 

also observed in raphe nuclei and prefrontal cortex of PD patient brains [64, 65].  

Second, the ACh was found to be potentially involved within PD pathology. Especially, cell 

clusters – nucleus basalis of Meynert (nBM; cholinergic phenotype) located in the 

subventricular zone of forebrain were found to be lost in Alzheimer’s disease, Lewy body 

dementia and in PD [66, 67]. Interestingly, post-mortem study revealed LB inclusions and loss 

of neurons in nBM in PD patients with cognitive dysfunction [68].   

GABA inhibitory system was proposed to be involved in PD based on abnormalities in 

olfaction in approx. 80% diagnosed PD patients [33]. The olfactory bulb and midbrain neuronal 

functions are regulated by glial cell-derived neurotrophic factor (GDNF) which is controlled by 

GABA/Ca2+ system. Interestingly, the roles of GDNF and GABA were shown in the study 

Ibanez et al. 2017. Within the study administration of GDNF induced the neuroprotective effect 

towards GABAergic neurons of striatum but not to SNpc neurons [47]. In connection to 

calcium, Ca2+ fluxes are controlled by GABA receptors directly or via astrocytes [69]. Within 

PD, Ca2+  buffering system is impaired due to mitochondria dysfunction which leads to 

excitotoxicity and subsequently to neuronal death in SNpc [70]. These observations indicated 
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the involvement of GABA system collapse in the loss of DAergic neurons in PD by loss of 

GDNF and excitotoxicity [71]. 

Finally, glutamate as the last neurotransmitter is known as the main contributor to 

excitotoxicity. The glutamate neurotransmission is linked with STN activity[72], which is 

known to bind ionotrophic receptors  N-methyl-D-aspartate (NMDA) or α-amino-3-hydroxy-

5-methyl-4-isoxazolepropionic acid (AMPA). Alternatively, it is responsible for opening of 

voltage-gated calcium (Ca2+) channels (VGCC). Both receptors and channels cause excessive 

Ca2+ flux into neurons which impairs mitochondria and increases oxidative stress [73, 74]. 

Excitotoxicity as a consequent event was described in several environmental toxin exposures 

[73, 75-77] or as a direct action of glial cells [78]. 

 

1.3.3. The molecular hallmarks in PD and role of toxins 

 

As mentioned in the previous chapter, idiopathic PD is the major form in the diagnosis rate 

of all PD cases with an unknown cause. On the other hand, several key molecular hallmarks 

such as oxidative stress, mitochondrial dysfunction, α-SYN misfolding and aggregation, 

impairment of ubiquitin-proteasome and autophagy-lysosomal systems, neuroinflammation 

and excitotoxicity were identified in PD patients’ brains, in in vitro and in vivo experiments. 

These molecular hallmarks were also attributed to other forms of PD. Aside from these 

hallmarks, the endogenous (DA and its metabolites) and environmental (pesticides) toxic agents 

also play an important role in PD pathology. 

 

1.3.3.1. The involvement of oxidative stress in PD 

 

Oxidative stress (OS) is involved in many metabolic processes and its dysregulation leads 

to dramatic toxic effects to human body [79, 80]. PD is in general associated with high levels 

of OS as demonstrated by detection of highly oxidized DNA, proteins and lipids and reduced 

levels of glutathione (GSH) [81] in SNpc of PD patients. Studies also pointed out several 

sources of OS such as cellular and organelle dysfunction associated glial cells [82] and 

mitochondria dysfunction[83]. Furthermore enzymes and proteins e.g. nicotinamide adenine 

dinucleotide phosphate oxidase (NADPH oxidase), inducible nitric oxide synthase (iNOS), 

astrocytic myeloperoxidase (MPO) [84-90], monoamine oxidase (MAO), NAD(P)H quinone 

oxidoreductase 1 (NQO1) [91], DJ-1[92], LRRK2[93], tyrosine hydroxylase [94] have been 

shown to be strongly involved in PD pathology. Another source of OS is tightly connected to 
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metals and is related for example to iron imbalances causing Fenton’s and Haber-Weiss’ 

reactions [95]. Additionally, a hormonal pathway of androgens was found to facilitate oxidative 

stress in PD [96]. More importantly, DA metabolism was found to be a relatively huge source 

of OS and its imbalance can lead to neuronal cell death directly by DA or by its toxic 

metabolites [97, 98]. Finally, there is no doubt that significant contribution to overall OS can 

be addressed to the impairment of antioxidant defence system (represented, for example, by 

superoxide dismutase, catalase, reduced GSH and down-regulation of Nuclear factor erythroid 

2-related factor 2 (Nrf-2)/ antioxidant responsive element (ARE) pathway) [99, 100], 

neuroinflammation (cyclooxygenase-2 and tumour necrosis factor-α) and mitochondrial 

dysfunction (impairment of complexes of electron-transport chain). Neuroinflammation and 

mitochondrial dysfunction in PD are discussed separately in the following chapters. 

 

NADPH-oxidase 

NADPH oxidase activation leads to generation of superoxide radicals. From the clinical 

point of view the elevated activity of microglial NADPH oxidase was observed in PD patient 

brains [101]. The pathological role of this enzyme was described in many PD models [85, 101, 

102]. Chung et al. 2011 demonstrated microglial activation of NADPH oxidase associated with 

elevated OS in MPTP-induced model PD in vivo. Administration of MPTP was associated with 

elevation of superoxide radicals together with oxidation of DNA and proteins in brain of mice 

[103]. 

 

Inducible nitric oxide synthase (iNOS) 

Inducible nitric oxide synthase is involved in many neurological disorders including PD. 

Despite its physiological function such in maturation, developmental processes, response to 

injury, and inflammatory trauma to induced cell repair or cell death [104], it was shown that 

nitric oxide (NO) production is a key toxic process in mitochondrial impairment within several 

neurological diseases [105]. In connection to PD pathology, it was shown that microglia-

mediated elevation of iNOS (NO production) in combination with increase of NADPH oxidase 

activity (O2.
- radicals formation) resulted in formation of ONOO.- peroxynitrate radicals. These 

peroxynitrites were found to be harmful to DAergic neurons since the presence of nitrated 

tyrosine residues was found in PD patients [106, 107]. Interestingly, early PD patients with 

cognitive impairment had low levels of NO metabolites in serum. It was suggested that NO 

metabolites can be used as early biomarkers of PD [108]. Additionally, many in vivo studies 

using PD models brought evidence about upregulation of iNOS and its toxic role towards 
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DAergic neurons with resulting aldose reductase downregulation (a key enzyme involved in 

DA synthesis) [109]. Furthermore, the in vivo studies also showed that inhibition of iNOS by 

7-nitroindazole [87] or its knockout [110] made mice resistant or less sensitive to MPTP 

toxicity. Indeed, MPTP intoxication was tightly linked with iNOS up-regulation in substantia 

nigra and the formation of peroxynitrate radicals [111, 112]. Moreover, based on these findings 

it appears the inhibition of iNOS can be used as a promising target for PD [113].   

 

Myeloperoxidase – (MPO) 

Another key enzyme involved in oxidative stress is MPO, which was found in high levels 

in mesencephalon PD patients. MPO contributes to immune response by the generation of 

highly toxic hypochlorous or hypobromous acids from hydrogen peroxide and chlorine or 

bromine anions. Interestingly, animal studies utilizing MPTP toxin showed several markers of 

MPO-driven pathology e.g., the presence of the marker of MPO protein damage – 3-

chlorotyrosine, MPTP resistance in MPO-deficient mice and MPO-induced oxidative 

modification of α-SYN. Furthermore, MPO was shown to contribute to OS production by the 

catalytic conversion of NO2
- to NO2.

- which subsequently led to additional protein damage 

[114]. 

 

Monoamine oxidase (MAO) 

MAO especially MAO-B as a key hydrolase enzyme of DA metabolism (but also other 

amines in general) also contributes to pathology of PD. Especially MAO-B was found to be 

upregulated in PD patients. Interestingly, increased MAO-B expression was associated with a 

progressive loss of DAergic neurons in SNpc [115].  It was shown that MAO-B contributes to 

PD pathology by increased metabolism of DA which leads to DA depletion (the loss of 

signalling) and production of hydrogen peroxide. Taking into account the high concentration 

of iron in SNpc and the production of hydrogen peroxide induced by MAO-B, the level of 

highly reactive hydroxyl radical may even increase. These factors contribute directly and 

indirectly to the loss of SNpc neurons. Additionally, the existence of MAO-B inhibitors e.g. 

rasagiline as PD therapeutics, indicates the importance of MAO-B contribution to PD 

pathology. 

 

Iron dysregulation and dopamine metabolism 

Iron imbalances along with dopamine metabolism became one of the most important factors 

in PD pathology. It was shown that iron accumulation phenomenon is also a part of the brain 



22 

 

ageing [116]. Magnetic resonance imaging study revealed that nuclei with high concentrations 

of iron are mainly putamen, globus pallidus, red nucleus and substantia nigra. On the other 

hand age-related iron accumulation was identified in thalamus and dentate nuclei [117]. In PD, 

iron and neuromelanine (a metabolite of DA) are key mediators contributing to progressive 

neurodegeneration in OS in SNpc   [118, 119]. As mentioned above, DAergic neurons are 

vulnerable to OS especially generated by iron by Fentom’s and Haber-Weiss’ reactions. First 

Fenton’s reaction is mediated by ferrous (Fe2+) ions and hydrogen peroxide which produces 

hydroxyl radicals, while Haber-Weiss’s reaction is driven by superoxide radicals and hydrogen 

peroxide. As a result, an additional amount of hydroxyl radicals is generated [120]. Fe2+ in large 

amounts was also found to induce high OS, DNA damage and cell death by autophagy within 

SNpc [95]. Iron was also described as an inducer of the Lewy body formation [121-125]. In the 

search for a mechanism of iron accumulation, studies have shown impairments such as i) high 

iron influx through transferrin receptor-2/divalent metal transporter1 endocytosis and diffusion 

of ferric citrate [126]; disruption of iron metabolism through the loss of intracellular 

homeostasis;  and impairment of iron efflux system or combination of these events [127]. One 

of the central control proteins is iron regulatory protein 1 and 2 (IRP1/2) which sensor 

cytoplasmic iron levels and regulates other proteins of iron homeostasis [127]. The study on 

parkinsonian mice showed that disruption of Ireb2 gene regulating IRP1/2 led in an iron 

accumulation [128]. On the other hand, the IRP1/2 activity was also detected unaltered in SNpc 

and thus other proteins of the iron regulatory pathway are involved in PD [129]. Proteins 

associated with a high risk of PD also include transferrin and transferrin-2 receptor [130, 131]. 

The transferin/transferrin receptor complex could potentially contribute to a mitochondrial 

impairment by iron influx to mitochondria of SNpc neurons [131]. Interestingly, analysis of PD 

tissue has found to have an increased ferritin (iron storage regulatory protein) in microglia, 

astrocytes, non-pigmented neurons and damaged DAergic neurons[132]. Other studies 

confirmed these findings in SNpc of PD samples [133]. On the other hand, study using SNpc 

homogenates revealed lower levels of ferritin indicating the loss of storage capacity [134]; it 

was also confirmed by other authors[135]. The combination of unbound ferrous ions along with 

the other iron-binding element such as neuromelanin was indicated as another source of toxic 

iron within PD pathology [136, 137]. Furthermore, some studies also showed that ferroportin-

ceruloplasmin (iron-efflux system) is altered in PD. Especially, a decreased ceruloplamin 

activity was identified in SNpc while in other non-degenerated areas its activity remained 

normal. Another factor - the amyloid precursor protein – also known for stabilization of 

ferroportin was found to be decreased in SNpc in PD [118, 138].  
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As mentioned above, PD is characterized by the loss of DA producing neurons. In addition, 

the iron-rich neurons are known for their relatively high metabolic activity and high content of 

DA metabolites, which, however, were suspected of being neurotoxic when their imbalance 

occurred [139]. Besides the role of iron on toxicity of DA or its metabolites, it has to be noted 

that DA is normally stably stored in synaptic vesicles at relatively lower pH. On the other hand, 

while the vesicles are impaired by e.g. synucleinopathic state, DA is prone to be oxidized into 

DA-quinone and becomes more reactive and toxic[140]. In addition, non-enzymatic catalytic 

degradation of DA with the contribution of iron appears to cause dramatic damage to DAergic 

neurons [97, 141, 142]. The mechanism of DA-iron mediated toxicity starts with formation of 

iron-DA complexes followed by subsequent oxidation to DA-quinone and highly neurotoxic 6-

hydroxydopamine (6-OHDA) [143]. DA-quinones are known to form highly cytotoxic and 

genotoxic adducts with nucleophiles (such as SH-groups), guanine base of DNA[144], and 

polyunsaturated fatty acids [145]. Interestingly, some evidences showed a negative 

involvement of DA-quinones on glutathione peroxidases, the antioxidant enzymes. In context 

to glutathione peroxidases, especially glutathione peroxidase 4 function has an inhibitory effect 

toward ferroptosis (non-apoptotic iron-mediated cell death) and its genetical ablation led to 

dramatic degeneration of motor neurons indicating the strong involvement of ferroptosis [146]. 

Moreover, the covalent modification of the mitochondrial glutathione peroxidase 4 by DA-

quinone inhibits its physiological activity against oxidative stress and ferroptosis [147]. As the 

second option, DA-quinones form a cyclic product leuco-dopaminechrome which progressively 

oxidises to dopaminechrome (DAchrome) also known as aminochrome (monomeric form of 

neuromelanine). Interestingly, DAchrome was found to be neurotoxic via various pathological 

processes such as α-SYN  aggregation, mitochondrial dysfunction, OS, autophagy and 

ubiquitin-proteasome system (UPS) impairment, endoplasmic reticulum stress, and 

neuroinflammation [148-150]. Since the DAchrome levels are enzymatically regulated by both 

neurons and astrocytes, it appears that its toxicity is more likely linked with chronic progression 

of PD. Non-enzymatic reaction of DA can also result in neurotoxic tetrahydroisoquinolines 

[141]. Both 6-OHDA and TIQs are described in detail in the chapter on in vitro PD models. In 

the case of 6-OHDA, its production was shown not to be altered in the presence of antioxidant 

enzymes or radical scavengers. However, the situation changed when the iron chelator EDTA 

was used, which confirmed the important role of iron in the formation of these DA toxic 

substances. Additionally, 6-OHDA also disrupted  iron regulatory proteins such as ferritin, 

leading to an increase in labile iron pool [151, 152] and consequently resulted in overwhelming 

the antioxidant system [143]. Taken together, it was shown that some DA-metabolites possess 
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more toxic effects than hydroxyl radicals [153] and in combination with iron accumulation in 

SNpc of PD patients could explain the selective loss of DAergic neurons [97].  

 

Antioxidant response system (superoxide dismutase, catalase and Nrf-2/ARE pathway) 

In the case of antioxidant response enzymes, superoxide dismutase is the first that is 

essential for maintaining the level of superoxide radicals by conversion of O2.
- to H2O2 and O2. 

Superoxidase dismutase exists in two forms, SOD1 (Cu/Zn as a cofactor) located in cytosol, 

peroxisomes and intermembrane space of mitochondria and mitochondrial SOD2 (Mn as a 

cofactor). SOD1 and SOD2 were found to be important protective enzymes in numerous in vivo 

and in vitro models. In particular, in  an MPTP-induced model of PD in mice, an association 

between SOD1 and SOD2 activity as factors causing resistance toward toxin was found [154, 

155]. Interestingly, study using the paraquat-induced model of PD on SH-SY5Y cell line and 

Drosophila melanogaster revealed that both SODs can reduce damage from toxin-induced 

superoxide radical formation. More importantly, the authors found different pattern in SOD-

mediated protective effects. In acute (high concentration) of paraquat, SOD2 activity played a 

more important role, while chronic exposure to lower paraquat concentrations was associated 

with the involvement of SOD1, not SOD2. In addition, DAergic neurons were characterised by 

a specific expression of SOD1 [156]. Based on these observations of SOD-induced protective 

activity, a group of small molecules (SOD mimetics) was developed as a potential PD treatment 

[157]. Another enzyme is catalase, which, in addition, is known to decompose hydrogen 

peroxide in cells as the most common ROS besides superoxide radical. It was found that 

mutated α-SYN negatively regulates the catalase expression as well as its activity. The catalase 

expression is induced by the interaction of the catalase expression regulator, the peroxisome 

proliferation-activated receptor (PPAR-γ) and the mutated α-SYN [158]. In addition, α-SYN 

can also cause permeabilization of vesicles for DA which is then oxidized and produces 

hydrogen peroxide together with superoxide radicals [159]. Taken together, these findings 

indicate that the catalase activity and expression can be dramatically affected by PD pathology. 

Finally, the last and one of the most important regulators of OS is the Nrf-2 – ARE pathway 

as a key modulator of antioxidant GSH. This signalling pathway is responsible for maintenance 

of OS homeostasis and has a protective effect towards noxious chemicals. Nrf-2 is a 

transcription factor that is continuously regulated by UPS through ubiquitin ligases such as 

Kelch-like ECH-associated protein 1 (Keap1), glycogen synthase kinase 3β) and E3 ubiquitin 

ligase Hrd1 [160] . Activation of Nrf-2 pathway, by disruption of Nrf-2 – ubiquitin-proteasome 

system (UPS), was found after application of  agents able to oxidize, alkylate and reduce SH-
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groups of Keap1 protein and also in the case of electrophilic agents [161]. Activated Nrf-2 is 

then transported and interacts with ARE region in DNA where it triggers expression of 

antioxidant genes such as heme oxygenase-1 [162], NAD(P)H:quinone oxidoreductase-1 

(NQO1) [163], superoxide dismutase 2 (SOD2) [164], and GSH biosynthetic enzymes: 

glutathione S-transferases [165], glutathione-synthesizing enzymes glutamate-cysteine ligase 

catalytic subunit and glutamate-cysteine ligase modifier subunit [166]. Interestingly DJ-1 was 

identified to be involved in Nrf-2 activity along with thioredoxin-1 reductase [167]. In addition, 

other PD-related genes such as Parkin and PINK1 also interacts with the Nrf-2/ARE pathway 

[168-172]. Furthermore, the gene analysis revealed a strong relation between increased Nrf-2 

expression and downregulation of 31 genes of ARE regions in PD patients suggesting a key 

role of the pathway in PD [173]. 

 

1.3.4. Neuroinflammation  

 

The evidence of neuroinflammation as a part of pathological processes in PD was supported 

by many clinical and preclinical studies [174-176]. Especially, the cells with an immune 

response such as microglia and astrocytes were found to be activated [177] along with altered 

monocytes and its precursors in PD [178]. In the brain, microglia are key cells in the clearance 

of α-SYN [179]. On the contrary, PD-induced over-activated microglia and also astrocytes were 

responsible for a harmful neuroinflammtory action via Toll-like receptor 4 or 2 pathway, which 

resulted in the neurotoxic activity toward DAergic neurons and other cells [180-182]. In relation 

to this, in vivo study showed that oligomeric α-SYN can induce elevation of iNOS and the 

tumour necrosis factor as well as interferon secretion [183]. From the mechanistic point of view, 

several mechanisms have been proposed including the activation of inflammasome and 

cytokine production [184, 185], and the phenotypic switch of astrocytes from their normal to 

the neurotoxic phenotype [186-188]. In particular, increased levels of transforming growth 

factor-β1, interleukin-6 and 1β were detected in PD patients’ brain and cerebrospinal fluid 

(CSF) [189-191]. These cytokines were suggested to be the products of already active 

inflammatosome – complex of Toll-like receptors and nucleotide-binding oligomerization 

domain-like receptors (NLRs) [192]. The secretion of interleukin-1β is preceded by caspase-1 

activation and cleavage of pro- interleukin-β to a proinflammatory form. The existence of 

inflammasome was described in several autoimmune diseases and neurodegenerations 

including PD [193, 194]. In the context to PD, evidence from in vitro experiments indicated 

that the exposure to extracellular α-SYN promotes interleukin-1β elevation via NLR3 
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inflammasome [184, 185, 195], or inflammasome even  exacerbated α-SYN aggregation in 

neurons [194]. However, it has to be noted that molecular mechanisms are still unclear[196]. 

In addition to these and the previously-mentioned markers (iNOS a MPO) of 

neuroinflammation, dramatically increased levels of cyclo-oxygenase-2 were identified in 

DAergic neurons of the brains of PD patients and in mouse PD models post mortem [197]. In 

addition, it seems very likely that the direct immune action of microglia is not only an important 

player in PD neuroinflammation. Recently, the existence of meningeal lymphatic vasculature 

was discovered, and thus CNS antigens can be in a contact with lymphocytes and antigen-

presenting cells [198, 199]. Logically, the further involvement of neuroinflammation in PD 

comes from the activated adaptive immune system through the major histocompatibility 

complex I and II (MHC). Indeed, infiltration and proliferation of CD4+ T-cells was found in 

PD contributing to neurodegeneration by an increase of proinflammatory cytokines interferon 

gamma, tumor necrosis factor and interleukin-1β. It was also found that microglia can act via 

MHC I and II system towards T-cells by binding and presenting α-SYN as an autoantigen [200-

203]. Infiltration of cells of peripheral immunity could be also increased by blood-brain barrier 

penetration since the brain resident mast cells were found to release histamine and cytokines 

(the degranulation), which affect integrity and vasodilatation of blood-brain barrier and neurons 

[204, 205]. As the above-mentioned increase in proinflammatory cytokines usually continues, 

astrocytes become prone to change to a neurotoxic phenotype. This phenomenon was observed 

in vivo after application of MPTP toxin, in which subsequent administration of cytokines led to 

the loss of astrocyte-mediated neuroprotection [206]. Similarly, α-SYN oligomers affected 

astrocytes in a similar way, but the application of glucagon-like peptide 1 receptor agonist 

resulted in prevention of phenotypic changes. This evidence indicates that astrocytes may be 

one of the key targets in the treatment of PD [186, 187].  

 

1.3.5. Mitochondrial dysfunction in PD 

 

Mitochondria dysfunction is one the most common characteristics of degenerated DAergic 

neurons in PD. In fact, mitochondria and oxidative stress are in a close relation since the 

abnormal activity of complex I of mitochondrial electron transport chain (ETC) was identified 

in PD [207-210]. In general, the experimental toxin-induced models show a fundamental 

involvement of complex I in PD pathology and neuronal cells both in vivo and in vitro 

(discussed in detail in the following chapter). In addition to the possible effects of 

environmental toxins, DA metabolites and several already discussed proteins, such as Parkin, 
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PINK1 and DJ-1, are associated with mitochondrial dysfunction [211]. In the context of 

complex I, its dysfunction is very strongly associated with the elevation of OS, especially with 

increase of superoxide radicals. In general, ETC begins with complex I activity, in which two 

electrons from nicotine amide adenine dinucleotide (NADH) is accepted to flavin 

mononucleotide (FMN) and continuing to iron-sulphur centers with the ultimate target of 

coenzyme Q. Superoxide radicals are formed by the reaction of oxygen and reduced FMN in 

presence of high ratio of NADH/NAD+. Interestingly, the complex I-induced OS was also 

described for reversal ETC under low ADP concentrations. Here, the electron source comes 

from succinate in complex II, which reduces FMN and then increases superoxide radical 

formation by complex I [212]. According to Tretter et al. 2004, it appears that the moderate 

inhibition of complex I may lead to higher production of reactive oxygen species (ROS), in 

particular, superoxide radicals and hydrogen peroxide, which even increases the blockade of 

complex I. The result is the loss  of the ability of ETC to produce ATP, leading to mitochondrial 

damage and DAergic neuronal death [213].  

Interestingly, the study of Burbulla [214] on DAergic neurons derived from idiopathic and 

familial PD patients revealed a time-dependent cascade of pathological events, starting with 

mitochondrial dysfunction, manifested in oxidative stress leading to dopamine oxidation, 

leading to impairment of the glucocerebrosidase and lysosomal activity and ending by 

accumulation of α-SYN. The authors further highlighted the maintenance of mitochondrial 

oxidative stress (mt-OS) and contribution of DA metabolism to mitochondrial dysfunction. 

First, the effect of mt-OS was proved by the treatment with N-acetylcystein and TEMPO 

(mitochondrial antioxidants), which prevented accumulation of oxidized DA and increased 

glucocerebrosidase activity. In addition, the mitochondrial oxidative stress was linked with 

voltage gated calcium channels where its blockade by isradipine or calcineurin inhibitor FK506 

led to similar reduction of DA oxidation. Finally, the treatment by the inhibitor of TH - α-

methyl-β-tyrosine resulted in the drop of mt-OS, DA oxidation and α-SYN levels [214]. This 

evidence has shown the importance of mitochondrial health in relation to PD.   

 

1.3.6. Impairment of ubiquitin-proteasome (UPS) and autophagy-lysosomal systems 

 

As mentioned above, one of the most common characteristics of PD are misfolded and 

aggregated forms of α-SYN – LBs [215, 216]. UPS is a regulatory system providing regulation 

of misfolded or damaged proteins by their degradation in cytosol, nucleus and endoplasmic 

reticulum (ER) [217]. Involvement of UPS in α-SYN protein misfolding and its degradation 
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together with the protein Parkin and Ubiquitin carboxy-terminal hydrolase L1 (UCH-L1) has 

been described in PD [218]. In particular, experimental models using UPS inhibition have 

shown LB accumulation with subsequent degeneration of DAergic neurons in vivo and in vitro 

[219, 220]. In vitro studies further highlighted the toxic effect of ubiquitin hydrolase 

inactivation on neuronal cultures [219, 221] or chronic inhibition of UPS and protein oxidation 

by aggregation, oxidative stress, and mitochondrial dysfunction [222, 223]. UCH-L1 protein is 

known for its contribution to ubiquitin production. Despite its co-localization with LB [218], 

UCH-L1 inactivation did not lead to DAergic neuron degeneration, and yet axonal dystrophy 

or motor ataxia manifested itself [224]. Similarly, Parkin-mutated mice did not show any signs 

of parkinsonism [225]. On the other hand, Drosophila model with Parkin mutations exhibited 

selective degeneration of DAergic neurons accompanied with motor symptoms [226, 227]. The 

second regulatory system affected by PD are molecular chaperones, which are mainly involved 

in the regulation of protein misfolding [228, 229]. Specifically, heat-shock proteins (HSP 26, 

40, 60, 70, 90, and 100) were found to be associated with PD [229, 230]. It was shown that 

HSPs can decrease toxicity of α-SYN  aggregates or tau fibrils by formation of low molecular 

weight (MW) oligomers or bigger insoluble structures exhibiting lower toxicity [231, 232]. 

Additionally, HSPs also regulate UPS and autophagy-lysosomal systems [232, 233]. 

Interestingly, HSP70-mediated overexpression or co-expression was found to be potent against 

α-SYN aggregates, [234] MPTP-induced and rotenone-induced toxicity in multiple in vitro and 

in vivo models of PD [235]. On the other hand, increased toxicity was linked with mutation in 

ATP-ase domain of HSP70 [236]. Finally, the autophagy lysosomal pathway (ALP) is the last 

key mediator in PD. When the UPS is no longer efficient in degradation of the large 

proteinaceous plagues, the ALP is required [237, 238]. In general, ALP is divided into three 

pathways: minor-, major- and autophagy-mediated by chaperones. Especially, chaperones-

mediated autophagy (CMA) was widely discussed for its association with PD. The detailed 

mechanism was described in Crotzer et al. 2005. Briefly, CMA requires the binding of heat-

shock cognate 71 kDa protein (HSC70) to a substrate protein by recognizing specific sequence 

KFERQ. Then HSC70 docks the substrate protein into the lysosomal membrane receptor – 

lysosome-associated membrane protein 2 (LAMP2A). Subsequent transport to the lysosome 

results in the substrate protein being degraded [239]. Interestingly, α-SYN aggregates were 

shown to be degraded specifically by CMA [237]. Several pieces of evidence have pointed to 

a close correlation between vulnerability of the PD brain and dysfunction of LAMP2A, HSC70 

and overall ALP [240, 241]. In addition, ALP disorder has also been detected in PD patients 

post mortem.  More specifically, SNpc area was characterized by elevation of the ALP markers 



29 

 

together with microtubule-associated protein 1 light chain 3 (LC3) [242-244] and with 

decreased levels LAMP1, LAM2A and HSC70, which strongly suggest involvement of CMA 

dysregulation in PD [245, 246]. Besides these markers, the autophagy downstream signalling 

(mTOR, PI3K/AKT) was identified to be affected in PD [247].  

 

1.4. PD treatment and disease-modifying therapy 

 

L-3,4-dihydroxyphenylalanine (L-DOPA) 

Similarly as other neurodegenerative diseases, PD treatment is currently driven via 

symptomatic therapy. The first class of drugs are motor symptomatic therapeutics as illustrated 

in figure 2.  

The first and the most effective symptomatic drug is the DA precursor L-3,4-

dihydroxyphenylalanine known as levodopa or L-DOPA usually administered in combination 

with an aromatic amino acid decarboxylase inhibitor N-amino-alpha-methyl-3-hydroxy-L-

tyrosine known as carbidopa or benserazide to prevent L-DOPA degradation before blood brain 

barrier penetration. L-DOPA treatment is associated with phenomenon called “on“ and “off“ 

times determining when the drug works and the symptoms disappear (on time) and  does not 

work or effect vanishes (off time). In case of L-DOPA the off-time is predictable however it 

could be also sudden [248]. On the other hand, L-DOPA suffers from adverse effects such as 

nausea, vomiting, orthostatic hypotension, sedation, confusion, sleep disturbance, 

hallucinations and dyskinesias (involuntary movements). In particular, dyskinesia is a 

characteristic effect of L-DOPA. Another problematic return of increased symptoms of PD 

called - wearing off – is strongly associated with L-DOPA [249]. Unfortunately, it was shown 

that 50% of patients treated with L-DOPA suffer from wearing off and one out of three patients 

develop dyskinesia within 2 years after the start of L-DOPA treatment. Particularly in patients 

with early onset PD, there is a significant risk of development of these side effects, so L-DOPA 

treatment is often delayed, despite the motor complications of PD patients [249]. 



30 

 

  

Figure 2 – FDA approved drugs used as symptomatic treatment for Parkinson’s disease 

 

Dopamine receptor agonists 

As mentioned above, dopaminergic therapy is the most promising in relieving symptoms. 

For this reason, another class of “dopamine receptor agonists” has emerged as an alternative to 

L-DOPA. Clinically used DA (D1- and D2 type receptors) agonists are pramipexol, ropinirole, 

rotigotine and apomorphine. These drugs are also used as monotherapy or as an adjuvant to L-

DOPA [250]. In a randomized study, the effect of DA agonists was compared with L-DOPA 

and MAO-B inhibitors. Within the study, patients reported better improvement in symptoms 

with L-DOPA than with DA agonists or MAO-B [251]. However, another study showed that 

ropinirole was associated with a reduction in the development of dyskinesia compared to the 

L-DOPA cohort [252]. DA agonists generally have adverse effects such as orthostatic 

hypotension, sleepiness, hallucinations and leg oedema, or certain behavioural problems, such 

as pathological gambling, compulsive shopping, eating, hypersexuality and other impulse-

control disorders associated with psychiatric problems [253]. 
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Catechol-O-methyltransferase inhibitors 

Alternatively, additional therapy has been developed in order to improve the 

pharmacological profile of L-DOPA. The first type of compounds in this series are inhibitors 

of catechol-O-methyltransferase (COMT) – entacapone, opicapone and tolcapone, which block 

the methylation of the hydroxyl groups of L-DOPA or DA. These drugs have been found to 

increase L-DOPA and DA levels. In addition, the concomitant treatment with opicapone has 

been shown to reduce off time. Often the combination for the treatment of PD consists of L-

DOPA, carbidopa and entacapone. Contrary to its advantages, the use of COMT inhibitors 

appears to be limited due to tolcapone-mediated hepatotoxicity. Other side effects include 

nausea, postural hypotension, diarrhoea and orange discoloration of urine. COMT inhibitors 

have shown to have no effect on L-DOPA-induced dyskinesia [254, 255]. 

 

Monoamine oxidase-B (MAO-B) inhibitors 

The next class of additive drugs are the MAO-B inhibitors selegiline, rasagiline and 

safinamide, which affect the DA deamination reaction. MAO-B inhibitors are regularly used 

for early and mild PD, but also for late PD in combination with L-DOPA. Interestingly, 

application of safinamide, a multifactorial drug (MAO-B, DA-reuptake, VGCC inhibitor and 

intercellular calcium blocker) showed an increase of on time without dyskinesia and reduction 

of off time [256]. 

 

 Adenosine A2A receptor antagonists 

Istradefylline is an adenosine A2A receptor antagonist and is one of the latest FDA-approved 

drugs (2019) to treat predominantly PD patients with off episodes. It is used in combination 

with L-DOPA/carbidopa. Reports in the literature have shown a mild positive effect on PD 

patients suffering from an L-DOPA-induced side effect, but it is still accompanied by side 

effects such as dyskinesia, dizziness, constipation, nausea, hallucinations and insomnia [257].  

 

Surgical therapy 

In addition to drug-controlled medications, surgical treatment based on pulse generators 

called deep brain stimulation (DBS) is used. DBS targets nuclei with PD abnormal functions of 

thalamus and STN/GPi, in which thalamic DBS is the most commonly used. In a cohort study 

of 255 patients, the improvement in PD symptoms with DBS was found to be significantly 

better compared to pharmacotherapy. On the other hand, the risk of developing adverse effects 

with the use of DBS exceeded conventional drugs with a 3.8-fold higher risk [258]. In the 
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context to STN and GPi –DBS, the interesting therapeutical differences of DBS targets were 

described in another cohort study. In the first group of DBS-STN patients, dopaminergic 

treatment was required less and the visuomotor processing speed dropped, compared to DBS-

GPi patients. On the other hand, DBS-STN was associated with an increase in depression, while 

DBS-GPi patients improved. Overall ,DBS-STN was considered a better target than GPi [259]. 

The use of DBS-STN was also applied in early PD patients who reported a significant 

improvement in quality of life score in favour to DBS-STN with medication vs medication 

alone [260].    

 

Non-motor symptom treatments 

As mentioned in the introduction part, PD shows not only motor but also non-motor 

symptoms mentioned in the introduction part. Therefore, the medications for non-motor 

complications are used. The first class of drugs for treatment of non-motor symptoms are the 

well-known acetylcholinesterase inhibitors, such as donepezil, rivastigmine or galanthamine. 

These drugs are usually used to improve cognitive functions. Decreased hallucinations have 

also been reported, along with improved postural stability or fall frequency in patients [261, 

262]. Memantine (an NMDA antagonist) as a second example of another non-motor medication 

is also used in PD patients who have a moderate effect on cognitive impairment. However, its 

clinical use is still under investigation [263]. As long as PD is associated with dementia or anti-

PD motor therapy-induced hallucinations, antipsychotics such as quentiapine and clozapine 

have been found to be effective in ameliorating these conditions [263, 264]. Another PD 

hallucination-linked treatment is managed by pimavanserin. The 5-hydroxytryptamin 2A 

receptor agonist has recently been approved by the FDA [265]. In addition, there are also other 

drug treatments that improve other symptoms, such as dysautonomia [266], orthostatic 

hypotension[267], urological problems, and constipation [268].  

 

Disease-modifying therapies  

As mentioned earlier, the proper treatment that could alter the course of PD still has not 

been found and symptomatic treatment has only limited effects. The disease-modifying therapy 

is defined as intervention, that influences the underlying processes of degeneration, which 

results in slowing or regenerating effects of the disease [269]. This area of new class of drug 

development has experienced an interesting and very challenging progress over the years. It 

currently includes several types of therapeutic strategies, such as α-synuclein modulators, 

neurotrophic and neuroprotective agents and neuroinflammation modulators, targeted therapy, 
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and kinase inhibitors. Based on the topic of this work, the main attention is paid to the last three 

classes of compounds. All therapies are reviewed in Colombo et al. 2020 [270]. Because this 

area is relatively young, no drugs have been approved and their activities are under investigation 

in preclinical development or clinical trials I-III. 

 

Neuroprotective agents  

The first promising molecular targets of neuroprotective agents in this region came from 

the Nrf2 pathway. For example, the recently developed Nrf-2 modulator KKPA4026 elicited a 

protective effect in Drosophila PD model and improved the motor functions of MPTP -

intoxicated mice [271, 272]. Interestingly, other Nrf-2 activators with a potentially promising 

activity are being developed by Keapstone Therapeutics [273]. Finally, DA-9805, a mixture of 

three herbal extracts, demonstrated neuroprotective activities in MPP+-induced PD on human 

SH-SY5Y cells and in a mouse model of PD by maintaining TH expression, OS reducing effect, 

increasing DA levels in striatum, and improving motor functions [274]. 

Another target was the FAS-associated factor 1 (FAF1), which is involved in the oxidative 

stress/PARP1 pathway leading to caspase-3-mediated apoptosis of DAergic neurons. It is also 

involved in the MPTP-induced model of PD [275]. FAF1 inhibitors include the neuroprotective 

compound KM-819 [276], which is currently undergoing the phase I clinical trials, from which 

the data suggest that KM-819 is well tolerated in patients [275]. 

Thiazolidinediones, and in particular MDSC-0160, are modulators of peroxisome 

proliferator-activated receptor gamma (PPAR-γ). This class of compounds is currently also 

being investigated for the treatment of PD. MDSC-0160 showed a protective effect against 

neurotoxin injury and had a positive effect on mitochondrial metabolism in DAergic neurons 

of the human midbrain. Moreover, the neuroprotective effect was confirmed in the MPP+ model 

on Caenorhabditis elegans, which showed that MDSC-0160 is able to block the loss of DAergic 

neurons. The genetic mouse PD model revealed that MDSC-0160 reduced motor impairment 

by downregulating the mTOR pathway and autophagy.  These in vivo models also revealed that 

MDSC-0160 reached sufficient concentrations in the brain and was able to eliminate the loss 

of nigral neurons, depletion of striatal DA, and TH expression. MDSC-0160 is currently used 

in diabetic patients and is undergoing the phase 2 clinical trials in patients with PD [277].   
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Neuroinflammation modulators 

The second class of substances focuses on neuroinflammatory processes. The first example 

of these compounds is Exanatide, a glucagon-like peptid 1 (GLP1) agonist and an approved 

drug for type 2 diabetes [278]. Interestingly, GLP1 has been identified as a neuroinflammatory 

modulator in various PD and Alzheimer’s diseases models affecting mitochondria [279]. From 

the mechanistic point of view, Exanatide-mediated agonism against GLP1 leads to activation 

of the insulin pathway, mTOR and Akt with consequent neurotrophic effects [278]. In PD 

patients, Exanatide demonstrated mild but statistically significant effects for 48 weeks. On the 

other hand, subsequent drug applications did not show any beneficial effects [278], which 

indicated poor availability to the brain. This hypothesis has been confirmed and a new 

subcutaneous formulation of PT-302 has recently been developed. Overall, this drug reached 

the furthest clinical evaluation (phase III clinical trials). The new PT-302 formulation has 

demonstrated sustainable drug levels in cerebrospinal fluid and plasma for more than 20 days. 

Phase II clinical trials are currently underway with PT-302 in early PD patients [280]. 

AAD-2004, an anti-inflammatory agent with antioxidant properties, is another example of 

an anti-inflammatory drug candidate. This compound is known to mediate anti-inflammatory 

effects via inhibition of prostaglandin E synthase-1, which has been observed upregulated in 

DAergic neurons of PD patients and in mice intoxicated by 6-OHDA [281]. AAD-2004 is 

currently undergoing phase I clinical trials [282, 283]. 

Other compounds such as LBT-3627 [284-286], MRx0029 and MRx0004/5[287, 288] have 

been shown to be effective in inducing anti-inflammatory activities and OS-reducing effects 

associated with neuroprotective effects in vivo and in vitro.  

 

Targeted therapy 

Compounds in this group target proteins associated with the familial form of PD, such as 

DJ-1, Parkin, PINK1, glucocerebrosidase and Heme oxygenase-1 (HO-1). There is evidence to 

suggest that their role also contributes to idiopathic PD, and therefore these substances may be 

potentially useful for much wider applications [270]. Almost all compounds, with the exception 

of glucocerebrosidase modulators, are in preclinical evaluation.  

The first example, the DJ-1 modulator CB101 acts as a molecular chaperone with affinity 

for DJ-1 and has been shown to be protective against DAergic neurons in vivo in MPTP-induced 

model of PD [289]. Another interesting compound that inspired this dissertation is kinetin. This 

derivative of natural plant hormones cytokinins showed a neuroprotective effect through 

PINK1, as its metabolite kinetin ribosyl triphosphate (KTP) acted as a “neo-substrate” with 
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higher potency than ATP for the kinase. Moreover, KTP increased the amount and recruitment 

of Parkin protein, which had a beneficial effect on mitochondria and apoptosis. In addition, 

kinetin showed a protective effect against oxidative stress and ubiquitin-proteasome system 

inhibition in human SH-SY5Y cells. Currently, based on the kinetin results, Mitokinin Inc. is 

developing a new class of N6-substituted ATP analogues [290].   

An interesting approach based on the recombinant Parkin CV-06 protein was developed by 

Cellivery Therapeutics. In vivo studies using MPTP-induced PD mice revealed a potent effect 

of CV-06 in this model on increasing DA levels, preventing motor dysfunction, and losing TH+ 

neurons in SNpc [291]. 

Another group of drug candidates are glucocerebrosidase modulators, of which Venglustat 

is the first example. This compound is glucosylceramide synthase inhibitor that has been shown 

to decrease the toxicity of elevated glucosylceramides. In a study using an in vivo model of PD 

with a glucocerebrosidase genetic mouse, Venglustat was shown to slow the accumulation of 

α-SYN and Tau protein and interestingly slowed cognitive decline [292]. Venglustat did not 

show any signs of adverse effects in patients with PD with mutations in the GBA gene. 

Decreased levels of glucosylceramides have been detected in both cerebrospinal fluid and 

plasma due to mechanism of action of this drug. The efficacy of Venglustat against PD is 

currently being investigated in phase 2 clinical trials [293, 294]. The second glucocerebrosidase 

modulator is LTI-291, which acts as a its stimulator with a beneficial effect on sphingolipid 

metabolism in lysosomes. An in vitro study demonstrated LTI-291-induced glucocerebrosidase 

restoration in a human H4 neuroglioma cell model overexpressing α-SYN. LTI-291-mediated 

reduction in α-SYN accumulation by restoring lysosomal activity has also been observed in 

another study [295]. As a result, LTI-291 underwent phase I clinical trials in which good drug 

tolerability and brain penetration was found. 

Finally, the HO-1 inhibitor AZ-001 has recently been discovered, but is still under 

development. The current results indicate that AZ-001 can almost completely reduce HO-1 

mRNA and halve HO-1 proteins compared to controls, thus significantly affecting ROS levels 

in mitochondria [296].  

 

Kinase inhibitors 

As with cancer, kinases play an important role in neurodegeneration. These days, the 

therapeutic use of inhibitors for the kinases LRRK2, c-ABL, and c-JUN N-terminal kinase 

(JNK) and mammalian target of rapamycin complex 1 (mTORC1) have been identified as 

promising candidates for the treatment of PD. LRRK2 also belongs to kinases strongly 
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associated in PD, as mentioned above. The most developed drug candidates for this kinase are 

DNL-201 and ION-859. Despite the importance of the target in PD, the use of LRRK2 inhibitors 

has raised concerns about their adverse effects due to abnormal accumulation of secretory 

lysosome-related organelles called lamellar bodies [297].  

 

LRRK2 kinase 

DNL-201 as the first LRRK2 inhibitor with brain penetration [298] has been evaluated in 

phase Ia clinical trials in which DNL-201 provided good tolerability and mainly almost 90% 

LRRK2 inhibition in the brain. Moreover, DNL-201 provided good tolerability at low dose and 

its use was associated with no or mild adverse effects in phase Ib clinical trials in the double-

blind study in PD patients [299]. To avoid adverse effects associated with LRRK2 inhibition, 

ION-859 has been proposed as a 2´-O-methoxyethyl-phospohorothioate-modified 

oligonucleotide with intrathecal application (injection into the spinal canal or subarachnoid 

space). ION-859 has been shown to have a beneficial effect in a mouse PD model induced by 

preformed α-SYN fibrils [300]. This drug candidate is currently undergoing phase I clinical 

trials with tolerability, safety and pharmacokinetics [301].  

 

c-ABL kinase 

c-Abl kinase activity is crucial in many physiological processes, such as formation of 

synapses, neurite outgrowth, neurogenesis, etc., and increased levels of phosphorylated c-Abl 

have been found in PD patients. In addition, c-ABL kinase contributes to the α-SYN pathology 

by inhibiting Parkin E3-ligase [302] and phosphorylating α-SYN on tyrosine 39 [303]. Both 

events strongly correlate with the progression of PD. The evidence is that negative genetic 

modulation of c-ABL reduces pathology of α-synuclein [303]. Currently, two examples of c-

ABL drug candidates for the treatment of PD, Nilotinib and SCC-138, have shown a 

neuroprotective effect in preclinical studies [304, 305]. In particular, an in vivo study revealed 

Nilotinib-mediated neuroprotection in Parkin-independent manner with improved behaviour 

improvement [304]. Furthermore, Nilotinib has been shown to be well tolerated clinically [306] 

with a positive effect on total or oligomer/total α-SYN levels in  cerebrospinal fluid [307]. Phase 

2 clinical trials confirmed the effect of Nilotinib on α-SYN oligomer formation in PD patients 

[308]. On the other hand, in patients with moderate to advanced PD, the clinical study of 

Nitonib did not show any improvement due to poor cerebrospinal fluid penetration [309]. 

Second, SSC-138 is an interesting c-Abl inhibitor targeting the T315I mutation, which has been 

identified as poorly druggable. Its protective activity was demonstrated in the mouse MPTP-
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model of PD. Subsequent clinical study indicated SSC-138 as a good cerebral penetrant 

achieving effective concentrations in patients’ CSF comparable to in vivo studies [310]. Phase 

2 clinical trials are currently underway in early PD patients with non-dopaminergic treatment 

[311]. 

 

c-JUN N-terminal kinase (JNK) 

The regulator of T-cell differentiation and apoptosis JNK is also involved in PD. In 

particular, JNK activated by COX-2 has been found in DAergic neurons in both in vivo models 

and in patients with PD [312]. On the other hand, the characteristic progression of apoptotic 

cell death of DAergic neurons was reduced by inhibition of JNK in vitro and in vivo [313]. 

Currently, the development of JNK inhibitors for PD treatment is limited to an in vitro study 

performed by Imago Therapeutics, in which a highly selective inhibitor prevented the toxic 

effect of amyloid beta in human cortical neurons [314].  

 

mTORC1  

Finally, the last kinase is mTORC1, which is known to be an indicator of nutrient status and 

cell redox. In the context of PD, an in vivo study in a 6-OHDA-induced model of PD treated 

with L-DOPA showed that blockade of mTORC1 (CCI-779) leads to decline in L-DOPA-

induced dyskinesia [315]. These days, the combined administration of RTB-101 (Dactolisib – 

mTORC1 inhibitor) and Sirolimus (rapamycin) in the phase I clinical study on 45 patients with 

PD is undergoing [316].  

 

2. Human dopaminergic SH-SY5Y cell line and in vitro models of PD  

 

The evidence presented above suggests that proper understanding of the disease and 

effective treatment of PD is still a burning issue. In vitro and in vivo models of PD and related 

pathologies are used to understand the pathology of PD and to develop effective disease-

modifying therapeutics. PD models are divided into two classes, genetic and toxin-induced 

models. 

First, genetic models focus on gene alterations that can subsequently lead to progressive 

degeneration of DAergic neurons. Unfortunately, only a few models capable of achieving such 

an effect have been developed [317]. Furthermore, it was also  shown that even significant 

genetic modifications did not provide degeneration of DAergic neurons over time [318, 319] or 

the effect of the gene modifications within the models did not cover PD pathology [320] or 
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response to treatment as in humans [321]. Overall, α-SYN overexpression model, as the most 

common  PD model exhibits various pathological features of PD [322]. In the future, the 

question of the use of these models for the study of PD and the development of neuroprotective 

agents still remains. 

Currently, toxin-induced PD models are the most commonly used. These are known to 

mimic several PD features, such as increased oxidative stress, dysregulation of apoptosis, 

organelle damage (mitochondria, endoplasmic reticulum, etc.) and cell death of DAergic 

neurons. On the other hand, several reports suggest that toxins do not cover the full spectrum 

of PD pathology, e.g. α-SYN pathology [323] as they focus more on DAergic neuronal 

degeneration [77]. In particular,  Lewy body pathology has been shown to precede degeneration 

of DAergic neurons, making this pathology very important for incorporation into any PD model 

[324]. As discussed below, several toxins are able to cause changes in PD proteins, yet most 

toxins have not shown such effect on the cell level. It is generally suggested that instead of 

using synthetic PD toxins (MPTP or MPP+) or 6-OHDA, which cause acute and dramatic cell 

death, PD mimetics  may provide more chronical neuronal damage with a broader spectrum of 

pathology, as exemplified by the use of aminochrome [325]. Despite these disadvantages, toxin-

induced models are accepted by the general scientific community and provide significant and 

reproducible results in vitro and in vivo.   

 

2.1. Human dopaminergic neuroblastoma cell line SH-SY5Y  

 

This work is based mainly on toxin-induced in vitro models of PD using the human 

dopaminergic neuronal cell line SH-SY5Y. The SH-SY5Y cell line is third subclone from the 

parental neuroblastoma cell line SK-N-SH. The original SK-N-SH cells were isolated from the 

bone marrow of a 4-year-old female patient in 1970 [326]. This cell line consist of a 

heterogenous N-neuronal, S-schwann and I-mixed cell population [327]. The SH-SY5Y cell 

line is widely used in PD research due to its neuronal and dopaminergic properties, such as the 

expression of dopamine-β-hydroxylase [326], the dopamine transporter (DAT) and the 

dopamine receptors D2 and D3 [328], tyrosine hydroxylase (TH) [329] and dopamine 

production [330]. In addition, SH-SY5Y cell line has also adrenergic (production of 

noradrenalin [331]) and cholinergic properties (expression of acetylcholinesterase and 

butyrylcholinesterase) [326]. Despite its cancer nature, most genes associated with PD 

pathology have been shown to remain intact [332]. SH-SY5Y cells are often used in PD 

research, but also in other disorders such as Alzheimer’s disease, amyotrophic lateral sclerosis, 
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neurotoxicity, etc. [332, 333]. One of the biggest advantages of this cell line is its ability to 

differentiate into a mature neuron-like phenotype. In contrast to the fluctuating cell cycle of 

undifferentiated SH-SY5Y, differentiation synchronizes the cell cycle in G0 phase to gain a 

homogenous neuronal population with reduced proliferation [334, 335]. From a morphological 

point of view, it is known that differentiated cells have a higher number of elongated neurites, 

higher electrical excitability, synaptophysin-positive functional synapses and expression of 

mature neuronal markers [331, 336, 337]. These markers are β-III-tubulin, microtubule-

associated protein-2, synapthophysis, NeuN, synaptic associated protein-97 and neuron specific 

enolase [337, 338]. In addition, dopaminergic markers such as TH, DAT, D2 and D3 receptors 

are even elevated due to differentiation [337]. Differentiation protocols include many types of 

agents that regulate the phenotype of differentiated cells, e.g. all-trans retinoic acid (ATRA), 

phorbol esters, brain-derived nerve factor, and staurosporine [339]. Within this thesis ATRA-

mediated differentiation has been used, which is except of above mentioned evidence 

characterized by elevation of cholinergic phenotype (high expression of AChE, BChE, choline 

acetyl transferase, vesicular monoamine transporter [339, 340]. Interestingly, ATRA-

differentiated SH-SY5Y has been shown to be sensitive to carbachol (cholinergic agonist) 

stimulation, resulting in increased noradrenaline release and calcium influx [334]. Surprisingly, 

SH-SY5Y has also been shown to be able to spontaneously form α-SYN aggregates without 

transfection [341].  Unlike primary cultures, the SH-SY5Y cell line provides easier and cheaper 

cultivation [342]. In addition, unlike rodent cell lines, SH-SY5Y cells are of human origin, so 

the results obtained from the cell line could potentially have greater transferability to clinical 

practice [343, 344].  

 

2.2. 6-Hydroxydopamine (6-OHDA) 

 

6-Hydroxydopamine (6-OHDA) as dopamine (DA) metabolite is one of the oldest toxins 

used in in vitro and in vivo experiment to induce PD. In addition to its nature role in the 

pathology of PD described in the chapter “Iron Dysregulation and Dopamine Metabolism”, 6-

OHDA is used as an agent capable of inducing oxidative stress, mitochondrial dysfunction, 

endoplasmi reticulum stress with subsequent neuronal cell death by apoptosis [345, 346]. In 

general, 6-OHDA is not a stable molecule because it autooxidises to semiquinone and hydrogen 

peroxide. In addition, the toxic effect of 6-OHDA is similar to H2O2 [347], but several signs of 

6-OHDA-mediated toxicity differ dramatically. First, unlike hydrogen peroxide-induced cell 

death, 6-OHDA-induced toxicity and mitochondrial dysfunction are not prevented by the 
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antioxidant enzyme catalase [346] and antioxidant applications [348]. There is only an 

exception and this was superoxide dismutase (SOD)-induced protection against 6-OHDA 

toxicity on SH-SY5Y cells [346]. Second, 6-OHDA utilizes the dopamine (DAT) and 

noradrenaline transporters (NAT) to transport into nerve cells. Interestingly, 6-OHDA in the 

form of quinone has been shown to covalently bind to DAT or NAT, which blocks the reuptake 

of these transporters, especially DA [349, 350]. This toxin can also cause  protein damage, 

mainly by covalent binding of nucleophilic amino acid side chains and its quinone forms [351].  

Third, as already mentioned in previous sections, 6-OHDA can contribute to toxicity by 

increasing the iron content from iron-storing proteins [151, 152]. This leads to increase in 

oxidative stress through Fenton reactions. More importantly, this toxin also mediates toxicity 

through inhibitory effects on complexes I and IV [352]. More specifically, the effect of 6-

OHDA to complex I has been found to be reversible and facilitated by calcium, but not iron 

[345]. However, studies using deferoxamine (DFO, iron chelator) and 6-OHDA have shown 

interesting but different bindings on complex I. DFO has been identified as an activator of 

complex I, which acts independently of the chelating properties of this molecule. When 6-

OHDA was co-administered with DFO, 6-OHDA the complex I inhibitory constant is 

dramatically increase 10-fold. This effect was explained by allosteric modulation of the 

protector (DFO) together with the inhibitor (6-OHDA) [348]. Endoplasmic reticulum stress as 

another mode of action of 6-OHDA was discussed in a study by Tao et al. 2016, in which 6-

OHDA intoxication led to an elevation in the endoplasmic reticulum chaperone Bip and other 

ER-related proteins such as phosphorus-PERK and p-IRE1. ER stress was also accompanied 

by a dramatic increase in calcium and the levels of activated of caspase 12 [353]. Overall, 6-

OHDA is an effective agent that mimics PD features such as oxidative stress, damage of 

mitochondria, ER stress and increased apoptosis. On the other hand, 6-OHDA does not affect 

-synuclein pathology [354]. 

 

2.3. MPTP/MPP+, Rotenone, Paraquat 

 

Synthetic agents will be discussed within this group of PD toxins. MPTP is the first and the 

classic PD inductor. In contrast to 6-OHDA, MPTP-induced toxicity in DAergic neurons is 

driven by inhibition of mitochondrial complex I. This toxin is oxidized to the active metabolite 

1-methyl-4-phenyl-1,2,3,6-tetrahydropyridinium (MPP+) [355]. MPP+ has high specificity for 

DAT, but also NAT and SERT, by which it is transported to neurons when administered to 

extracellular space. MPP+ subsequently accumulates in the mitochondria, where it blocks 
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complex I, leading to the loss of ATP production and an increase of oxidative stress (OS) [356]. 

In case of MPP+-induced OS, one report showed that MPP+ contributes to the overall toxicity 

by redistribution of DA in the cytosol, which in oxidized form is highly toxic to DAergic 

neurons [355]. Furthermore, MPTP/MPP+ has been identified to increases in OS due to iNOS 

and NADPH-oxidase activity [110, 113, 357]. Interestingly, ER stress was also associated with 

this toxin, specifically through the down-regulation of transient receptor potential channel 1 

(TRPC1). This channel is essential for maintaining Ca2+ levels in the endoplasmic reticulum. 

In addition, silencing TRPC1 has been shown to increase the unfolded protein response activity 

and decrease of the PI3K/Akt survival pathway [358]. Overall, MPTP is a suitable toxin for 

both in vivo and in vitro applications recapitulating degeneration of DAergic neurons by 

patobiochemical processes similar to those found in PD DAergic neurons, as well as   

manifestations of behavioural motor impairment in animals. On the other hand, this toxin is not 

an endotoxin and therefore lacks the ability to induce protein aggregation [359]. 

Rotenone as the second synthetic PD toxin is a pesticide sharing that has similar chemical 

features to MPTP. In fact, due to its lipophilicity, the toxin is able to cross the blood–brain 

barrier. Once rotenone enters the cells, it starts to accumulate in mitochondria and subsequently 

causes inhibition of complex I [360, 361]. Interestingly, rotenone has been shown to mediate 

toxicity via microglial NADPH-oxidase, but not neuronal [362]. In addition, rotenone exerts its 

toxic effect by inducing several processes such as lowering glutathione levels, increasing 

membrane lipid peroxidation [363], and inhibiting ubiquitin-proteasome system [364].  

Finally, it is the insecticide paraquat, which is considered a potential environmental factor 

contributing to the development of PD. From a mechanistic point of view, paraquat induces 

toxicity through redox cycling depleting NADPH and causing oxidative stress, in particular 

through the formation of superoxide radicals and subsequently hydrogen peroxide. As a result, 

the high lipid peroxidation was detected in paraquat model [364]. In addition, paraquat has been 

identified as a reversible acotinase inhibitor [365]. The second mode of paraquat action is the 

inhibitory effect on complex I of mitochondrial respiratory chain [366]. However, unlike other 

toxins, paraquat is able to induced intracellular protein aggregation of α-SYN and amyloid 

fibrils [367]. Furthermore, paraquat triggers apoptotic cell death by multiple mode of actions. 

Especially, several proteins are involved in paraquat-induced apoptosis, such as Bcl-2 proteins, 

tumor necrosis factor (TNF-α), cell death-inducing DFF45-like effector (CIDE), Bak-assisted 

mitochondrial permeabilization with cytochrome c release and JNK activation [368].   
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2.4. Salsolinol  

 

Salsolinol (Sal) is an example of tetrahydroisoquinolines (TIQs), an interesting group of 

compounds produced in the human body by the mechanisms described in the section “Oxidative 

stress – Iron Dysregulation and Dopamine Metabolism”. Sal has already been reported to be 

associated with PD through its occurrence in the urine of PD patients treated with L-DOPA 

[369], but also in the health subjects [370] or in the rat brains after ethanol treatment [371]. The 

origin of Sal was explained by Pictet-Spengler reaction of DA and acetaldehyde to give racemic 

R/S-Sal. On the other hand, a stereoselective enzymatic reaction of (R)-salsolinol synthase 

leading to R-Sal has been found [372, 373]. In general, both isomers have been identified in the 

brain, however R-form predominates, as suggested by a number of studies [374-377]. 

Interestingly, the occurrence of Sal is not limited to the human brain, but has also been identified 

in food products such as cocoa, cheese, bananas, flour, eggs, beer, milk, and fish [378-381]. 

This evidence shows that Sal is both an endogenous and an environmental agent. It is 

structurally similar to MPTP and is also metabolized to N-methyl-R-salsolinol and further to 

1,2-dimethyl-6,7-dihydroxyisoquinolinium ion (DMDHIQ+) [382-385]. Salsolinol as well as 

both metabolites provide a neurotoxic effect similar to MPTP and MPP+. In the context of PD 

pathology, Sal has been shown to have toxic effects against multiple brain cells. In particular, 

its higher doses are used to induce PD pathology  in the SH-SY5Y, PC12 and MSC5 cell lines. 

The mechanism of action of the toxin is based on the inhibition of complex I [386, 387] and II 

[388], accompanied with ATP depletion, increased levels of Bcl-2-associated X protein (BAX) 

and cytochrome c release [387, 388] and endoplasmic reticulum stress-associated with TRPC1 

down-regulation [389]. In addition, some studies have shown that its metabolite N-methyl-R-

Sal is also able disrupt mitochondria by mPTP production followed by the loss of MMP [390]. 

Interestingly, other authors have also revealed a toxic potentiation of N-methyl-R-Sal in α-SYN 

overexpression-induced damage of PC12 cells, suggesting the involvement of 

tetrahydroisoquinolines in the pathology  of protein aggregation [391]. However, more studies 

should be performed to clearly show some correlations. Sal, like its metabolites, affects 

mitochondria and is also known to be a potent inducer of oxidative stress by inhibitory effect 

towards Cu/Zn-SOD [392], catalase and the expression of glutathione peroxidases [393]. In 

contrast to the induction of apoptosis by N-methyl-R-Sal, Sal has been found to be an inducer 

of both apoptosis and necrosis. Interestingly, the concomitant treatment of Sal with Cu2+ leads 

to higher levels of oxidative stress and a predominance of necrotic cell death than the treatment 

with SAL alone [394, 395]. Overall, Sal is a suitable toxin to mimic PD pathology because 
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exhibits classic PD features such as oxidative stress, mitochondrial dysfunction, elevated cell 

death (apoptosis/necrosis), endoplasmic reticulum stress [98], and even oxidative modifications 

of Neurofilament-L with subsequent aggregation [396]. 

 

2.5. 3-Nitropropionic acid (3-NPA) 

 

3-Nitropropionic acid (3-NPA) is a typical toxin used in selective damage of mitochondria 

and also as a mimic of Huntington’s disease [77]. In cells, 3-NPA acts as a suicide substrate for 

complex II (succinate dehydrogenase) of the mitochondrial respiratory chain [397]. The 

mechanism of action of this toxin is still under investigation, and several aspects have been 

identified. 3-NPA-mediated inhibition of complex II leads to the loss of MPP and disruption of 

energy supply to neuronal cells, opening of mPTP, triggering of the intrinsic apoptotic pathway 

by activation of BAX and release of cytochrome c. Interestingly, BAX-deficient cells did not 

prevent mPTP production in mitochondria. In addition to 3-NPA-induced mitochondrial 

damage and oxidative stress, 3-NPA has also been shown to adversely affect glutathione 

biosynthesis by blocking the key enzyme glutamate-cysteine ligase, leading to a dramatic 

increase in oxidative stress. Interestingly, 3-NPA is a time- and dose-dependent toxin that 

induces biochemical changes before signs of toxicity, as evidenced by other authors [398]. In 

addition, autophagy as a key mediator of cell survival is strongly triggered by 3-NPA. 

Autophagy, together with the Nrf-2 pathway or mPTP inhibition, is thought to play an important 

role in inducing neuroprotective effects in this model [399, 400].  

 

2.6. Glutamate 

 

As mentioned in the previous section, glutamate (Glu) plays important roles in the 

physiology and pathology of the brain. In the case of imitation of PD or other neurodegenerative 

diseases, Glu can be used as an excitotoxin or a substance causing oxidative damage. Since the 

results of this thesis are obtained from the glutamate model on the neuron-like SH-SY5Y cell 

line, the mechanism of glutamate-mediated toxicity is more dedicated to the neuroblastoma cell 

line. The first proposed mechanism of Glu toxicity is the well-known activation of ionotrophic 

NMDA and AMPA receptors and metabotrophic mGlu receptor. Activated NMDA receptors, 

which are ion channels that allow Ca2+ to move inside cells. Excessive calcium influx causes 

an increase in neuronal nitric oxide synthase activity (nNOS), which affects mitochondria, ER 

stress, general cell depolarization, and organelle damage [401]. In the case of mGlu receptors, 
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their contribution to excitotoxity is indirectly controlled. More specially, activation of 

glutamate receptors mGlu 1 and 5 leads to induction of phospholipase C signalling, which 

increases Ca2+ flux from intracellular stores. Elevated intracellular calcium levels lead to 

activation of protein kinase C, Pyk2 and Src. Src in particular is then responsible for the 

phosphorylation of NMDA on tyrosine moiety. This action leads to NMDA up-regulation and 

increased channel permeability [402, 403]. As mentioned above, mitochondria and endoplasmic 

reticulum are damaged by Glu. More specifically, with pathological calcium influx, 

mitochondrial membrane potential (MMP) is lost, leading to the opening of mitochondrial 

permeability transition pores (mPTP), the up-regulation of phospholipase A2 and xanthine 

oxidase. Because MMP is lost, respiratory chain enzymes are inhibited. Furthermore, Glu-

mediated toxicity continues to disrupt the antioxidant system by inhibiting catalase and 

superoxide dismutase activity and glutathione production [404, 405] resulting in increased 

oxidative stress and ATP loss [406]. In the latter case, the effect of Glu on the endoplasmic 

reticulum is modulated via over-activated AMPA receptors, leading to an increase in Ca2+, 

followed by activation of endoplasmic ryanodine receptors (RyRs). These receptors contribute 

to Ca2+ overload, which leads to ER Ca2+ depletion [407]. NMDA expression is still debated in 

connection with the use of SH-SY5Y [401], despite the detected increase in Ca2+ levels after 

Glu administration. Some authors have suggested that calcium elevation is independent of 

NMDA receptors. Currently, the expression of NR1 subunit was proved [408]. On the other 

hand, SH-SY5Y cells express AMPA receptors[409], so that a potential effect of Glu on 

induction of ER stress is possible. In particular, the Glu-induced model of cell death in SH-

SY5Y is driven by blockade of the cystine/glutamate antiporter, a key transporter for 

glutathione production from cystine. Therefore, glutathione depletion along with superoxide 

dismutase down-regulation, increased NADPH-oxidase, lipoxidation, and increased calcium 

levels has been found as key mode of action in a model using SH-SY5Y cells [102, 410, 411]. 

The end result is that the cells die by apoptosis [401], but also by necroptosis [411]. 
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Materials and Methods 

 

Materials and Instrumentation 

Materials purchased from Sigma Aldrich: Dulbecco’s Modified Eagle Medium/Nutrient 

Mixture F-12 (DMEM/F-12, D8437), penicillin, streptomycin, fetal bovine serum, trypsin, 

propidium iodide, dihydroethidium, all-trans retinoic acid, N-acetylcysteine, deferoxamine, 

cyclosporine-A, R-lipoic acid, galantamine, galactose, glucose, salsolinol hydrobromide, 

glutamate monosodium salt, buffer components for One-step caspase 3,7 assay, acridine 

orange, the mitochondrial membrane JC10 kit and cobalt (II) chloride, 3-nitropropionic acid 

and Ac-DEVD-CHO.  Materials obtained from ThermoFisher: the neurite outgrowth kit 

(Invitrogen™), Calcein AM and LDH-release kit ((Pierce LDH Cytotoxicity Assay Kit) were 

obtained from ThermoFisher. The caspase-3,7 substrate (Ac-DEVD-AMC) was provided by 

Enzo Life Sciences Inc. Infinite M200 Pro reader (Tecan, Austria), DM IL LED fluorescence 

microscope (Leica Microsystems, Germany) with a DP73 high-performance digital camera 

(Olympus, Tokyo, Japan). 

 

SH-SY5Y Cell Culture 

The human neuroblastoma cell line SH-SY5Y was obtained from ATCC (American Type 

Culture Collection, Manassas, VA, USA) and ECACC (European Collection of Authenticated 

Cell Culture, Salisbury, UK). In general, cells were grown in the tissue culture treated plastic 

Petri dish at maximum density 80%, at 37 °C in a humidified 5% CO2 atmosphere. For the 

cultivation and seeding of cells the complete medium: Dulbecco’s modified Eagle’s Medium 

and Ham's F12 Nutrient Mixture (DMEM:F-12, 1:1; Sigma Aldrich D8437), supplemented 

with 10% filtrated fetal bovine serum (FBS) and 1% penicillin and streptomycin was used. Only 

cells up to passage 20 were used for experiments. During the cultivation the media were 

changed twice or thrice a week.  

Before the performance of experiments, the cells underwent two-phase procedure: i) 

seeding and ii) differentiation. First, the cells were seeded into 96-multiwell plate at densities 

according to type of assay (5000, 7000, 10000 and 20000 cells per well) in 100 μl total volumes 

of the complete culture medium in each well. The following day, 100µL of all-trans retinoic 

acid-containing 1% FBS DMEM/F12 medium was added to the cells to the final concentration 

of 10 µM and incubation was continued for further 48 h to induce differentiation. Such 

procedure results in extension of neurites, elongation of cell bodies and signs of neurite 

network. This phenotype was called “neuron-like SH-SY5Y cells”.  

https://www.sigmaaldrich.com/catalog/product/sigma/d8437?lang=en&region=CZ
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Microscopy 

Microscopy was used to provide the visual demonstrations or qualitative analysis as support 

to the oxidative stress, mPTP opening and acridine orange/propidium iodide assays, while the 

quantification was performed by the 96-multiwell plate reader. In general micrographs of 

neuron-like SH-SY5Y cells were observed under the DM IL LED fluorescence microscope 

(Leica Microsystems, Germany) with a DP73 high-performance digital camera (Olympus, 

Tokyo, Japan). The cells were recorded under brightfield setup or using appropriate excitation 

filters. Figures were further uniformly processed (slight adjustment of contrast) in ImageJ 

software (Fiji) due to moderated signal-to-noise ratio. The adjustments did not affect the 

resulting observations. In case of the mPTP assay, for detailed observation the region of 

interested (ROI) was taken. 

 

Cell Membrane Staining (Neurite Outgrowth kit, Invitrogen™) 

In order to observe full phenotypic changes of SH-SY5Y cells, the density of 5000 cells per 

well was used for differentiation procedure. Neuron-like SH-SY5Y cells were stained by 

Neurite outgrowth kit (Invitrogen™) as stated in the manufacturer’s protocol at 533 and 585 

nm excitation and emission wavelengths. The protocol had slight modification as described in 

detail here [412, 413].  

 

Cell Treatment 

Before the compounds were used for in vitro experiments, the stock solution (10 – 100 mM 

or 1M N-acetylcysteine and toxin Salsolinol - SAL) in DMSO were prepared. All stock 

solutions were kept at -20°C, expect 1M SAL, which was stored at -78°C. In case of glutamate, 

the monosodium glutamate was dissolved in 1% DMEM/F12 medium to gain 160 mM 

concentration and resulted solution was filtered using 0.2 µm filter. Finally, 3-NPA was 

properly dissolved in distilled water and neutralized by fresh NaOH solution to obtain 1M 

solution, which was subsequently filtered using 0.2 µm syringe filter.  

Generally, the old media after differentiation were replaced by a new fresh 1% DMEM/F12 

medium supplemented with test compounds (stock solution of compounds 10mM – 100mM ) 

at concentrations of 0.1, 1 and 10 μM (with 7 000 cells per well for cytotoxicity tests), or 

together with the toxin SAL at 500 µM (with 7000-10000 cells per well) or 3-NPA at 20 mM 

(with 7000 cells per well), 160 mM Glu or 20 mM 3-NPA (with 20 000 cells per well) for an 
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appropriate duration for the assay type (viability, cell death etc.). The levels of DMSO in media 

was kept ≤0.1 %. 

 

Cell Viability and Cell Death 

Calcein AM was used for measurement of the viability of neuron-like SH-SY5Y cells seed 

at density 7000 cells per well after treatments. Briefly, the protocol referenced here [414] was 

used with adjustment of Calcein AM concentration to 0.75 µM and time 50 minutes of 

incubation as shown in publication I-II and IV [412, 413, 415]. The number of living cells was 

measured by an Infinite M200 Pro microplate reader (Tecan, Austria) with 495 and 517 nm 

excitation and emission wavelengths, respectively. 

Complementary, the cytotoxicity assays such as PI and LDH were used. Briefly, overall cell 

death of neuron-like cells (SAL model: 10 000 cells per well; Glu-model: 20 000 cells per well) 

was quantified according to Stone et al. 2003 [416] with modifications. Briefly, with Sal-model, 

the treated media was aspirated and changed to a 1 µg/ml solution of PI in PBS. On the other 

hand cells exposed to Glu-induction or 3-NPA had weaker adherence, and thus PI solution in 

PBS was added directly to media to reach same concentration- 1 µg/ml solution. Cells were 

incubated for further 15-25 minutes at room temperature, with subsequent quantification by an 

Infinite M200 Pro reader (Tecan, Austria) with 535 and 617 excitation and emission 

wavelengths. For cytotoxicity using the LDH-release assay the commercial kit (Pierce LDH 

Cytotoxicity Assay Kit, ThermoFisher) was used according to manufacturer protocol. Resulting 

PI fluorescence or LDH absorbance of toxins was set as 100% of cell death.  

 

Measurement of Oxidative Stress by the Dihydroethidium (DHE) Assay 

The superoxide radical formation as a marker of oxidative stress was evaluated using DHE 

assay as used in [417]. In our case, SAL- and Glu-exposed neuron-like SH-SY5Y cells for 24 

and 4 hours in 96-multiwell plates were centrifuged at 500 g for 330 s. Then the culture media 

were replaced (following aspiration) with 10 μM DHE solution in PBS and kept in dark for 30 

minutes. Subsequently, DHE fluorescence was quantified by plate reader at 500 and 580 nm 

excitation and emission wavelength, respectively. Similarly, as the PI and LDH assay, DHE-

stained cells of toxin groups were counted as 100% of superoxide radical formation. 

Additionally, micrographs of DHE-stained cells were taken for visual demonstrations.  
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Measurement of Caspase-3/7 Activity  

For quantification of caspase 3/7, the one step caspase-3/7 assays were performed according 

to [418] with minor modification in Ac-DEVD-AMC concentration (75µM. Briefly, SAL-

exposed cells were subjected to reaction mixture (caspase-3,7 buffer and components with cells 

in 96-multiwell plates) for 24 hours, while Glu-exposed cells for 1 hour of treatment. The cells 

were incubated for 2 h (Sal model) and 3 h (Glu model) at 37°C, respectively. Caspase-3/7 

activity was quantified by a microplate reader at 346 and 438 nm excitation and emission 

wavelengths, respectively. Similarly to previous assays, toxin groups were set to 100% of 

caspase 3/7 activity. 

 

Measurement of Mitochondrial Membrane (MMP) Potential by JC10 Assay  

The effect of compounds on MMP in both models was measured by the mitochondrial 

membrane potential kit containing JC10 dye by manufacturer’s procedure (mitochondrial 

membrane potential kit MAK-159, Sigma Aldrich, Merck). In experimental setup, 20 000 

neuron-like cells per well were exposed to toxins (SAL model, 24 hours) and (Glu-model, 1 

hour) and measured by the kit. MMP of healthy controls (DMSO vehicle) was set as 100%.  

 

Measurement of Mitochondrial Permeability Transition Pore Opening by Calcein AM/CoCl2 

Assay 

Mitochondrial permeability transition pore opening was quantified by the Calcein 

AM/CoCl2 assay according to [419] with modifications. Briefly, neuron-like SH-SY5Y cells 

(20 000 cells/well) exposed to SAL or co-treated with the tested compounds for 24 h were 

centrifuged at 500 g for 330 s. Further, after the aspiration of media, a solution of 1 µM Calcein 

AM and 2 mM CoCl2 in Hank’s balanced salt solution (HBSS) was added to cells in the plate 

and were incubated at 37 °C for 20 min. After incubation, Calcein fluorescence intensity was 

measured by an Infinite M200 Pro (Tecan, Austria) by microplate reader at 488 and 517 nm 

excitation and emission wavelengths. The fluorescence intensity of healthy controls (DMSO 

control) was set as 1 (fold-increase). Additionally, fluorescence micrographs were taken as 

visual demonstrations of the effect of compounds.   

 

In vitro Models of Cell Death – Acridine Orange (AO)/Propidium Iodide (PI) Double Staining 

Neuron-like SH-SY5Y cells (10 000 cells/well) were treated by compounds in Sal-model 

as shown above for 24 hours and underwent centrifugation as described in previous sections. 
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Then the medium was replaced by AO (0.5 µM)/PI (1 µg/mL) PBS solution and cells were kept 

at r.t. for 25 min. Finally, fluorescence images were taken for visual assessment.   

 

Statistical Analysis 

All experiments were performed in triplicates and repeated in three to five (n = 3 – 5) 

independent days. Data are expressed as mean ± SEM. GraphPad Prism 8.4.3 was used to 

calculate all means ± SEM and also for graphical expression of data. Additionally, for the 

publication V [420] the GraphPad Prism was also used to calculate the statistical analysis – 

ANOVA with Tukey post hoc test.  

The statistical analysis for publications I-IV [412, 413, 415, 421] was performed by the 

PAST  (ver. 1.97) software package [422]. The experiments were evaluated by the Student´s t-

test (differentiation of SH-SY5Y) shown in publication I [412], non-parametric Kruskal-Wallis 

test with Mann-Whitney post hoc test with sequential Bonferroni correction used here [412, 

413, 415, 421]. A value of P < 0.05 was considered significant.   
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Survey of Published Results 

 

In this part of the thesis, the main goal was to establish in vitro models of neurodegeneration 

and used them to identify new neuroprotective agents from various classes of compounds, such 

as natural cytokinins, synthetic pentacyclic triterpenes prepared by Dr. Milan Urban´s group, 

kinetin bioisosteres prepared in the Laboratory of Growth Regulators and also Dr. Miroslav 

Soural´s group and finally steroids isolated from red sea soft coral. For selected compounds, 

their effect was evaluated at the level of oxidative stress, caspase-3/7 activation and 

mitochondrial parameters (MMP and mPTP). A detailed description of the results and a 

discussion is included in the attached publications I-V [412, 413, 415, 420, 421].  

 

Publication I 

 

Gonzalez, G.; Grúz, J.; D’Acunto, C.W.; Kaňovský, P.; Strnad, M. Cytokinin Plant 

Hormones Have Neuroprotective Activity in In Vitro Models of Parkinson’s 
Disease. Molecules 2021, 26, 361. 

 

Cytokinins are adenine-based phytohormones that regulate key processes in plants, such as 

cell division and differentiation, root and shoot growth, apical dominance, branching and seed 

germination. In the preliminary studies they have also shown protective activities against 

human neurodegenerative diseases. To extend the knowledge of the protection (protective 

activity) they offer, we investigated activities of natural cytokinins against salsolinol (SAL)-

induced toxicity (a Parkinson’s disease model) and glutamate (Glu)-induced death of neuron-

like dopaminergic SH-SY5Y cells. Therefore, this study was undertaken to examine 

neuroprotective (anti-parkinsonian) activities of almost all known naturally occurring CKs in 

the selected SAL- and Glu-induced models of neurodegeneration. First, we evaluated each of 

the CKs’ oxygen radical absorbance capacity (ORAC) and (in safety tests) cytotoxicity towards 

neuron-like SH-SY5Y cells. Then we evaluated the compounds’ neuroprotective effects and 

influence on oxidative stress levels by measuring superoxide radicals production 

(dihydroethidium, DHE assay) and apoptotic caspase-3,7 activities. The results provide the first 

reported systematic indications of the relationships between natural CKs’ structures and 

neuroprotective activities. We found that kinetin-3-glucoside, cis-zeatin riboside and N6-

isopentenyladenosine were active in the SAL-induced PD model. In addition, trans-, cis-zeatin 

and kinetin along with the iron chelator deferoxamine (DFO) and the necroptosis inhibitor 
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necrostatin 1 (NEC-1) significantly reduced cell death rates in the Glu-induced model. Lactate 

dehydrogenase assays revealed that the cytokinins provided lower neuroprotective activity than 

DFO and NEC-1. Moreover, they reduced apoptotic caspase-3/7 activities less strongly than 

DFO. However, the cytokinins had very similar effects to DFO and NEC-1 on superoxide 

radical production. Overall, they showed protective activity in the SAL-induced model of 

parkinsonian neuronal cell death and the Glu-induced model of oxidative damage mainly by 

reduction of oxidative stress [412]. 

 

Publication II 

 

Gonzalez, G.; Hodoň, J.; Kazakova, A.; D’Acunto, C. W.; Kaňovský, P.; Urban, M.; 

Strnad, M., Novel pentacyclic triterpenes exhibiting strong neuroprotective activity in 

SH-SY5Y cells in salsolinol- and glutamate-induced neurodegeneration models. European 

Journal of Medicinal Chemistry 2021, 213, 113168 

 

Another class of compounds which was selected for evaluation of neuroprotective activity 

in two models of neurodegeneration on human neuron-like SH-SY5Y cells were the pentacyclic 

triterpenes synthetized by Dr. Milan Urban and his group from the Department of Organic 

Chemistry and the Institute of Molecular and Translational Medicine of Palacký University in 

Olomouc. Ten derivatives were first tested in the cytotoxicity assay in which compounds 5b, 8, 

10 and 12 at 10µM together with cyclosporine A (CsA) at 5µM (positive control for in vitro 

models and inhibitor of mPTP formation) significantly decreased viability. Screening of all 

derivatives on SAL-induced model of PD resulted in identification of derivatives 3 and 4 as the 

most active representatives, which were even slightly better than 1000 µM N-acetylcysteine 

(NAC). Interestingly, the compounds 3 and 4 consist of a betuline scaffold bearing triazolyl- 

tetraacetyl-β-d-galactose substituent or triazolyl-tetraacetyl-β-D-glucose substituent. To further 

investigate this scaffold, the compound 10 (a betuline derivative bearing a triazole substituent), 

12 (free betulinic acid) and 13 (triazolylmethanol bearing tetraacetyl-β-D-galactose) were 

synthetized. These substructures were tested along with free D-galactose and D-glucose. The 

results showed that only the derivative 10 completely protected neuronal cells from salsolinol 

intoxication, yet it should be noted that higher concentration was accompanied with toxicity. 

The identified derivatives 3, 4 and 10 also decreased levels of cell death in the Sal-model. 

Further study showed that both 4 and 10 reduced oxidative stress. However, more interesting 

results came from the measurement of the caspase-3/7 activity, in which 4 demonstrated a dose-
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dependent reduction comparable to NAC, while 10 induced a dramatic inhibition equal to the 

nanomolar caspase-3/7 inhibitor Ac-DEVD-CHO. No inhibition was detected for CsA, 

indicating that CsA-mediated protection is afforded by reducing necrosis. In order to reveal the 

key factor of compound 4-mediated protection, we also measured the MMP and opening of  

mPTP in our Sal-model, as there is some evidence of betuline-mediated blockade of mPTPs as 

a mechanism of hepatoprotection [423]. Interestingly, only the compound 4 together with NAC 

positive control were able to induce a significant dose-dependent reversion of MPP. Moreover, 

all derivatives blocked mPTP opening better than NAC and the mPTP inhibitor CsA. In fact, 

NAC showed a better blocking effect than CsA, suggesting that the primary cause of mPTP is 

the oxidative stress generated by salsolinol. Importantly, the effect of the compound 10 on 

mPTP was suggested to be responsible for its strong inhibition of caspase-3/7 activity. The 

derivatives 4 and 10 also showed neuroprotection in the Glu-model, with 10 exhibiting the 

most significant oxidative stress reducing effect among the test compounds, while the  

neuroprotective activity of 4 was probably due MMP recovery [413].  

 

Publication III 

 

Maková, B.; Mik, V.; Lišková, B.; Gonzalez, G.; Vítek, D.; Medvedíková, M.; Monfort, 
B.; Ručilová, V.; Kadlecová, A.; Khirsariya, P.; Gándara Barreiro, Z.; Havlíček, L.; 

Zatloukal, M.; Soural, M.; Paruch, K.; D'Autréaux, B.; Hajdúch, M.; Strnad, M.; Voller, 

J., Cytoprotective activities of kinetin purine isosteres. Biorganic Medicinal Chemistry 

2021, 33, 115993. 

 

A panel of kinetin bioisosteres was purchased or synthetized and accurately characterised 

by analytical methods such as 1H NMR, 13C NMR, purity was determined by HPLC, by high 

resolution mass (HRMS) and C, H, N analysis. Their biological activity was evaluated on the 

in vitro model of GSH depletion induced by buthionine sulphoximine (BSO) on the 

Friedrieich’s ataxia (FA) patient-derived fibroblasts and glutamate-induced (Glu-) model of 

oxidative damage on human neuron-like SH-SY5Y cells. From the panel of compounds, 

selected derivative 6 was identified as highly active against BSO-induced toxicity to FA 

fibroblasts. In addition, kinetin bioisosteres have been proved to be effective in correcting 

aberrant splicing of the ELP1 gene in FA patient fibroblasts. In the Glu-model, the most 

promising scaffolds 6, 10 and 22 were identified as active, decreasing Glu toxicity to neuron-

like SH-SY5Y from both cellular banks (ATCC and ECACC). These derivatives also showed 
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the protective effect against oxidative stress, and the selected derivative 6 reduced caspase-3/7 

activity in the Glu-model. Finally, kinetin bioisosteres also displayed suitable parameters of  

absorption, distribution, metabolism and excretion (ADME) [421]. 

 

Publication IV 

 

Tammam, M. A.; Rárová, L.; Kvasnicová, M.; Gonzalez, G.; Emam, A. M.; Mahdy, A.; 

Strnad, M.; Ioannou, E.; Roussis, V., Bioactive Steroids from the Red Sea Soft Coral 

Sinularia polydactyla. Marine Drugs 2020, 18 (12), 632. 

 

Six new and twenty already isolated steroids from soft coral Sinularia polydactyla collected 

from the Hurghada reef in the Red Sea were characterized by NMR and HPLC-MS. 

Furthermore, biological activities such as cytotoxicity, anti-inflammatory, anti-angiogenic, 

androgen receptor-regulated transcription and neuroprotective activity on 3-nitriopropionic 

acid-induced (3-NPA) model of Huntington’s disease or mitochondrial damage of compounds 

3-7, 9-12, 14-20 and 22-26 were studied. The steroids demonstrated the cytotoxic effect on 

HeLa and MCF7 cancer cell lines (22 and 23), inhibition of migration of endothelial cells (11, 

12, 22 and 23), and inhibition of androgen receptor (11, 10, 16, 20). Steroids 11 and 23 at 10 

µM did not show cytotoxic activity for neuron-like SH-SY5Y cells, while likely to increase 

viability and reduce cell death comparable to 100 µM N-acetylcysteine in the 3-NPA model on 

neuron-like SH-SY5Y cells [415]. 

 

Publication V 

 

Kiełczewska, U.; Jorda, R.; Gonzalez, G.; Morzycki, J. W.; Ajani, H.; Svrčková, K.; 

Štěpánková, Š.; Wojtkielewicz, A., The synthesis and cholinesterase inhibitory activities 
of solasodine analogues with seven-membered F ring. The Journal of Steroid Biochemistry 

and Molecular Biology 2021, 205, 105776. 

 

Thirteen derivatives with solasodine scaffold bearing seven-membered F ring with nitrogen 

placed at position 22a were synthetized. These compounds were evaluated for their ability to 

inhibit acetylcholiesterase (AChE) and butyrylcholinesterase (BChE). The inhibitory activity 

was found in micromolar concentrations, especially derivative 8 showed non-competitive 

inhibition with IC50eeAChE = 8.51 μM and IC50eqBChE= 7.05 μM. Further molecular docking 
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study of derivative 8 with AChE revealed following interactions: hydrogen bonds with S293, 

stabilization of rings by hydrophobic interaction of the ring A (compound 8) or the side chain 

amino acids Y341 and W286 in case of the ring B and C. Finally, the biological tests 

demonstrated no toxic effects of compounds on differentiated SH-SY5Y cells. Moreover, the 

derivatives 13, 14 and 17 showed a strong neuroprotective effect against glutamate-induced 

oxidative damage outperforming positive controls galantamine and lipoic acid [420].  
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Conclusions and Perspectives 

 

All three in vitro models were successfully used as tools for identification of several lead 

structures within all candidate groups. In addition, the protective activities of the positive 

controls observed in the models used are consistent with previously published results. In several 

cases, such as cytokinins and betuline derivatives, not much known in the literature in the field 

of PD research, the newly identified neuroprotective activity of these compounds opened the 

way to study their mechanism of actions but also design and develop new more potent 

analogues. 

 All neuroprotective cell models have been successfully used according to published 

literature data. 

 A large panel of cytokinins was evaluated in the salsolinol-induced (SAL-) model of PD and 

the glutamate-induced (Glu-) model of oxidative damage on neuron-like SH-SY5Y cells. 

The identified compounds with neuroprotective activities were kinetin-3-glucoside, cis-

zeatin riboside and N6-isopentenyladenosine (SAL-model), and cis-/trans-zeatin and kinetin 

(Glu-model). 

 The new pentacyclic triterpenes were evaluated in the salsolinol and glutamate model, from 

which the two most promising compounds were selected for a further study. This research 

revealed that the effects caused by compound 4 was due to the protection of mitochondria, 

while derivative 10 showed a strong effect on caspase-3/7 activity and on the reduction of 

oxidative stress. Both compounds have undergone the structure-activity relationship study 

(SAR) and can serve as a tool for the development of the next generation of compounds. 

 Among the prepared bioisosteres of kinetin, three derivatives (6, 10 and 22) showed a 

promising neuroprotective activity in Glu-model by reducing oxidative stress. In addition, 

substance 6 contributed to its significant neuroprotection by reducing the caspase-3/7 

activity in the Glu-model. 

 Interestingly, two steroids isolated from Red Sea soft coral Sinularia polydactyla increased 

viability and reduced cell death of neuron-like SH-SY5Y cells after 3-nitropropionic acid 

intoxication. 

 

Together, the primary goal of this thesis, the identification of several neuroprotective agents 

within our PD models, was achieved. In addition, the selection of active compounds gave us 

the opportunity to study their mechanism of action in subsequent molecular biological studies. 

In the case of active cytokinins in particular, mechanistic studies have focused on their effects 
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on oxidative stress in both models.  As astrocytes are the primary defence against oxidative 

stress for neurons, our goal in the future is to study the effects of cytokinins on astrocytes and 

to evaluate their mechanism of action. In the case of triterpenes, the published study gave us 

two leading structures, which will be studied in detail in the following works. More specifically, 

the following can be selected as future aims: i) reduction of undesired cytotoxicity at higher 

concentration (more suitable heterocycles and removal of Michael acceptor moiety), ii) 

modification of betulines by various sugar substitutions to make compounds more soluble and 

iii) the study of their mechanism of action in oxidative stress (Glu-model) and on mitochondria 

(Sal- and Glu-model to identify the molecular target). Finally, our in vitro models and several 

new toxin-induced models are in development: for example, the 3-nitropropinoic-induced 

model of death of glial A172 cells or the scopolamine-induced cognitive impairment model on 

U87MG-derived cholinergic neurons and on neuron-like SH-SY5Y cells, and oligomers-

induced models (synuclein/amyloid-beta fragment 25-35) of PD (or Alzheimer disease) on 

neuron-like SH-SY5Y or U87MG-derived cholinergic neurons, respectively. We also hope that 

the newly discovered active substances will also be tested on more complex 3D in vitro models, 

for example on cerebral organoids also known as “minibrains”. 
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Abstract: Cytokinins are adenine-based phytohormones that regulate key processes in plants, such
as cell division and differentiation, root and shoot growth, apical dominance, branching, and seed
germination. In preliminary studies, they have also shown protective activities against human
neurodegenerative diseases. To extend knowledge of the protection (protective activity) they offer, we
investigated activities of natural cytokinins against salsolinol (SAL)-induced toxicity (a Parkinson’s
disease model) and glutamate (Glu)-induced death of neuron-like dopaminergic SH-SY5Y cells. We
found that kinetin-3-glucoside, cis-zeatin riboside, and N6-isopentenyladenosine were active in the
SAL-induced PD model. In addition, trans-, cis-zeatin, and kinetin along with the iron chelator
deferoxamine (DFO) and the necroptosis inhibitor necrostatin 1 (NEC-1) significantly reduced cell
death rates in the Glu-induced model. Lactate dehydrogenase assays revealed that the cytokinins
provided lower neuroprotective activity than DFO and NEC-1. Moreover, they reduced apoptotic
caspase-3/7 activities less strongly than DFO. However, the cytokinins had very similar effects to
DFO and NEC-1 on superoxide radical production. Overall, they showed protective activity in
the SAL-induced model of parkinsonian neuronal cell death and Glu-induced model of oxidative
damage mainly by reduction of oxidative stress.

Keywords: cytokinin; phytohormone; neuroprotection; neuron-like SH-SY5Y cells; cytotoxicity;
salsolinol; glutamate; oxidative stress; Parkinson’s disease

1. Introduction

Parkinson’s disease (PD) is the second most common motor-related neurodegenerative
disease, and numbers of globally diagnosed cases are expected to rise from 6 million in
2015 to more than 12 million by 2040 [1]. It is characterized by motor symptoms linked with
specific degeneration and loss of approximately 30–70% of dopaminergic (DA) neurons
in the substantia nigra pars compacta and their projections to the striatum [2,3]. Some, of
many, known molecular hallmarks of PD include enhanced oxidative and nitrosative stress,
mitochondrial dysfunction [4–7], excitotoxicity [8], ubiquitin/proteasomal system dysfunc-
tion [9], and neuroinflammation [10]. Current treatments have various adverse side-effects
and only offer symptomatic relief [11], so there are intense efforts to develop drugs with
efficient curative effects on degenerating DA neurons. Resources that may aid such efforts
include natural compounds that tend to have fewer side effects. Inter alia, substances from
Ginkgo biloba (ginkgetin, ginkgolide, bilobalide), ginseng (ginsenosides), and flavonoids
(baicalein, kaempferol, rutin and luteolin) have demonstrated broad protective activity in
several in vitro models (including the human neuroblastoma cell line SH-SY5Y) and in vivo
models of PD induced by 1,1’-dimethyl-4,4’-bipyridinium dichloride (paraquat), 1-methyl-
4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), 1-methyl-4-phenylpyridinium (MPP+), and
6-hydroxydopamine (6-OHDA) [12].
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The study presented here focused on effects of a class of natural phytohormones called
cytokinins (CKs), and their metabolites, which are well known regulators of cell division,
growth, differentiation, and leaf senescence in plants [13]. Structurally, CKs are adenine
derivatives substituted at the N6-position with either a prenyl (isopentenyl) or aromatic
sidechain. Natural forms include 6-(E)-4-hydroxy-3-methylbut-2-enylaminopurine (trans-
zeatin, tZ), its 6-(Z)-isomer (cis-zeatin, cZ), N6-isopentenyladenine (iP), 6-benzylaminopurine
(BAP), 6-furfurylaminopurine (kinetin, K), and ortho-, meta-, and para-hydroxylated or
methoxylated derivatives of BAP, called topolins (oT, mT, pT, MeoT, MemT, MepT).
Various 9-ribosides, 9-nucleotides, as well as 7-, 9, and O-glucosides of these forms also
commonly occur, as shown in Table 1. In addition to their native roles in plants, CKs have
shown potent ant-oxidant activity towards reactive oxygen species (ROS) that provides
protection in several in vitro stress models of aging-associated disorders [14].

Table 1. Structures of cytokinins and the positive control agents.

 

R1 R2 R3 R4 Trivial Name Abbreviation

 

- - H N6-isopentenyladenine iP
- - ribosyl N6-isopentenyladenosine iPR

 

- - H trans-zeatin tZ
- - ribosyl t-zeatin riboside tZR
- glycosyl - t-zeatin-7-glucoside tZ7G
- - glycosyl t-zeatin-9-glucoside tZ9G
- - ribonucleotide tZR-5‘-monophosphate tZMP

 

- - - t-zeatin-O-glucoside tZOG

 

- - H cis-zeatin cZ
- - ribosyl c-zeatin riboside cZR

 

- - glycosyl c-zeatin-9-glucoside cZ9G
- - ribonucleotide cZR-5‘-monophosphate cZMP

 

- - - c-zeatin-O-glucoside cZOG

- - H 6-benzylaminopurine BAP

- - H meta-topolin mT

- - ribosyl meta-topolin riboside mTR



Molecules 2021, 26, 361 3 of 20

Table 1. Cont.

R1 R2 R3 R4 Trivial Name Abbreviation

- - H ortho-topolin oT

- - ribosyl ortho-topolin riboside oTR

- - H para-topolin pT

- - ribosyl para-topolin riboside pTR

- - H kinetin K

- - ribosyl kinetin riboside KR

- - ribotide KR-5‘-monophosphate KMP

glycosyl - - kinetin-3-glucoside K3G

- - glycosyl kinetin-9-glucoside K9G

  

 

Deferoxamine DFO

  

N-acetylcysteine NAC

  Necrostatin 1 NEC-1

In particular, CKs reportedly have cytoprotective activity in models such as H2O2-
induced cell death of human fibroblasts [15] and D-galactose-induced glycoxidative stress
in rat astrocytes [16]. More importantly, in this context, they have shown neuroprotective
effects in models related to neurodegenerative diseases such as familial PD, proteasome
inhibitor MG 132-induced or H2O2-induced toxicity in SH-SY5Y cells [17], Glu-induced
oxidative damage of HT22 mouse hippocampal neuronal cells [18], and the PC12 cell model
of Huntington’s disease [19]. Other studies indicate that CKs’ protective activities involve
both direct [20,21] and indirect [15,16,22] modulation of cellular redox systems. In addition
to CKs’ characteristic antioxidant activities, they reportedly have regulatory effects in
mitochondria that enhance neuronal viability [17]. Moreover, K can stabilize mitochondrial
membrane potential and increase ATP production, thereby mitigating Glu-induced death
of HT22 cells [18]. However, despite findings regarding their effects in several models,
there is limited knowledge of CKs’ protective activity in the most common (sporadic) form
of PD.

To address the knowledge gap described above, we systematically evaluated effects
of natural CKs and their metabolites in two in vitro models: A salsolinol (SAL)-induced
model of PD and glutamate (Glu)-induced model of oxidative damage in neuron-like
SH-SY5Y cells. This line was used because of its dopaminergic phenotype, sensitivity to
dopaminergic toxins such as SAL, and convenient formation of relatively stable populations
of differentiated neuronal cells with reduced proliferation rates following 48 h exposure to
10 µM all-trans retinoic acid (ATRA) [23–25].

Neuron-like cells were exposed to the endo/exotoxin SAL to mimic PD pathology via
dysfunction of cellular redox system: Depletion of the glutathione (GSH), and inhibition
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of both anti-oxidant enzyme (Cu/Zn superoxide dismutase and catalase) activities and
mitochondrial complexes (I and II), leading to apoptosis and necrosis [26]. In the other
model, Glu induces potentially lethal oxidative damage by disruption of the redox sys-
tem. Both models in the SH-SY5Y cell line have been previously used in neuroprotection
studies [26,27].

Cytoprotective and/or antioxidant activities related to degenerative disorders of K,
iP, BAP, iPR, tZR, and their free bases have been tested, and (as outlined above) some CKs
have been found to have protective activities in neuronal cells. However, no previously
published studies have examined the structure-neuroprotective activity relationship (SAR)
of natural CKs (Table 1). Therefore, this study was undertaken to examine neuroprotective
(anti-parkinsonian) activities of almost all known naturally occurring CKs in the selected
SAL- and Glu-induced models of neurodegeneration. First, we evaluated each of the
CKs’ oxygen radical absorbance capacity (ORAC) and (in safety tests) cytotoxicity towards
neuron-like SH-SY5Y cells. Then, we evaluated the compounds’ neuroprotective effects
and influence on oxidative stress levels by measuring superoxide (O2

.) production (dihy-
droethidium, DHE assay) and apoptotic caspase-3,7 activities. The results provide the first
reported systematic indications of the relationships between natural CKs’ structures and
neuroprotective activities.

2. Results and Discussion

2.1. Cytokinins’ Oxygen Radical Absorbance Capacity (ORAC)

As neurodegenerative diseases are associated with elevated oxidative stress, antiox-
idant activity plays a key role in defenses of neuronal cells. To assess CKs’ biological
potential in this respect, antioxidant capacity was determined by ORAC, which is com-
monly used to determine substances’ antioxidant capacity [28]. Antioxidant capacity was
expressed as Trolox equivalents (TE), which determines the effectiveness (lower to higher)
of compounds than Trolox on equimolar basis. The results, presented in Table 1, show
that topolins (oT, mT and pT) and their ribosides (oTR, mTR, pTR) have high antiox-
idant activities, which are probably closely related to the electron-rich system of their
C6-hydroxybenzylamino substituent. Despite their high ORAC values, the topolins did
not have high neuroprotective activity. However, several heteroaromatic CKs including
K (N6-furfurylaminopurine) and non-aromatic cis-zeatin-O-glucoside (cZOG), which has
a 4-hydroxy-3-methylbut-2-en-1-yl)amino substituent, also showed high antioxidant ca-
pacity (Table 2). Other CK metabolites—including kinetin-3-glucoside (K3G), kinetin
riboside 5′-monophosphate (KMP), kinetin-9-glucoside (K9G), and trans-zeatin riboside-5′-
monophosphate (tZMP)—had moderate antioxidant activity. All the others had detectable
capacity except BAP. These results confirm previous findings that iP, pT, K can act as
direct radical scavengers, but conflict with previously reported activity of BAP in the
ORAC test [20,21]. To conclude, these compounds have potential in the treatment of
neurodegenerative diseases associated with increased oxidative stress [29].

2.2. Differentiation of SH-SY5Y Cells

To study CKs’ neuroprotective effects, SH-SY5Y neuroblastoma cells (chosen for rea-
sons already described [23]) were differentiated by exposure to 10 µM ATRA for 48 h
as previously described [23,24]. They were then stained using a membrane staining kit
to examine morphological differences between undifferentiated and differentiated cells.
As shown in Figure 1A, the neuron-like differentiated cells grew less densely, were more
prolonged, and produced more neurites (indicated by yellow arrows in the figure) than
the undifferentiated cells. These morphological changes associated with differentiation
have been previously observed, even after shorter exposure (24 h) to ATRA [24,30]. More
importantly, the number of neurites rises dramatically to a level when they can create a
neurite network. From this reason, cell viability was measured to compare the rate of
proliferation of undifferentiated and differentiated SH-SY5Y cells. The viability of undiffer-
entiated SH-SY5Y was taken as the maximum rate of proliferation. The results present in
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Figure 1B show that proliferation rate (assessed by Calcein AM viability assay) of SH-SY5Y
was reduced by 23% after 48 h ATRA treatment.

 

Figure 1. (A) Fluorescent micrographs of SH-SY5Y cells with membranes stained using a Neurite outgrowth kit (Invitro-
gen™): Control, undifferentiated cells (exposed to mock treatment solution: <0.1% DMSO); Cells differentiated by exposure
to 10 µM all-trans retinoic acid (ATRA) for 48 h. Bars = 50 µm. (B) Proliferation rates of undifferentiated and differentiated
SH-SY5Y cells: numbers of viable cells after 48 h exposure to <0.1% DMSO and 10 µM ATRA, respectively. Data were
obtained from five independent experiments with triplicate cultures: asterisks show the significance of differences in
numbers of viable cells (as percentages of numbers of undifferentiated cells) between the cultures: * p < 0.05.
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Table 2. Oxygen radical absorbance capacity (ORAC) of the tested cytokinins (CKs) expressed as
Trolox equivalents (TE) on an equimolar basis. Names, abbreviations, and structures of the CKs are
presented in Figure 1.

Average (TE) SD (n = 3) Average (TE) SD (n = 3)

tZ 0.073 0.012 K 2.082 0.256
tZR 0.13 0.012 KR 1.673 0.294

tZMP 0.326 0.017 KMP 0.726 0.026
tZ7G 0.082 0.006 K3G 0.53 0.035
tZ9G 0.063 0.004 K9G 0.906 0.025
tZOG 0.042 0.006 BAP N/A * N/A *

cZ 0.151 0.009 oT 7.026 1.179
cZR 0.178 0.005 oTR 3.241 0.140

cZMP 0.173 0.036 mT 4.509 0.687
cZ9G 0.085 0.009 mTR 3.171 0.239
cZOG 3.301 0.036 pT 16.799 0.829

iP 0.384 0.005 pTR 4.147 0.238
iPR 0.224 0.024

* N/A—no antioxidant capacity was detected.

2.3. Cytotoxicity of Cytokinins towards Neuron-like SH-SY5Y Cells

In tests of the CKs’ potential cytotoxicity with the Calcein AM viability assay [31] most
showed low toxicity towards the neuron-like SH-SY5Y cells. The decrease of viability below
90% was considered as threshold for neurotoxic effect. The only two exceptions were KR

(11.9%) and pTR (10.5%), in accordance with previous findings that some cytokinin metabo-
lites, particularly ribosides, may have cytotoxic effects [32]. Other ribosides, such as cZR,
iPR, oTR, mTR, caused no apparent reduction in the neuron-like SH-SY5Y cells’ viability
(Table 3). DFO [33,34] and NEC-1 [35,36] used as positive controls in our in vitro model
were also proved by other studies on SH-SY5Y cells to be non-toxic. In conclusion, mainly
derivatives KR and pTR showed lower viability than 90% and were therefore considered
less interesting for further evaluation in both in vitro models of neurodegeneration.

Table 3. Cell viability of neuron-like SH-SY5Y cells after exposure to cytokinins for 24 h. Viability is
expressed as percentage of DMSO control.

Compound
Viability a

Compound
Viability a

(%, 10 µM) (%, 10 µM)

tZ 102.3 ± 2.20 K 97.9 ± 1.81
tZR 98.8 ± 1.82 KR 88.1 ± 3.09

tZMP 101.5 ± 4.59 KMP 93.5 ± 3.57
tZ7G 101.4 ± 2.44 K3G 99.8 ± 1.13
tZ9G 97.6 ± 1.59 K9G 98.3 ± 1.11
tZOG 94.3 ± 1.67 BAP 98.8 ± 1.40

cZ 104.0 ± 1.79 oT 95.5 ± 4.02
cZR 100.0 ± 1.23 oTR 90.8 ± 3.81

cZMP 93.8 ± 2.13 mT 90.4 ± 6.03
cZ9G 101.7 ± 2.08 mTR 99.5 ± 3.69
cZOG 98.18 ± 1.59 pT 90.6 ± 3.25

iP 104.5 ± 0.97 pTR 89.5 ± 3.89
iPR 96.9 ± 3.25

NAC (1 mM) 90.2 ± 5.06 DFO (100µM) 102.1 ± 4.22

NEC-1 (50 µM) 95,8 ± 3.75
a viabilities are expressed as means ± SEM, compounds were tested in three independent experiments in
triplicates.

2.4. Identification of Neuroprotective Cytokinins in the SAL-induced Model of PD

For these tests, neuronal SH-SY5Y cells were differentiated for 48 h then co-treated
with 500 µM SAL and each CK at three concentrations (0.1, 1, 10 µM). As shown by the dot-
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ted line in Figure 2A, application of the neurotoxin SAL at 500 µM reduced the viability of
differentiated SH-SY5Y cells, according to the Calcein AM assay, by 30%. N-acetylcysteine
(NAC) was used as a positive control in these tests due to its previously reported neuro-
protective effect in the same SH-SY5Y cell-based in vitro model [37]. Concentrations of 10,
100, and 1000 µM NAC were used to induce partial or almost complete recovery in the
SAL-model. NAC was able to increase cell viability at 100 µM and 1 mM concentration,
corresponding to 83.39 ± 1.74% and 89.21 ± 2.89%, respectively. NAC’s protective activity
at 100 µM (indicated by the dashed line in Figure 2A) was used as a potency threshold for
selecting CKs for further tests. According to this setup, the biologically significant neuro-
protective activities have been observed with K3G at 10 µM (81.84 ± 2.36%), cZR at 0.1 µM
(81.14 ± 2.30%) and 1 µM (81.53 ± 2.24%) and iPR at 1 µM (82.43 ± 2.51%). Thus, iPR and
cZR were effective neuroprotectants at lower micro or sub-micromolar concentrations than
NAC. The cytokinin screening also revealed that many other metabolites can moderately
increase the viability of differentiated SH-SY5Y cells exposed to SAL. However, some tested
CKs (including tZR, tZMP, mT, mTR, pT, and pTR) had very little protective effect.

 

Figure 2. (A) Neuroprotective activity of cytokinins and N-acetylcystein (NAC) in SAL-induced model of PD on neuron-like
SH-SY5Y cells. The dashed line shows the NAC effect threshold at which cytokinins were selected for further testing; the
dotted line then counts the number of living cells in the Calcein AM assay after treating the cells with 500 µM SAL; healthy
control cells (CTR, DMSO < 0.1%). Triplicates in at least three separated days. (B) Normalized SH-SY5Y cell death after
propidium iodide staining. Triplicates in at least five independent days. * P compared with vehicle with 500 µM SAL,
# P compared with vehicle without 500 µM SAL.

To confirm the most active natural CKs’ anti-PD activities, overall cell death rates were
quantified by propidium iodide (PI) staining, which (in contrast to cell metabolism-based
viability tests) only labels cells with impaired membrane integrity, dying cells, and already
dead cells [38]. Results were normalized with respect to the cell death rate following
treatment with SAL alone (set as 100%). As shown in Figure 2B, the NAC positive control
substance significantly reduced cell death rates at both 100 and 1000 µM (to 77.3 ± 2.21%
and 77.5 ± 4.44%, respectively). Overall, NAC proved to be a neuroprotective agent with
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comparable activities to those recorded in other studies in a dose-dependent manner (in
the 50–500 µM range) for SH-SY5Y cells [37]. The PI assay also showed that the CKs cZR,
K3G, and iPR have protective activities, especially cZR, which reduced the cell death rate
to 71.6 ± 5.08% at 0.1 µM. In contrast to cZR, K3G had reversed dose-dependent effects,
with maximum activity at 10 µM (reducing the cell death rate to 75.0 ± 3.69%) and iPR’s
activity peaked at 1 µM (reducing the rate to 73.9 ± 4.99%). Taken together, as shown in
Figure 2, CKs provided comparable neuroprotective activity to 100 µM NAC according to
both the viability and cytotoxicity assays. Moreover, effective concentrations of CKs such as
cZR and iPR were much lower than those of NAC, in the sub-micromolar and micromolar
ranges. Previous observations obtained following double staining with PI and annexin
V/PI indicate that K may reduce apoptosis [39], thus we also investigated effects of CKs
and NAC on oxidative stress and caspase-3,7 activation (a well-known apoptosis marker).

2.5. Cytokinins Decrease SAL-induced Superoxide Radical Formation

Oxidative stress (OS) is a key pathological contributor to several neurodegenerative
diseases, and both SAL (at > 100 µM) and tetrahydroisoquinolines are potent OS induc-
ers [26,40]. Thus, we also measured formation of superoxide (a ROS and important OS
marker) in the presence of SAL with and without selected CKs or NAC. To ensure that SAL
caused sufficient OS damage in SH-SY5Y cells to detect responses, cells were exposed to
500 µM SAL for 24 h, as in previous work [37] and in accordance with findings presented
above. The cells were then stained by dihydroethidium (DHE) to detect superoxide radical
formation [41,42]. As can be seen in Figure 3A, cells were visually observed after labelling
with DHE (which provides red fluorescence signals following reaction with superoxide).
SAL induced a clear rise in DHE fluorescence, relative to levels in control and NAC-treated
cells. Moreover, three CKs (cZR, K3G, and iPR) had similar visual effects to NAC (100 µM)
on DHE fluorescence. Furthermore, the spectrophotometric quantification with respect to
levels detected in cells treated by SAL alone (set as 100%), was in line with microscopy
observation. As shown in Figure 3B, the normalized superoxide level in healthy control
cells (CTR) was less than 39%, and the positive control substance NAC provided moderate-
to-complete reduction of SAL-induced ROS production at 100 and 1000 µM (to 76.3 ± 4.33
and 44.3 ± 5.12%), suggesting that glutathione (GSH) depletion plays a key role in the
model [26]. Interestingly, SAL induced dramatic reductions in GSH contents of SH-SY5Y
cells accompanied by elevation of OS, to levels similar to those previously observed in a
study that also recorded NAC-mediated effects on cell viability, cell death, and glutathione
contents [43]. Results presented here show that NAC also reduced superoxide radical
formation to basal levels (i.e., levels in DMSO-treated controls). CK ribosides were tested
at active concentrations (0.1–1 µM) along with K3G, and significantly reduced the cells’ su-
peroxide radical contents to the following levels (relative to those of cells treated with SAL
alone): cZR 80.34 ± 5.99% at 0.1 µM; K3G 77.1 ± 4.89% at 10 µM; iPR 79.2 ± 5.91% at 1 µM,
comparable to the effects of 100 µM NAC. Collectively, the orthogonal demonstrations
strongly indicate that potent anti-OS activity plays a key role in the protective effects of
NAC and CKs in the SAL-induced PD model. A correlation between OS amelioration and
neuroprotection has also been noted by other authors [29], and several studies have found
that K and BAP can directly ameliorate OS activities [44] through formation of complexes
with Cu2+ ions, resulting in superoxide dismutase-like activity [45,46]. However, CKs
have also been described as indirect antioxidants with effects mediated by induction of the
nuclear factor erythroid 2-related factor 2 (NRF2) antioxidant response pathway (iPR) [22]
or partial restoration of glutathione peroxidase and SOD activities (K) [16]. In addition,
K reportedly has neuroprotective activities against OS injury induced by H2O2 in SH-
SY5Y cells [17]. Both types of reported anti-ROS activity of CKs could potentially explain
to effects of cZR, K3G, and iPR in reduction of superoxide radicals in the SAL-induced
SH-SY5Y cell PD model [47–50].
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Figure 3. (A) Microphotographs showing SAL-induced oxidative stress and oxidative stress-reducing activities of cytokinins
in human differentiated neuron-like SH-SY5Y cells visualized by fluorescence microscopy following dihydroethidium
(DHE) labelling. Bars = 50 µm. The images show cells treated with DMSO solution (controls), 500 µM salsolinol (SAL) alone,
and combinations of 500 µM SAL and 1000 µM NAC (+NAC), 0.1 µM cZR (+cZR); 10 µM K3G (+K3G), 1µM iPR (+iPR)
for 24 h before staining with DHE. (B) SAL-induced superoxide radical formation and cytokinin or N-acetylcysteine (NAC)
protective activity. The graph shows the quantification of DHE stained cells using Infinite M200 Pro microplate reader
(Tecan, Austria). Triplicates in at least five independent days. * P compared with vehicle with 500 µM SAL, # P compared
with vehicle without 500 µM SAL.

2.6. Anti-Apoptotic Effects of Cytokinins Determined by Caspase-3/7 Activity Measurements

As shown by the PI staining assays described above, SAL induced increases in the
SH-SY5Y cells’ death rates. As SAL is associated with both apoptosis and necrosis [51]
we also investigated the activation of caspase-3 and 7 (casp-3/7) as a specific marker
of apoptosis (the execution phase) [52] after exposing the cells to CKs. Caspase-3/7 ac-
tivities recorded following treatment with each of the test compounds were normalized
with respect to those recorded following treatment with 500 µM SAL (set as 100%). As
shown in Figure 4, the well-known caspase inhibitor Ac-DEVD-CHO (included as a spe-
cific, apoptosis-related control) strongly inhibited caspase-3/7 activity at sub-micromolar
concentrations (to 36.3 ± 2.66 and 25.2 ± 2.69% of levels in cells treated with SAL alone
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at 0.05 and 0.5 µM, respectively). Similar levels of inhibition have been previously ob-
served [53] in different in vitro SH-SY5Y cell-based models of neurodegeneration. The
positive control NAC also significantly reduced caspase-3/7 activity, to 88.7 ± 1.87% and
78.5 ± 2.56% of SAL-induced levels at 100 µM and 1000 µM, respectively. The tested CKs
had a wide array of effects on caspase-3/7 activities. Interestingly from the CK ribosides,
only cZR had significant effects on the activities at 0.1 µM (reducing them to 83.3 ± 4.33%
of SAL-induced levels, respectively), while iPR at 1 µM did not significant reduction of
casp-3,7. Finally, K3G decreased caspase-3/7 activity with maximum effect at 10 µM
(to 81.7 ± 4.31% of the SAL-induced level). Overall, SAL-induced a 1.6-fold increase in
caspase-3/7 activity compared to healthy control cells (CTR, Figure 4), in accordance with
results of an earlier study, in which a similar SAL concentration (400 µM) and the same cell
line were used [54]. NAC is known to influence caspase-3/7 activity in several models of
neuronal death [55–58]. However, results presented here provide the first demonstration
of their caspase-3/7 in an SH-SY5Y cell-based SAL-induced model of neuronal death. The
positive control reduced the caspase-3/7 activity induced by 500 µM SAL in a similar
manner to CKs, but cZR and K3G were effective even at sub-micromolar or micromolar
concentrations. Other studies with stress models associated with PD (proteasome inhibitor
MG 132- or H2O2-induced toxicity in SH-SY5Y cells [17] and fibroblasts [15]) and Hunt-
ington’s disease (serum starvation model in PC12 cells [19]) have also shown that the CKs
K and tZR can have anti-apoptotic (caspase-3) activities [17], and that both K and tZR

can have anti-senescence activities [17,19]. Moreover, associations between decreasing of
casp-3,7 activation and neuroprotective activity was reported for SAL and SAL-related
models [54,59,60].

Figure 4. Caspase-3/7 activity in the SAL-induced model of PD. Triplicates in at least four independent
days. * P compared with vehicle with 500 µM SAL, # P compared with vehicle without 500 µM SAL.

2.7. Identification of Cytokinin Neuroprotective Activity in the Glutamate-induced Cell
Death Model

As SH-SY5Y cells do not express all NMDA receptor subunits [61], the most likely
mechanism of glutamate (Glu) toxicity is blockage of the cystine/glutamate Xc-antiporter
with massive induction of oxidative stress [62]. Previous authors have already demon-
strated an association between glutamate-induced cell death and necroptosis in SH-SY5Y
cells [63], and the importance of caspase-3 activation in glutamate-induced toxicity to-
wards them [62,64]. Several studies have also shown the occurrence of iron-driven cell
death (ferroptosis) after glutamate intoxication [62,65,66], and indicated the occurrence
of three types of cell death (necroptosis, apoptosis, and ferroptosis) following blockade
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of the Xc-antiporter system. In order to complete a comprehensive evaluation of the neu-
roprotective potential of the tested cytokinins, the glutamate-induced cell death assay
system was included in an analytical panel with the known neuroprotective iron chelator
deferoxamine (DFO) and inhibitor of necroptosis necrostatin-1 (NEC-1) [67] as positive
controls. Here, SH-SY5Y cells were differentiated for 48 h, then treated with 160 mM Glu
or in co-treatment thereof with various cytokinin concentrations (0.1–10 µM) for 24 h and
stained by PI. In this model, the effect of Glu on cell death was 100% PI signal, so the
reduction in cell death by the test compounds was evaluated. Glu induced almost a 4-fold
increase in cell death compared to healthy SH-SY5Y controls (26.1 ± 0.42%). Screening
of positive controls and cytokinins revealed that both positive controls NEC-1 (50 µM,
76.6 ± 2.51%) and DFO (10 µM, 84.2 ± 4.54%) decreased the cell death induced by glu-
tamate. As shown in Figure 5A, from the panel of cytokinins, only three cytokinins were
able to protect neuron-like SH-SY5Y cells in similar fashion as positive controls. The
most active cytokinins were trans-zeatin (tZ) (0.1 µM, 79.5 ± 2.91%; 1 µM, 81.3 ± 2.77%)
and cis-zeatin (cZ) (0.1 µM, 82.1 ± 3.29%; 1 µM, 86.2 ± 2.89%) and kinetin (K) (1 µM,
88.0 ± 3.76%; 10 µM, 79.9 ± 3.44%). To confirm their promising activity, an orthogonal
assay was used to elucidate in more detail CKs’ biological effects in this model: A lactate
dehydrogenase (LDH)-release assay [68], which also showed a dramatic (4-fold) increase in
toxicity following Glu treatment. Interestingly, the determination of LDH-release allowed
us to differentiate between activities of CKs and the positive controls (NEC-1 and DFO).
The CKs had moderate but significant protective activity (tZ reduced the death rates to
91.9 ± 1.40% at 0.1 µM; cZ reduced them to 92.3 ± 1.15% at 0.1 µM and 91.7% ± 1.56% at
1 µM; K reduced them to 92.2 ± 1.06% at 1 µM). The positive controls NEC-1 and DFO

had stronger protective effects but were effective at much higher concentrations (reducing
the rates to 76.9 ± 2.94% and 81.6 ± 3.74% at 50 and 10 µM, respectively) (Figure 5B).
The LDH assay validated the indications obtained with PI staining and observed effects
of the positive controls were consistent with published data [69,70]. Findings regarding
effects of K in Glu-induced cell death model in HT22 cells [18] and our observations of
effects of representative CKs such as tZ, cZ, and K show that CKs are promising candi-
dates for treating neurodegenerative diseases associated with oxidative stress [71]. Finally,
tZ and cZ were preferred because they were effective at lower concentrations and were
selected, together with K, for further studies of their effects on levels of oxidative stress
and caspase-3,7 activation.

2.8. Effects of Cytokinins on Glu-induced Oxidative Stress in SH-SY5Y cells

Unlike the previous model, Glu can induce oxidative stress in SH-SY5Y cells by differ-
ent pathways. One is based on blockage of the Cystine/glutamate (Xc-) antiporter, which
leads to glutathione (GSH) depletion and negative effects on superoxide dismutase (SOD)
activity [62]. Glu-mediated cell death also putatively involves Rac-NADPH-oxidase-driven
ROS (particularly superoxide radical) formation in SH-SY5Y cells [72]. These findings
indicate that the primary cause of cell death in the Glu-induced model is OS. Within the
model, neuron-like cells were co-treated with Glu and tested compounds, stained by DHE,
and observed by fluorescence microscopy. As can be seen in Figure 6A, a dramatic rise
in red DHE fluorescence was observed in Glu-treated cells, which was ameliorated by
the positive control substances and tested CKs. Based on the microscopy observation,
the quantification of superoxide levels was performed in Glu-induced cells in a similar
manner, by the DHE assay, to those in SAL-induced cells. The results were normalized
with respect to levels induced by Glu alone (set as 100%), which caused a dramatic, almost
3-fold increase in superoxide levels within just 4 h in neuron-like SH-SY5Y cells relative to
levels in healthy control cells (CTR: 33.79 ± 1.45%). As shown in Figure 6B, CKs such as
tZ, cZ, and K significantly reduced the superoxide level in Glu-intoxicated cells: 0.1 µM
tZ, 0.1 µM cZ, 1 µM and 10 µM K reduced it to 81.0 ± 4.03, 80.6 ± 3.89, 81.8 ± 3.39 and
83.8 ± 2.32% of levels in cells treated with Glu alone. These levels are comparable to those
obtained with the necroptosis inhibitor NEC-1 (80.5 ± 3.19% at 5 µM and 80.4 ± 2.70%
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at 50 µM) and iron-chelator DFO (80.2 ± 3.80% at 10 µM). The results obtained with the
Glu-induced cell death model, particularly the effects of positive controls, are consistent
with previous reports [70,73]. Previous evidence that CKs have OS-reducing effects in
Glu-induced or similar models is limited to a demonstration that K is a potent OS-reducing
agent (at approximately 23 µM) in the HT22 cell-based Glu-induced cell death model [18].
We found that K had an OS-reducing effect at lower concentrations (1–10 µM) in our SH-
SY5Y cells. In addition, beneficial long-term effects of tZ on human fibroblasts, including
hydrogen peroxide-decomposing activity, have been observed [15], suggesting that tZ and
cZ may have indirect OS-reducing effects in Glu-induced cell death models. Additionally,
other reports pointed out the associations between CKs-mediated OS-reducing effect and
protective activity [22,74–76]. Taken together, tZ, cZ, and K showed surprisingly strong
OS-reducing effects, comparable to those of positive controls, despite differing strengths in
overall neuroprotective effect.

 

Figure 5. (A) Death rate of neuron-like SH-SY5Y cells in glutamate (Glu)-induced model of cell death; (B) Glu-induced 
Figure 5. (A) Death rate of neuron-like SH-SY5Y cells in glutamate (Glu)-induced model of cell death; (B) Glu-induced
toxicity (LDH-release) of neuron-like SH-SY5Y cells. Triplicates in at least three independent days.* P compared with vehicle
with 160 µM Glu, # P compared with vehicle without 160 µM Glu.
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Figure 6. (A) Glu-induced oxidative stress (OS) and OS-reducing activity of indicated compounds in human neuron-like
SH-SY5Y cells visualized by fluorescence microscopy following dihydroethidium (DHE) labelling. Bars = 50 µm. Images
show neuron-like SH-SY5Y cells treated by DMSO (Control), 160 mM glutamate (Glu) alone, and together with: 10 µM
deferoxaine (+DFO), 50 µM necrostatin-1 (+NEC-1), 0.1 µM tZ (+tZ) and 0.1µM cZ (+cZ) for 4 h, then stained by DHE.
(B) Glu-induced superoxide radical formation in neuron-like SH-SY5Y cells after 4 h. The graph displays the quantification
of DHE stained cells using Infinite M200 Pro microplate reader (Tecan, Austria). Triplicates in five independent days.
* P compared with vehicle with 160 µM Glu, # P compared with vehicle without 160 µM Glu.

2.9. Effects of Cytokinins on Caspase-3/7 Activity in the Glu-induced Cell Death Model

Glu has similar toxic effects on SH-SY5Y cells to previously reported effects on HT22
cells associated with Xc-antiporter blockage. Thus, non-apoptotic cell death mechanisms
(ferroptosis, necroptosis, etc.) are involved in both cases [62] although expression of
caspase-3 and to some degree the NMDA subunit of NR1 may be more strongly occurred
in SH-SY5Y cells [61]. Hence, final stages of cell death in the two cell lines may differ.
A contributory role of caspase-3 activity has been observed in many studies in the Glu-
induced model of cell death of SH-SY5Y cells [62,77–79]. In this assay, neuron-like SH-SY5Y
cells were treated here with 160 mM Glu, which leads to elevation of caspase-3/7 activity.
In efforts to elucidate the role of apoptosis in Glu-induced death of SH-SY5Y cells, a specific
caspase-3/7 inhibitor, Ac-DEVD-CHO, was applied and found to have strong inhibitory
effect: At 50 nM it reduced caspase-3,7 activity to 23.70 ± 1.01% of the level in cells treated
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with Glu alone and at 0.5 µM it almost completely blocked the activity (reducing it to a
normalized level of just 7.22 ± 1.05%; comparable to the level observed in healthy cells:
7.8 ± 0.39%), as shown in Figure 7. Application of positive controls resulted in a gradual
dose-dependent decrease in caspase-3,7 activity. Interestingly, NEC-1 had a slight effect
with maximum effect at 50 µM and DFO had more robust inhibitory activity at 10 µM
(reducing the activity to 80.5 ± 1.85 and 75.8 ± 3.00%, respectively). On the other hand, only
slight, but significant effects on casp-3,7 were achieved by tZ at 1 µM (89.5 ± 2.50%), cZ at
0.1 µM (87.4 ± 1.62%) and K at 1 µM (91.0 ± 2.06%). Taken together, the results show that
both positive controls had stronger caspase-3/7 activity-decreasing activity than the tested
CKs, but the CKs had effects at much lower concentrations. Overall, the results indicate that
modulation of caspase-3/7 activity plays a key role in the potent neuroprotective activity of
agents such as DFO [58] in the Glu-induced model of cell death [79,80]. However, as shown
in this section, NEC-1 also had neuroprotective activity, suggesting that other types of cell
death might be involved in Glu-induced death of neuron-like SH-SY5Y cells [63,67,81].
Indications that caspase-independent mechanisms are involved in Glu-induced cell death
have also been obtained in analyses of effects of NEC-1 [70], DFO [69], and K [18] on
HT22 cells.

Figure 7. Caspase-3/7 activity in Glu-model of oxidative damage of neuron-like SH-SY5Y cells. Trip-
licates in at least four independent days. * P compared with vehicle with 160 µM Glu, # P compared
with vehicle without 160 µM Glu.

3. Conclusions

In summary, our study revealed that CKs and their metabolites have neuroprotective
activities in the SAL-induced model of Parkinson’s disease and Glu-induced oxidative
damage in human differentiated SH-SY5Y neuronal cells. K3G, cZR, and iPR were found
to have biologically significant neuroprotective activities. Moreover, the active CKs were ef-
fective at lower (sub-micromolar and micromolar) concentrations than the positive control
substance NAC. K3G, cZR and iPR also had positive effects on viability, cytotoxicity, oxida-
tive stress and caspase-3,7 activity (except iPR). The orthogonal demonstrations strongly
indicate that anti-oxidative stress activity plays a key role in CKs’ protective effects in the
SAL-induced cell death model. Only three metabolites in the tested panel of CKs (tZ, cZ,

and K) protected neuron-like SH-SY5Y cells in the Glu-induced model of oxidative damage
in a similar fashion to the iron chelator NEC1 and necroptosis inhibitor DFO. To confirm
their promising activity, we tested their effects in an orthogonal lactate dehydrogenase



Molecules 2021, 26, 361 15 of 20

(LDH)-release assay. The CKs had moderate but significant protective activity. This was
weaker than corresponding activities of the control substances, but despite the differences
in modulation of neuronal health, all three tested CKs stimulated potent reductions in
superoxide radical formation, similarly to the positive control substances. The CKs also had
comparable effects on Glu-induced oxidative stress in SH-SY5Y cells to those of NEC1 and
DFO, but these compounds had stronger inhibitory effects on caspase-3/7 activity than the
CKs. As Glu-induced cell death does not rely on a caspase-dependent pathway, as shown
in studies of effects of DFO and NEC-1 on HT-22 cells [70], CKs can apparently modulate
both caspase-dependent and -independent cell death by reducing oxidative stress [18,82].
In ongoing studies, the detailed mechanism of action of CKs and/or their mitochondrial
effects on neuronal or astrocyte cells will be investigated.

4. Materials and Methods

4.1. Chemicals and Reagents

Cytokinin standards were obtained from OlChemIm (Olomouc, Czech Republic).
Calcein AM (1 mg/mL solution), an LDH release kit and a Neurite outgrowth kit were pur-
chased from ThermoFisher. Propidium iodide, dihydroethidium, components of caspase-
3/7 assay buffer, DMEM/F12 1:1 medium, fetal bovine serum, trypsin, ATRA, salsolinol hy-
drobromide, glutamate monosodium salt, deferoxamine, N-acetylcysteine, Ac-DEVD-CHO,
and DMSO for cell cultures were purchased from Sigma Aldrich (Merck). Ac-DEVD-AMC
substrate was supplied by Enzo Life Science.

4.2. ORAC Radical Scavenging Activity Assays

Compounds’ ability to scavenge free radicals in vitro was determined by the Oxygen
Radical Absorbance Capacity (ORAC) assay. Briefly, fluorescein (100 µL, 500 mM) and
25 µL of tested compound solution was added to a 96-well microplate pre-incubated at
37 ◦C. Next, 25 µL of 250 mM 2,2′-azobis(2-amidino-propan)dihydrochloride (AAPH) was
quickly added, the microplate was shaken for 5 s and red fluorescence (with 485 and
510 nm excitation and emission wavelengths, respectively) was measured every 3 min over
90 min using an Infinite 200 microplate reader (TECAN, Männedorf, Switzerland). NAUC
(Net Area Under Curve) values were used to express antioxidant activities relative to that
of Trolox (a synthetic hydrophilic analogue of α-tocopherol, vitamin E). Substances with
ORAC values greater than zero are deemed to actively trap free radicals.

4.3. SH-SY5Y Cell Culture

The human neuroblastoma cell line SH-SY5Y purchased from ATCC (American
Type Culture Collection, Manassas, VA, USA) was grown in Dulbecco’s modified Ea-
gle’s Medium and Ham’s F12 Nutrient Mixture (DMEM:F-12, 1:1), supplemented with 10%
fetal bovine serum (FBS) and 1% penicillin and streptomycin at 37 ◦C in a humidified 5%
CO2 atmosphere. Cells were passaged up to 20 times and media were changed twice or
thrice a week. Cell density was set as appropriate for the planned assay (5000, 7000, 10,000,
or 20,000 cells per well) in 96-multiwell plates in 100 µL total volumes of medium for each
experiment. The day after the seeding, ATRA in 1% FBS DMEM/F12 medium was added
to the cells to a final concentration of 10 µM and incubation was continued for a further
48 h to induce differentiation, allow formation of longer neurites, and reduce proliferation.

4.4. Microscopy

Micrographs of neuron-like SH-SY5Y cells were obtained using a DM IL LED flu-
orescence microscope (Leica Microsystems, Mannheim, Germany) with an appropriate
excitation filter for the assay, or a brightfield setup with a DP73 high-performance digital
camera (Olympus, Tokyo, Japan). Since the signal-to-noise ratio for staining was moderate,
the contrast was slightly adjusted in ImageJ software (Fiji) without affecting the resulting
observation. Original images are included in the Supplementary Materials.
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4.5. Cell Membrane Staining (Neurite Outgrowth kit, Invitrogen™)

Neuron-like SH-SY5Y cells (5000 cells per well) obtained by the 48 h differentiation
procedure were stained by a Neurite outgrowth kit (Invitrogen™) according to the manu-
facturer’s recommendations with minor modification. The cells were washed with PBS,
labelled with a solution of the membrane staining dye supplied with the kit (following the
protocol for 96 multiwell plates) in PBS for 20 min at 37 ◦C, washed again with PBS and
viewed under a fluorescence microscope (with 533 and 585 nm excitation and emission
wavelengths, respectively).

4.6. Cell Treatment

After the differentiation procedure, the differentiation media was changed to 1%
DMEM/F12 medium supplemented with test compounds at concentrations of 0.1, 1, and
10 µM (with 7000 cells per well for cytotoxicity tests), or together with the toxin SAL at
500 µM (with 7000–10,000 cells per well) or 160 mM Glu (with 20,000 cells per well) for
an appropriate duration for the assay type (viability, cell death, etc.). Control cells were
treated with medium containing ≤ 0.1% of DMSO.

4.7. Cell Viability and Cell Death

The viability of neuron-like SH-SY5Y cells growing in 96-well microplates (with ca.
7000 cells per well) after 24 h of treatments was evaluated by the Calcein AM assay with
minor modification [31]. The Calcein AM solution in PBS used had 0.75 µM concentration
and the incubation time was set to 50 min. The number of living cells in each well was
determined using an Infinite M200 Pro microplate reader (Tecan, Austria), with 495 and
517 nm excitation and emission wavelengths, respectively.

Cell death of neuron-like cells (SAL model: 10,000 cells per well; Glu-model: 20,000 cells
per well) was determined by PI assay as reported by Stone et al. 2003 with small modifi-
cation [83]. Briefly, the medium of SAL-induced model was aspirated and changed to a
1 µg/mL solution of PI in PBS, but cells subjected to Glu-induction have weaker adherence
so a 1 mg/mL solution of PI in PBS was added to give a final concentration of 1 µg/mL. In
both cases, cells were incubated for a further 15–25 min at room temperature then PI fluo-
rescence was measured by an Infinite M200 Pro reader (Tecan, Grödig, Austria) with 535
and 617 excitation and emission wavelengths, respectively. The resulting PI fluorescence
obtained with toxins alone was set as 100% cell death.

4.8. Measurement of Oxidative Stress by the Dihydroethidium (DHE) assay

Cells were differentiated and treated as described in the previous section for SAL-
induction (10,000 cells per well, 24 h or Glu-induction (20,000 cells per well, 4 h). After
the treatments, cells were centrifuged at 500× g for 330 s, then the culture media were
replaced (following aspiration) with 10 µM DHE solution in PBS. 96-multiwell plates with
cells were incubated in the dark for 30 min at room temperature, then DHE fluorescence
was measured by an Infinite M200 Pro microplate reader (Tecan, Grödig, Austria) with
500 and 580 nm excitation and emission wavelengths, respectively. The resulting DHE
fluorescence obtained with SAL or Glu alone was set as 100% superoxide radical formation.
Illustrative fluorescence microphotographs of DHE-stained cells were obtained after DHE
measurement with the microplate reader.

4.9. Measurement of Caspase-3/7 Activity

One-step caspase-3/7 assays were performed according to a previously published
procedure [84]. For cultures subjected to SAL-induction and Glu-induction, the reaction
mixtures (caspase-3,7 buffer and components with cells in 96-multiwell plates) were incu-
bated for 2 h and 3 h at 37 ◦C, respectively. Caspase-3/7 activity was then measured by an
Infinite M200 Pro microplate reader (Tecan, Austria) with 346 and 438 nm excitation and
emission wavelengths, respectively.



Molecules 2021, 26, 361 17 of 20

4.10. Statistical Analysis

Experiments were performed in triplicates and repeated in three to five (n = 3–5)
independent days. All data are expressed as mean ± SEM. Values for all measured variables
are expressed as means ± SEM, which were calculated using Prism 8.4.3 (GraphPad
software, La Jolla, CA, USA), which was also used to generate the figures. The statistical
analysis was carried by the PAST (ver. 1.97) software package [85]. For differentiation
experiment the Student t test was used. The rest of experiments were evaluated by non-
parametric Kruskal–Wallis test with Mann–Whitney post hoc test with sequential Bonferroni
correction. A value of p < 0.05 was considered significant.

Supplementary Materials: Original images are available online.
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a b s t r a c t

Novel triterpene derivatives were prepared and evaluated in salsolinol (SAL)- and glutamate (Glu)-

induced models of neurodegeneration in neuron-like SH-SY5Y cells. Among the tested compounds,

betulin triazole 4 bearing a tetraacetyl-b-D-glucose substituent showed a highly potent neuroprotective

effect. Further studies revealed that removal of tetraacetyl-b-D-glucose part (free triazole derivative 10)

resulted in strong neuroprotection in the SAL model at 1 mM, but this derivative suffered from cyto-

toxicity at higher concentrations. Both compounds modulated oxidative stress and caspase-3,7 activity,

but 10 showed a superior effect comparable to the Ac-DEVD-CHO inhibitor. Interestingly, while both 4

and 10 outperformed the positive controls in blocking mitochondrial permeability transition pore

opening, only 4 demonstrated potent restoration of the mitochondrial membrane potential (MMP) in the

model. Derivatives 4 and 10 also showed neuroprotection in the Glu model, with 10 exhibiting the

strongest oxidative stress reducing effect among the tested compounds, while the neuroprotective ac-

tivity of 4 was probably due recovery of the MMP.

© 2021 Elsevier Masson SAS. All rights reserved.

1. Introduction

In recent years, the incidence of neurodegenerative diseases has

increased dramatically. Parkinson’s disease (PD), with a 1% occur-

rence in populations over 60, is now the most common motor-

related and second most frequent neurodegenerative disease

[1e4]. Generally, PD is characterized by motor-associated symp-

toms, such as bradykinesia (lack or slowness of movements), ri-

gidity, resting tremor and postural instability, which are tightly

linked with the progressive and severe degeneration of dopami-

nergic neurons in the Substantia nigra pars compacta in the Basal

ganglia. Appearance of early PD symptoms is linked with the

degeneration and loss of about 50e80% of DA neurons [5e9].

Amongst many PD forms, idiopathic or sporadic PD is the most

prevalent in diagnoses. There is no known specific cause for this

form, making treatment of the disease problematic. On the other

hand, several molecular hallmarks of PD, such as proteasomal and

autophagy-lysosomal dysfunction [10], stress of the endoplasmic

reticulum [11], synaptopathy [12], mitochondrial dysfunction [13],
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oxidative stress (OS) [14], disruption of calcium homeostasis [15,16]

and neuroinflammation [17] have been identified in PD patient

brains.

Currently, PD is managed by only symptomatic treatment,

which is not effective at blocking or decreasing progression of the

disease [18,19]. Therefore, drug development is currently focused

on promising disease-modifying therapy approaches. Specifically,

several natural [20] and synthetic compounds or already approved

CNS drugs [21e25] have been shown to exhibit encouraging neu-

roprotective activity in in vitro and in vivo models of neurodegen-

erative diseases [22,26e28].

Pentacyclic triterpenes belong to the most abundant natural

secondary metabolites found in higher plants, fungi, algae, and

marine animals. A large number of triterpenes have been isolated

from natural sources and many of them are biologically active [29].

There are many examples of cytotoxic [30e32], antibacterial [33],

antifeedant [34], antiviral [35], anticariogenic [36], hep-

atoprotective [37], and cardioprotective [38] triterpenic com-

pounds, and some have been reported to have neuroprotective or

CNS-related activity [39e42], which was also identified in ten-

uigenin [43] or betulin [44e46]. Hundreds of new derivatives of

betulinic acid (1) and betulin (2) (Fig. 1) have been prepared by our

research group in previous research projects, but many of them

were found to have low solubility in water, which may prevent

sufficient adsorption from the gastro-intestinal tract. Based on this

experience, a series of triterpene conjugates was prepared in an

attempt to improve the solubility, but in some cases, coupling to

other (polar) molecules caused a significant decrease in their

cytotoxicity [47e50]. Such non-cytotoxic compounds may be suc-

cessful in the screening of alternative biological activities.

In the present work, a series of pentacyclic triterpenes was

prepared and evaluated in in vitro models of neurodegeneration in

neuron-like SH-SY5Y cells [51e53]. The primary aim was to

investigate the protective effect of new triterpenes in salsolinol-

and glutamate-induced models of cell death mimicking aspects of

PD. The results indicated that some of the triterpene derivatives

displayed strong neuroprotective effects in both models. Subse-

quent studies of the most active representatives showed that the

betulin derivatives were also potent in decreasing superoxide

radical formation, caspase-3,7 activity and mitochondrial perme-

ability transition pore formation.

2. Results and discussion

2.1. Chemistry

The first set of compounds for testing the potential

neuroprotective activity comprised derivatives of pentacyclic tri-

terpenes from our compound library exhibiting low cytotoxicity.

From all tested compounds, derivatives 3e8 (Fig. 2) were selected

as the most interesting. Among them, conjugates 3 and 4 (Fig. 2)

showed the most significant neuroprotective activity in our models

of neurodegeneration. The syntheses of compounds 3, 4, and 6 have

not been reported previously, whereas derivatives 5a, 5b, 7, and 8

have already been described [47,48,54,55]. Compounds 3 and 4

were prepared from betulin diacetate (1, Scheme 1) by its two-step

oxidation at the position C-30 followed by the alkylation of the

intermediate carboxylic acid 12 with propargyl bromide to give

ester 9. Huisgen cycloaddition of the resulting propargyl ester 9

with 2,3,4,6-tetra-O-acetyl-b-D-galactopyranosyl azide and 2,3,4,6-

tetra-O-acetyl-b-D-glucopyranosyl azide (prepared according to the

literature [56]) gave the final products 3 and 4. Compound 6 was

prepared by the selective bromination of the position 2 in allobe-

tulon 11 followed by nucleophilic substitution of the intermediate

bromoderivative with KCN, modified procedure from Ref. [57] was

used. Both promising compounds 3 and 4 are conjugates containing

triterpenoid part, 1,2,3-triazole, and acetylated sugar. In order to

find out which part is responsible for the neuroprotective activity,

compounds 10, 12 and 13 were prepared (they are substructures of

compound 4) (Scheme 1). In the case of preparation of themolecule

10, ester 9 was subjected to cycloaddition with bis(4-

methoxyphenyl)methyl azide (DoD-N3) that serves as protected

azide and the intermediate was deprotected by TFA. Conjugate 13

was prepared by the Huisgen cycloaddition of 1e2,3,4,6-tetra-O-

acetyl-b-D-galactopyranosyl azide with propargyl alcohol in a

modified manner from Ref. [58]. The derivatives 4 and 10 were

selected for more advanced testing to reveal their mechanism of

action because of their superior neuroprotective activities in the

first screening.

2.2. Biology

2.2.1. In vitro neuroprotective and cytotoxic activity in neuron-like

SH-SY5Y

In order to study a variety of biological effects of triterpenoids

related to neuroprotective activity, the neuroblastoma cell line SH-

SY5Y was treated by 10 mM all-trans retinoic acid (ATRA) for 48 h.

After two days, SH-SY5Y cells displayed a characteristic neuronal

phenotype, as described in other publications [59,60]. As shown in

Fig. 3, untreated SH-SY5Y cells were characterized by a higher

density and lower number of neurites, whereas differentiated cells

displayed an elongated morphology, higher number of neurites

(marked by yellow arrows) and lower density of cells. Such obser-

vations are consistent with published results [59,60].

To evaluate the potential neuroprotective effects of triterpene

derivatives, the compounds were first screened in a cytotoxicity

test. In this assay, neuron-like SH-SY5Y cells were exposed to the

tested derivatives in a concentration range 0.1e10 mM for 24 h. A

control group was treated by DMSO alone (�0.1% v/v). Cell viability

was determined by the calcein AM assay [61]. As shown in Table 1,

almost all the derivatives displayed zero cytotoxic activity. Only

four derivatives induced a decrease in cell viability at the highest

concentration. For example, compound 8 exhibited a slight

decrease at 10 mM (87.0% cell viability compared to control), while

compounds 5b (57.6%), 10 (30.5%) and 12 (11.6%) demonstrated a

higher cytotoxic effect at the same concentration. The positive

control cyclophilin D inhibitor cyclosporine A was also cytotoxic

towards SH-SY5Y cells at 5 mM, whereas N-acetyl cysteine did not

affect the cell viability even at 1000 mM. Thus, the compounds

displaying cytotoxic effects at 5 or 10 mM were tested in in vitro

models of neurodegeneration in a lower concentration range

(0.1e1 mM).Fig. 1. Starting terpenes e betulin 1 and betulinic acid 2.
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2.2.2. Neuroprotective activity of pentacyclic triterpenes in

salsolinol-induced model of PD

To evaluate the neuroprotective activity, neuronal SH-SY5Y

were allowed to differentiate for 48 h and then were treated with

500 mM salsolinol (SAL) alone or in combination with the tested

compounds at 0.1e1 e 10 mM concentration for 24 h. Within the

model, N-acetyl cysteine (NAC) and cyclosporin A (CsA) were used

as well-known positive neuroprotective controls [62,63]. The

viability of the treated cells was quantified by the calcein AM assay.

As shown in Fig. 4A, treatment by 500 mMSAL resulted in a decrease

in viability to 70.49 ± 0.51%. Both NAC (100 mM, 82.27 ± 1.30% and

1000 mM, 89.01 ± 2.34%) and CsA (0.5 mM, 99.32 ± 3.80%) demon-

strated potent protective effects, in agreement with previously

published data [62,63]. In the case of triterpene derivatives, pro-

tective activity value was at least at the same level or higher than

100 mM NAC suggesting a promising effect (green line in Fig. 4A).

Fig. 2. Terpenoid structures tested for neuroprotective effects on neuron-like SH-SY5Y cells.

Scheme 1. Preparation of new compounds 3, 4, 6, 9, 10. Reagents and conditions: (i) SeO2, 2-methoxyethanol, refl. 3 h; (ii) Jones reagent, acetone, r.t., 6 h; (iii) propargyl bromide,

K2CO3, THF, refl., 12 h; (iv) 2,3,4,6-tetra-O-acetyl-b-D-galactopyranosyl azide or 2,3,4,6-tetra-O-acetyl-b-D-glucopyranosyl azide, CuI, N,N-diisopropylethyl amine, THF, r.t., 24 h; (v)

bis(4-methoxyphenyl)methyl azide (DoD-N3), DIPEA, AcOH, CuI, DCM, 24 h, 20 �C, then 50% TFA/DCM, anisole, 1 h, 20 �C; (vi) Br2, CHCl3, r.t., 30 min; (vii) KCN, DMSO, 24 h.
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Derivatives 3 and 4 were found to induce a potent neuroprotective

effect with the strongest activity at 1 mM (3, 90.90 ± 2.06%; 4,

91.69 ± 2.47%). In comparison to derivative 3, compound 4 showed

a better dose-dependent profile of the activity. The neuroprotective

effects of derivatives 5a and 5b also peaked at 1 mM, represented by

81.72 ± 1.52% and 84.27 ± 4.33% of viable cells, respectively.

Interestingly, a small modification by acetylation of the 3-OH group

(A ring of compound 5a) resulted in slightly better activity,

although 5b suffered from toxicity at higher concentrations, as

shown in the previous section. Overall, triterpene derivatives 3 and

4 demonstrated a slightly better effect than 1000 mMNAC and their

highest neuroprotective effect was achieved at orders of magnitude

lower concentrations (100e1000 fold). From a structural viewpoint,

both compounds share the same scaffold, but compound 3 was

substituted with tetraacetyl-b-D-galactose, whereas compound 4

was substituted with tetraacetyl-b-D-glucose.

Subsequent investigations were performed to identify the spe-

cific part of triterpenoid molecules 3 and 4 responsible for their

high neuroprotective activity, see Fig. 4B and C. Three different

substructures (13, 12 and 10), glucose and galactose were also

tested for cytotoxicity and then in the SAL model. Surprisingly,

derivative 10 showed the highest protective effect (at 1 mM,

97.91 ± 2.30%) of all the tested compounds. It mediated its pro-

tective effect also at low 0.1 mM concentration (81.41 ± 2.46%).

Unfortunately, 10 mM 10 (without toxin) was associated with

cytotoxic effects, as seen in Table 1. Substructures 12 and 13 showed

only slight or zero improvements in cell viability at 1 mM in the SAL

model, while 12 was also cytotoxic at 10 mM, as shown above. To

conclude, the study of the substructures of triterpenoid 3 revealed

that the triterpenic scaffold bearing triazole (compound 10)

Fig. 3. Fluorescent microphotographs of membrane-stained (by neurite outgrowth kit Invitrogen™) SH-SY5Y cells viewed under a fluorescence microscope. Bar ¼ 50 mm. The image

shows undifferentiated and neuron-like SH-SY5Y cells treated for 48 h with 10 mM ATRA. The presence of neurites is indicated by yellow arrows.

Table 1

Cytotoxicity (% of DMSO control) of new pentacyclic triterpenes and positive controls N-acetyl cysteine (NAC) and cyclosporin A (CsA) at different concentrations after 24 h of

treatment.

Viability

Compound 0.1 mM ±SEM 1 mM ±SEM 10 mM ±SEM

3 139.7 4.877 139.3 2.98 129.6 4.42

4 114.6 3.69 138.2 2.70 127.6 2.86

5a 103.2 3.20 115.7 1.58 132.6 2.00

5b 106.1 2.96 124.0 2.69 57.6 3.99

6 93.1 1.29 93.8 1.16 98.8 1.44

7 100.1 2.93 107.3 2.45 99.2 3.70

8 91.3 2.44 90.01 0.99 87.0 3.39

12 102.2 2.90 102.0 3.45 11.6 1.37

13 108.9 4.89 106.8 3.98 100.2 4.26

10 97.4 3.72 118.6 3.10 30.5 3.021

N-acetyl cysteine (NAC) 10 mM ± SEM 100 mM ± SEM 1000 mM ± SEM

107.9 3.87 114.4 3.65 120.0 4.67

Cyclosporin A (CsA) 0.05 mM ± SEM 0.5 mM ± SEM 5 mM ± SEM

103.6 3.17 120.7 3.35 57.4 3.87

a Viabilities are expressed as means ± SEM, compounds were tested in triplicate in three independent experiments.
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exhibited the strongest protective effect at 0.1 mM and 1 mM, whilst

the other parts were ineffective (12, 13). Most importantly, using

this approach, we found that derivatization of compound 10 by N-

tetraacetylgalactose/glucose dramatically reduced the cytotoxicity.

To confirm the results acquired during the screening of cell

viability, an orthogonal test with propidium iodide (PI) was used. In

general, PI stains only cells with a damaged cell membrane or

already dead cells [64e66]. As shown in Fig. 4D, SAL exposure

resulted in cell death, which was considered as a 100% PI signal.

Reduction in the cell death due to co-treatment with the tested

compounds was then determined relative to this threshold. Only

compounds 3 (10 mM, 68.7 ± 5.85%), 4 (10 mM, 62.6 ± 6.36%), and 10

(0.1 mM, 62.3 ± 4.43%; 1 mM, 59.3 ± 4.97%) and the positive controls

NAC (100 mM, 72.5 ± 3.42%; 1000 mM, 68.2± 3.14%) and CsA (0.5 mM,

74.5 ± 4.01%) demonstrated a statistically significant reduction of

dead cells within the model. Other derivatives, i.e. 5a and 5b,

showed an insignificant decrease of cell death.

Overall, based on both the viability/cell death assays, derivatives

3, 4, and 10were identified as the most promising compounds with

a neuroprotective effect comparable to the NAC and CsA controls.

Because compounds 4 and 10 showed complete reduction in cell

death due to SAL-induced toxicity, these derivatives were selected

as the most suitable for further studies of OS, caspase-3,7 activity,

mitochondrial membrane potential (MMP) and mitochondrial

Fig. 4. (A) Evaluation of pentacyclic triterpene derivatives in a salsolinol (SAL)-induced model of Parkinson’s disease on neuron-like SH-SY5Y cells. The threshold of protective

activity comparable to positive controls is marked by the green line, whereas the red line indicates the viability after 500 mM SAL treatment for 24 h. The results are presented as

mean ± standard error of the mean (SEM) from triplicates in at least three independent experiments. (B) Structure of derivative 3 and substructures 12, 13 and 10. (C) Evaluation of

substructures 12, 13, 10 together with glucose (Gluc) and galactose (Galac). (D) Neuroprotective effects of selected triterpenes in the SAL-induced model of cell death using pro-

pidium iodide (PI) staining after 24 h. All results are presented as mean ± standard error of the mean (SEM) from triplicates in at least three independent experiments. *P compared

with vehicle with 500 mM SAL, #P compared with vehicle without 500 mM SAL. A value of P < 0.05 was considered statistically significant.
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permeability transition pore (mPTP) opening. These assays were

used to determine the cellular mechanism of neuroprotection

shown by the compounds. In addition, the selected compounds

were also evaluated in the following glutamate-induced model of

oxidative damage in neuron-like SH-SY5Y cells.

2.2.3. Effects of triterpene derivatives 4 and 10 on oxidative stress

and caspase-3,7

OS is one of the molecular hallmarks of PD and other neuro-

degenerative diseases. Therefore, superoxide radical production in

the SAL-induced PD model was studied. It is already known that

SAL is able to affect the redox homeostasis in SH-SY5Y cells [51,62].

In connection with these findings, the effect of SAL alone or in co-

treatment with selected compounds was studied [52] using a

dihydroethidium (DHE) fluorescence probe for detection of super-

oxide radicals as markers of oxidative stress [67e69].

Similarly to the work presented in the previous section, the

values obtained after application of SAL alone were considered as

100% against which the reduction of superoxide radical production

in co-treatment experiments was determined. As shown in Fig. 5B,

healthy cells produced relatively low levels of ROS (39.9 ± 0.89% of

SAL), in contrast to SAL treatment. As expected, NAC decreased

levels of superoxide radical formation in a dose-dependent manner

with a dramatic reduction at 1000 mM (53.8 ± 2.69%). Such results

are consistent with other reports [70]. On the other hand, CsA

showed only a very moderate effect at submicromolar concentra-

tions (approx. 86.4%). Interestingly, compounds 4 and 10 displayed

a better effect than CsA and 100 mMNAC. The strongest OS-reducing

effect for derivative 4 occurred at 1e10 mM (74.5 ± 3.79% and

77.2 ± 3.14%) and for 10 at 0.1e1 mM (83.7 ± 3.02% and 81.0 ± 2.12%).

Still, both compounds were less effective than NAC at the highest

concentration tested. Furthermore, to support the results of DHE

quantification by spectrophotometry, fluorescence microscopic

observations were performed. As shown in Fig. 5A, the visual ob-

servations were in accordance with the results quantified by

spectrophotometric measurements (Fig. 5B). As demonstrated by

DHE staining (red fluorescence), compound 4 and NAC showed a

strong visual decrease in fluorescence in comparison to SAL,

whereas 10 and CsA exhibited a lower effect.

Taken together, the OS-reducing effect of NAC described in other

models was confirmed in the SAL model. More importantly, the

protective effect of NAC seemed to be mediated primarily by a

reduction of superoxide radical formation (OS). On the other hand,

CsA demonstrated only a partial OS-reducing effect but showed

potent protective activity in the viability/cell death assays, sug-

gesting that CsA-mediated protection relies on regulation of other

processes linked with apoptosis or modulation of some processes

in mitochondria, as described in other reports [63]. The tested tri-

terpenes also demonstrated a strong OS-reducing effect, which was

comparable or better than that of the positive controls (CsA and

100 mM NAC). Interestingly, derivative 10 displayed a lower OS-

reducing activity than 4, despite showing a better protective ef-

fect on cell viability/death, suggesting that 4 and 10 could modulate

different cellular processes leading to the overall neuroprotection.

2.2.4. Triterpenes regulate caspase-3,7 activity upon SAL

intoxication of neuron-like SH-SY5Y cells

SAL is also known as a modulator of both necrotic and apoptotic

cell death of SH-SY5Y cells, as demonstrated by other research

groups [71]. Our results of overall cell death determined by PI

showed its potent decrease after application of derivatives 4 and 10

within the model. To detect and demonstrate the presence of

ongoing apoptosis after SAL exposure, activation of caspase-3 and 7

(casp-3,7) as a specific apoptotic marker was quantified. As before,

neuron-like SH-SY5Y cells were treated with 500 mM SAL or co-

treatment of the tested compounds and then casp-3,7 activity

was determined after 24 h using the specific substrate Ac-DEVD-

AMC.

The casp-3,7 activity induced by SAL applicationwas considered

to be 100%, against which the reducing effect of compounds was

subsequently determined. As shown in Fig. 5C, healthy cells

showed only 65.7 ± 1.04% of casp-3,7 activity compared to the SAL

control. Ac-DEVD-CHO, a nanomolar casp-3,7 inhibitor, caused a

dramatic decrease in casp-3,7 activation at 0.05 mM (36.9 ± 3.11%)

and 0.5 mM (30.8 ± 3.15%) concentration. These results are in close

agreement with previously published data by another group [72].

As expected, NAC as a positive control significantly decreased casp-

3,7 activity at the highest concentration tested (1000 mM NAC,

79.3 ± 2.29%). On the other hand, cyclosporin A did not affect casp-

3,7 within the model. Surprisingly, the selected triterpene de-

rivatives showed different effects on the level of casp-3,7 activation

after SAL exposure. Compound 4 induced a significant reduction in

casp-3,7 activity comparable to NAC, achieving the most significant

effect at 1 mM (81.8 ± 2.58%) and 10 mM (79.5 ± 4.13%), respectively.

On the other hand, derivative 10 induced an enormous drop in

casp-3,7 activity at 0.1 mM (42.2 ± 5.02%) to 1 mM (24.3 ± 5.21%)

concentration, which was comparable to the effect of Ac-DEVD-

CHO.

Taken together, these results show that the new triterpenes

along with the positive controls induced a potent decrease in casp-

3,7 activation. Interestingly, CsA did not influence apoptosis in this

model, in partial contrast with observations of another research

group studying the toxic effects ofN-methyl-R-salsolinol (N-Met-R-

SAL e a SAL metabolite) in the SH-SY5Y cell model [63]. Several

previous studies have shown that N-Met-R-SAL and SAL may act

differently. Whereas SAL is known to induce both necrosis and

apoptosis, N-Met-R-SAL predominantly induces apoptosis [63,73],

indicating that CsA probably regulates non-apoptotic cell death in

SALmodels. In comparison, both the triterpene derivatives 4 and 10

showed anti-apoptotic efficiency at lower concentrations than NAC.

More importantly, the derivatives exhibited different levels of

inhibitory effects on casp-3,7 activity. Whereas the effect of 4 was

similar to that of NAC and indicated an associationwith a reduction

in OS and consequent decrease of casp-3,7 activity, derivative 10

more likely displayed a direct action because its inhibitory effects

on casp-3,7 inhibitory activity were comparable to those of the

conventional Ac-DEVD-CHO inhibitor.

2.2.5. Triterpenes modulate mitochondria in the SAL-induced model

of PD

It is known that mitochondrial dysfunction together with

increased OS is one of the key hallmarks of all neurodegenerative

diseases [74]. SAL has also been shown to be a potent mitochondrial

disruptor via direct action towards mitochondrial complex I and II

of the electron transport chain or impairment of cell redox systems

[51]. To evaluate the effect of the triterpene derivatives 4 and 10 on

mitochondria of neuron-like SH-SY5Y cells within the SAL model,

the ratiometric JC10 assay was performed [75].

In this assay, mitochondria with a normal membrane potential

usually form the polymeric JC10 form (red), whereas disrupted

mitochondria or cells with ongoing apoptosis or necrosis are

characterized by the prevalence of monomeric, i.e. green JC10 dye.

The assay was monitored with the negative control carbonyl cya-

nide m-chlorophenyl hydrazone (CCCP), a proton gradient uncou-

pler and chemical inhibitor of oxidative phosphorylation, which

was used as an inducer of mitochondrial depolarization [76]. As

shown in Fig. 6A, application of 1 mM CCCP caused almost complete

mitochondrial depolarization and a decrease of the JC10 red/green

ratio to 6.3± 1.05% compared to the DMSO control. In relation to the

PD model, treatment by SAL resulted in a decrease of the red/green
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JC10 ratio to 45.3± 2.09%. Both positive controls improved theMMP

at 100 and 1000 mMNAC (66.4 ± 3.42% and 69.7 ± 4.66%), but not in

case of CsA which show only slight non-significant effect. The

tested triterpenes differed in their activity on mitochondria. De-

rivative 4 showed almost complete dose-dependent recovery of the

mitochondrial potential with maximum effect at 10 mM

(89.2 ± 4.07%). Surprisingly, triterpene 10 did not efficiently alter

the MMP, but 0.1 mM concentrationwas associated with a slight but

non-significant improvement of the potential. A possible explana-

tion for the effect of 10 could be its toxicity at 10 mM.

To understand the relationships between the oxidative stress,

mitochondrial depolarization, apoptotic/non-apoptotic cell death

and effect of the tested compounds, we investigatedmPTP after SAL

intoxication. As already reported by other groups, mPTP formation

is known to be a key regulator of both apoptosis and necrosis [77].

In particular, a link between mPTP formation and inhibition of

apoptosis has been described in N-Met-R-SAL-induced model of PD

on SH-SY5Y cells [63].

Based on these findings, neuron-like cells were treated by

500 mM SAL or co-treatment with the tested compounds for 24 h.

The cells were then stained by calcein AM/CoCl2 to quantify the

decrease/increase in fluorescence relative to mPTP opening or

closing [78]. The presence of mPTP opening was associated with

quenching of calcein fluorescence, whereas an increase in calcein

AM indicated the inhibition of mPTP opening in mitochondria. The

results of calcein AM/CoCl2 staining are presented as a fold change

Fig. 5. (A) SAL-induced OS in human neuron-like SH-SY5Y cells visualized by fluorescence microscopy. Illustrative dihydroethidium (DHE) stained microphotographs are shown.

Bar ¼ 50 mm. Neuron-like SH-SY5Y cells treated by DMSO (control), salsolinol (SAL) and co-treatment of 500 mM SAL and 1 mM 4 (þ4) or 1 mM 10 (þ10) or 0.5 mM CsA (þCsA) or

1000 mM NAC (þNAC) for 24 h. (B) SAL-induced OS and triterpene anti-OS activity after 24 h. All results are presented as mean ± standard error of the mean (SEM) from at least five

independent experiments performed in triplicate. (C) Caspase-3,7 activity in SAL-induced model of PD on neuron-like SH-SY5Y cells after 24 h. All results are presented as

mean ± standard error of the mean (SEM) from at least four independent experiments performed in triplicate. *P compared with vehicle with 500 mM SAL, #P compared with

vehicle without 500 mM SAL. A value of P < 0.05 was considered statistically significant.
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of calcein fluorescence relative to the value for the DMSO control

set at 1. As depicted in Fig. 6B, SAL intoxication resulted in a

decrease of calcein fluorescence to 0.49 ± 0.02. Interestingly and

unexpectedly, CsA (0.5 mM, 0.67 ± 0.03 fold change) demonstrated a

weaker effect on mPTP opening than NAC (1000 mM, 0.76 ± 0.04

fold change). These results indicate that the dramatic reduction of

OS by NAC strongly influenced mPTP opening rather than direct

inhibition afforded by CsAwithin themodel. On the other hand, the

triterpene derivatives 4 at 1e10 mM (0.75 ± 0.03; 1.20 ± 0.09 fold

change) and 10 at 1 mM (1.14 ± 0.09 fold change) demonstrated

complete blockade of mPTP opening after SAL intoxication. As

shown in Fig. 6C, the results obtained by spectrophotometric

quantification were supported by observations of calcein AM/CoCl2
staining using fluorescent microscopy. A study by another group

showed that the betulinic acid (lup-20 (29)-ene scaffold of com-

pounds 4 and 10) mediated blockade of the mPTP, and it was

suggested to be one of the key processes responsible for the pro-

tective effect in vivo [79].

Taken together, the results showed that the new triterpenes had

a stronger effect on mPTP opening than the positive controls. In

addition, derivatives 4 and 10 showed some differences in mito-

chondrial regulation. More specifically, the strong blockade of

mPTP opening mediated by 10 probably contributed strongly to the

highly potent inhibition of caspase 3 and 7 activity since other

studies have shown direct involvement of mPTP in apoptosis

[63,77]. Moreover, compound 4 induced both a potent increase of

MMP and blockade of mPTP, whereas derivative 10 only blocked

mPTP opening without any beneficial effect on the MMP. Further-

more, substitution of the betulin derivative 10 by tetraacetylglucose

(derivative 4) eliminated its cytotoxicity and unfavourable effects

on the MMP. Indeed, 4 showed potent protective effects at 10 mM in

all observed parameters. In comparison to 10, compound 4 was

tightly connected with complete reversion of mitochondrial

membrane potential.

2.2.6. Effect of triterpenes 4 and 10 on cell morphology after SAL

intoxication

Since the SAL-induced model of PD on SH-SY5Y cells is associ-

ated with apoptosis and necrosis, as described by others [80],

double staining by acridine orange (AO) and PI was performed.

Generally, AO produces green fluorescence staining of all cells

(viable and non-viable), whereas PI stains cells with impaired

membrane integrity producing red fluorescence [81]. In this model,

neuron-like SH-SY5Y cells were qualitatively evaluated regardless

of whether triterpene treatment and positive controls affected the

presence of apoptotic or necrotic cells. As shown in Fig. 7, the

control (healthy cells, designated VI (green)) showed no or minimal

of PI staining. In addition, the control cells were characterized by

the formation of long neurites and neurite networks. On the other

hand, the SAL-treated cells exhibited three types of damaged cells

reflected by the presence of AO and/or PI stained cells. The first

type, early apoptotic cells (EA, white arrows), were characterized by

the presence of AO green cytoplasm and a PI red nucleus without

any fragmentation. Late apoptotic cells (LA, orange arrows) showed

nuclear fragmentation with minimal or complete disappearance of

AO green staining. Finally, cells that underwent necrosis were

rounded and PI stained in the absence of AO green staining and

fragmentation. The fluorescent microscopy observations together

with spectrophotometric quantifications of overall cell death (PI

assay) and apoptosis (caspase-3,7 assay) confirmed the presence of

both apoptosis and necrosis of neuron-like SH-SY5Y cells, as pub-

lished in the literature [51,80,82]. In the case of triterpenes, the

general reduction of PI and cell death was quantified by a spec-

trophotometric assay (see details in previous section; Fig. 4D). As

can be seen from Fig. 7, the neuron-like SH-SY5Y cells treated by 4

showed the presence of all types of damaged cells, whereas 10 was

preferentially associatedwith the presence of necrotic cells. As with

compound 4, NAC-treated cells were associated with all types of

damaged cells.

In contrast to NAC, CsA showed mainly the presence of late

apoptotic cells and signs of necrotic cells. Overall, the observations

after AO/PI double staining supported the results obtained by

spectrophotometric quantification methods. In particular, in the

case of derivative 10, the preferential presence of necrotic cells

highlighted its highly potent anti-apoptotic effect in the SAL-

induced model of PD on neuron-like SH-SY5Y cells.

2.2.7. Triterpenes 4 and 10 display a protective effect against the

Glu-induced model of oxidative injury on neuron-like SH-SY5Y cells

by regulation of superoxide radical formation

As shown in the previous section, compounds 4 and 10 dis-

played a strong protective effect in the SALmodel, including various

pathological processes. To further study the protective effect of

derivatives 4 and 10, especially against increased OS and apoptosis,

a model of glutamate (Glu)-induced oxidative damage was intro-

duced. To evaluate the neuroprotective activity of new derivatives

in the Glu model, SH-SY5Y cells were differentiated for 48 h and

then exposed to 160 mM Glu [83] or co-treated with Glu and the

tested compounds at standard concentrations. The iron chelator

deferoxamine (DFO) and CsA were used as positive controls

because they have been demonstrated to have a neuroprotective

effect in in vitromodels of Glu-induced cell death by other research

groups [84,85].

After 24 h, the protective effect was assessed by PI staining as an

indicator of cell death. Similarly to the SAL model, the effect

generated byGluwas considered to be 100% so that the reduction of

cell death by the test compounds was determined. As seen from

Fig. 8A, the maximum reduction in PI staining was observed in the

healthy control (to 25.5± 0.63% compared to the Glu control). In the

case of the positive controls, a higher protective effect was

demonstrated for DFO (10 mM, 79.5 ± 4.75%), whereas CsA appli-

cation (0.5 mM, 83.5 ± 4.54%) led to a lower but significant activity.

These observations are consistent with other literature reports

[84,85]. Interestingly, derivative 4 at 10 mM exhibited the highest

protective effect of all the compounds tested, representing a

reduction in cell death to 75.1 ± 2.36%. Lower concentrations of 4

were also associated with significant dose-dependent protection.

On the other hand, derivative 10 at 1 mM (85.0 ± 2.77% of reduction)

showed a protective effect slightly better than CsA but less potent

than DFO.

Because a stronger effect in neuroprotection was demonstrated

by compound 4 and 10 than for the positive controls, we further

investigated the effect of all compounds on OS (superoxide radical

formation) and apoptosis (caspase-3,7 activity) in the Glu model.

Also, as Glu has been shown to be a potent disruptor of redox ho-

meostasis in various types of neuronal cell lines [53], the OS

Fig. 6. (A) Mitochondrial membrane potential determined in neuron-like SH-SY5Y cells by JC10 dye. (B) Mitochondrial permeability transition pore formation expressed as calcein

quenching in the SAL-induced model of PD. All results are presented as mean ± standard error of the mean (SEM) from at least four independent experiments performed in

triplicate. *P compared with vehicle with 500 mM SAL, #P compared with vehicle without 500 mM SAL. A value of P < 0.05 was considered statistically significant. (C) Mitochondrial

permeability transition pore opening induced by SAL in human neuron-like SH-SY5Y cells visualized by fluorescence microscopy. Illustrative calcein AM/CoCl2 stained micro-

photographs are shown. Bar ¼ 50 mm. Neuron-like SH-SY5Y cells treated by DMSO (control), SAL alone (SAL), co-treatment of 500 mM SAL with 10 mM derivative 4 (þ4), 1 mM 10

(þ10); 1000 mM NAC (þNAC), 0.5 mM CsA (þCsA) for 24 h and stained by calcein AM/CoCl2.
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reducing activity of other compoundsmay play an important role in

neuroprotection. In this model, neuron-like SH-SY5Y cells were

treated for 4 h as described above and stained by DHE.

Similarly to PI staining, the Glu-induced rise of OS (superoxide

radical formation) was considered as 100%, relative to which the OS

reducing effect of the compounds was measured. As shown in

Fig. 8B, the neuron-like SH-SY5Y cells suffered from an intense

burst of OS after Glu application over a relatively short period of

time. Interestingly, the positive controls behaved differently in OS-

reducing activity. DFO showed better protective effects, leading to a

reduction in OS at 10 mM to 87.2 ± 2.19% of the control, whereas the

effect of CsA was similar at submicromolar concentrations (approx.

82%). Surprisingly, triterpene 10 demonstrated a significant

reduction in OS at 1 and 0.1 mM (72.2 ± 3.18% and 75.7 ± 3.19%,

respectively), whereas 4 demonstrated a comparable effect to CsA

at 10 mM, reaching 82.2± 3.12%. The different effects of derivatives 4

and 10 on OS suggest that compound 10 likely modulates the

protective effect on neuronal cells mainly through its effects on

superoxide radical formation in a straightforward manner. Such a

direct action on radical scavenging by the structurally similar tri-

terpene betulin was described in the literature [86]. To support the

results obtained by spectrophotometric quantification of OS for

derivative 10, neuron-like SH-SY5Y cells were stained by DHE and

observed under a fluorescent microscope. As shown in Figs. 8C, 10

induced a significant decrease in DHE staining, in contrast to

glutamate- or DFO-treated cells.

2.2.8. Differential effects of triterpenoids in the regulation of

apoptosis and mitochondrial depolarization after Glu intoxication

Many studies have shown a key role of caspase-3,7 (casp-3,7)

activation in Glu-induced cell death in SH-SY5Y cells, suggesting

that its regulation could play an important role in neuroprotection

[53,87e89]. Owing to the significant reducing activity of the new

terpenoids towards OS, the effect of derivatives 4 and 10 on ongoing

apoptosis was therefore studied by evaluating the activity of

caspase-3,7. Similarly to the SAL model, the casp-3,7 inhibitor Ac-

DEVD-CHO was used as a positive control and the result obtained

following 160 mM Glu treatment was set at 100%.

Interestingly, Glu caused a huge increase in casp-3,7 activity,

whereas healthy cells were associated with only minor activity

(13.7 ± 0.72%) (Fig. 9A). A strong reduction of casp-3,7 activation

was also achieved by Ac-DEVD-CHO at 0.05 mM (27.8 ± 0.97%) and

0.5 mM (13.7 ± 0.53%), while DFO and CsA showed a moderate to

low effect, reaching 77.4 ± 2.35% and 89.1 ± 1.97% at 10 mMDFO and

0.5 mM CsA, respectively. The effect of CsA on the level of casp-3,7

activity was in line with already published data [84]. Surprisingly,

both triterpenes were not very effective, demonstrating only a

slight effect on casp-3,7 activity: derivative 4 showed some effect at

10 mM (90.9 ± 1.26%) and 10 induced a reduction of casp-3,7 by

around 6% only.

These results provide further support that the protective effect

of compound 10was mainly due to a strong reduction in OS, which

in turn influenced the overall cell death of the neuron-like SH-SY5Y

cells. On the other hand, derivative 4 showed a stronger neuro-

protective effect compared to 10, yet showed a weaker reduction in

OS and a slightly better decrease in casp-3,7 activation. These ob-

servations suggest that other regulatory processes may be involved

in the neuroprotection mediated by the derivative 4. One of the

potential regulatory effects was subsequently discovered by

measuring the MMP of SH-SY5Y cells co-treated with 160 mM Glu

and compound 4 or 10.

As shown in Fig. 9B, mitochondrial membrane depolarization

was observed over a similar time period as casp-3,7 activation,

reaching 31.2 ± 4.60% in Glu-treated cells. Surprisingly, derivative 4

exhibited a highly potent effect in restoring the mitochondrial

potential at 10 mM (74.7 ± 7.44%), whereas derivative 10 was not

effective at all. Taken together, the results suggested that all com-

pounds were able to reduce casp-3,7 activation due to Glu intoxi-

cation. In contrast to the positive controls, which showed low

moderate (CsA) to moderate (DFO) casp-3,7 reducing activity,

Fig. 7. Illustrative fluorescent images of acridine orange (AO)/propidium iodide (PI) double-stained human neuron-like SH-SY5Y cells viewed under fluorescence microscope.

- viable cells, EA - early apoptosis, LA - late apoptosis, N - necrosis. The cells were treated with 500 mM SAL alone or in combination with 10 mM 4 (þ4), 1 mM 10

(þ10), 1000 mM N-acetylcystein (þNAC) or 0.5 mM cyclosporin A (CsA) for 24 h. Bar ¼ 50 mm.
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triterpenes 4 and 10 showed only a modest effect. More impor-

tantly, measurement of the MMP revealed that compound 4

mediated the protective effect mainly by restoring the MMP,

whereas derivative 10 probably modulated Glu toxicity by a direct

effect on superoxide radical formation.

2.2.8.1. Conclusion. In this study, a set of pentacyclic triterpenoids

was studied for their potential neuroprotective effects. Some of the

compounds were selected from existing non-toxic triterpenes from

our library, whereas others were synthesized for the first time.

Derivatives 3, 4, 5a and 10 alongwith positive controls CsA and NAC

were identified as neuroprotective in the SAL model. The most

effective compounds 3 and 4were broken down into substructures

to find out which part of the molecules was responsible for the

biological effects. We found that the substructure 10 (triterpene

conjugated to an unsubstituted triazole) provided complete pro-

tection at 1 mM against SAL toxicity unlike the other substructures.

Unfortunately, a higher concentration of 10 (10 mM)was found to be

cytotoxic. Since compounds 3 and 4 had very similar effects, we

further tested only the original structure 4 and substructure 10. The

effects of derivatives 4 and 10 on OS, caspase 3,7 activation, and

regulation of mitochondrial processes within the SAL-induced

model of PD on neuron-like cells were extensively studied.-

Whereas the effect of both derivatives on OS reduction was com-

parable, 10 outperformed all the tested compounds in the

inhibition of caspase-3,7. The effect of 10 was even comparable to

nanomolar concentrations of the caspase 3,7 inhibitor Ac-DEVD-

CHO. In subsequent evaluation of the MMP, compound 4 showed

a dose-dependent recovery effect outperforming all other tested

compounds. Conversely, derivative 10 did not demonstrate any

improvement of MMP at an active concentration (1 mM), probably

due to an unfavourable side effect on mitochondria. To explain the

potent casp-3,7 inhibitory effect of derivative 10, mPTP was eval-

uated as a key mediator of apoptosis and/or necrosis. The mPTP

assay showed that both triterpenes were potent blockers and

overcame the effect of NAC and CsA.

Based on these results, 4 and 10 were further tested in a Glu-

induced model of oxidative damage on neuron-like SH-SY5Y cells.

Fig. 8. (A) Neuroprotective effect of tested compounds in the glutamate (Glu)-induced model of cell death - PI staining. All results are presented as mean ± the standard error of the

mean (SEM) from four independent experiments performed in triplicate. (B) Glu-induced OS and OS-reducing activity of triterpenes and positive controls. All results are presented

as mean ± the standard error of the mean (SEM) from five independent experiments performed in triplicate. *P compared with vehicle with 160 mM Glu, #P compared with vehicle

without 160 mM Glu. A value of P < 0.05 was considered statistically significant. (C) Glu-induced OS in human neuron-like SH-SY5Y cells visualized by fluorescence microscopy.

Illustrative dihydroethidium (DHE) stained microphotographs are shown. Bar ¼ 50 mm. Neuron-like SH-SY5Y cells treated by DMSO (Control), 160 mM Glu (Glutamate), co-

treatment of 160 mM Glu with 1 mM 10 (þ10) or 10 mM deferoxamine (þDFO) for 4 h and stained by DHE.
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In this model, the glycosylated derivative 4 demonstrated the

strongest neuroprotective effect, whereas 10 was only slightly

protective. Surprisingly, further evaluation of 10 in an OS assay

revealed that it induced the strongest OS reducing effect of all the

tested compounds, suggesting that 10 mediates neuroprotection

via OS reduction.

Compound 4 showed only a moderate effect comparable with

the positive controls. Finally, the evaluation of casp-3,7 activity

resulted in only slight effects of 4 and 10, indicating that other

processes may be responsible for the induction of neuroprotection.

To conclude, 10 was shown to be a potent OS-reducing agent,

whereas 4-mediated protection was associated with a strong

restoring effect on the MMP in the Glu model. Based on these re-

sults, future work will focus on development of the lead structures

10 and 4 to include derivatization of the triazole part or substitution

with another heterocycle, reduction of the allyl moiety (Michael

acceptor) and derivatization with another sugar to reduce side ef-

fects and improve the neuroprotective activity (Fig. 10).

3. Experimental procedures

3.1. Chemistry

3.1.1. Instruments and methods

Melting points were determined using either Büchi B-545 or

STUART SMP30 apparatus and were uncorrected. Infrared spectra

were recorded on a Nicolet Avatar 370 FTIR and processed in

OMNIC 9.8.372. DRIFT stands for Diffuse Reflectance Infrared

Fourier Transform. 1H and 13C experiments were performed on Jeol

ECX-500SS (500 MHz for 1H), and VarianUNITY Inova 400 (400 MHz

for 1H) instruments using CDCl3, DMSO‑d6, CD3OD and THF-d8 as

solvents (25 �C). Chemical shifts (d) were referenced to the residual

signal of the solvent (CDCl3, DMSO‑d6, CD3OD or THF-d8) and are

reported in parts per million (ppm). Coupling constants (J) are re-

ported in Hertz (Hz). NMR spectra were processed in ACD/NMR

Processor Academic Edition 12.01, MestReNova 6.0.2e5475 or JEOL

Delta v5.0.5.1 software. EI-MS spectra were recorded on an INCOS

50 (Finnigan MAT) spectrometer at 70 eV with an ion source

Fig. 9. (A) Caspase-3,7 activity in the Glu model of oxidative damage in neuron-like SH-SY5Y cells after 1 h of treatment. (B) Mitochondrial membrane potential in the Glu model

after 1 h. All results represent mean ± the standard error of the mean (SEM) from four independent experiments performed in triplicate. *P compared with vehicle with 160 mM

Glu, #P compared with vehicle without 160 mM Glu. A value of P < 0.05 was considered statistically significant.

Fig. 10. Lead structures 4 and 10 and their effects in the SAL and Glu models.
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temperature of 150 �C. The samples were introduced from a direct

exposure probe at a heating rate of 10 mA/s. The relative abun-

dances stated are related to the most abundant ion in the regionm/

z > 180. HRMS analysis was performed using an LC-MS Orbitrap

Elite high-resolution mass spectrometer with electrospray ioniza-

tion (Dionex Ultimate 3000, Thermo Exactive plus, MA, USA).

Spectra were recorded in the positive and negative mode in the

range 100e1000 m/z. The samples were dissolved in MeOH and

injected into the mass spectrometer equipped with an autosampler

after HPLC separation: precolumn Phenomenex Gemini (C18,

50 � 2 mm, 2.6 mm), mobile phase isocratic MeOH/water/HCOOH

95:5:0.1. The course of the reactions was monitored by TLC on

Kieselgel 60 F254 plates (Merck) detected first by UV light (254 nm)

and then by spraying with 10% aqueous H2SO4 and heating to

150e200 �C. Purification was performed using column chroma-

tography on Silica gel 60 (Merck 7734). Chemicals and reagents

were purchased from Sigma-Aldrich and Lachner companies at the

best available qualities. Betulin diacetate (1), betulinic acid (2), and

allobetulon (11) were purchased from company Betulinines (www.

betulinines.com).

3.1.2. Conjugate with peracetylated galactose (3)

2,3,4,6-Tetra-O-acetyl-b-D-galactopyranosyl azide (127 mg,

0.34 mmol), CuI (3.3 mg, 0.017 mmol) and Hünigs base (22 mg,

0.17 mmol) were added to a stirred solution of 9 (100 mg,

0.17 mmol) in THF (5 mL). The initially colourful solution changed

immediately to brown-green, indicating the cycloaddition reaction.

The reaction mixture was stirred for a further 24 h at r.t., and then

the THF was evaporated under reduced pressure. Chromatography

on silica gel (5 g) in cyclohexane/EtOAc 3:1 afforded pure 3, which

was then crystallized to give white crystals of 3 (90 mg, 55%). m.p.

120e126 �C (cyclohexane/EtOAc); IR n (cm�1): 1751 (C]O), 1628

(C]C). 1H NMR (CDCl3, 500 MHz) d, ppm: 0.82 (3H, s); 0.83 (6H, s);

0.92 (3H, s); 1.01 (3H, s, 5� CH3); 1.87 (3H, s); 2.00 (3H, s); 2.03 (3H,

s); 2.04 (3H, s); 2.05 (3H, s); 2.22 (3H, s, 6 � Ac); 2.76 (1H, td,

J1 ¼11.2 Hz, J2 ¼ 5.2 Hz, H-19b); 3.84 (1H, d, J ¼ 11.2 Hz); 4.10e4.30

(4H, m); 4.45 (1H, dd, J1 ¼ 10.0 Hz, J2 ¼ 6.0 Hz, H-3a); 5.20e5.35

(3H, m); 5.50e5.65 (3H, m, 5 � HeCH2O, 1 � H-29 pro E); 5.84 (1H,

d, J ¼ 9.1 Hz, 1 � HeCH2O); 6.11 (1H, bs, H-29 pro Z); 7.92 (1H, s

triazole). 13C NMR (CDCl3, 500 MHz) d, ppm: 14.75; 15.98; 16.14;

16.25; 16.62, 18.11; 20.34; 20.25; 20.45; 20.60; 20.65; 20.80; 20.99;

21.28; 23.64; 26.88; 26.96; 27.32; 27.90; 29.74; 30.89; 34.09; 34.19;

37.17; 37.32; 37.92; 38.35; 40.98; 42.75; 46.57; 50.22; 55.49; 57.74;

61.25; 62.71; 66.95; 67.99; 70.87; 74.27; 81.01; 86.47; 119.89;

122.47; 143.62; 145.98; 167.09; 169.09; 169.91; 169.10; 170.41;

170.13; 171.63. HRMS (ESI): m/z calcd for C51H73N3O15 [MþH]þ

968.5114, found 968.5114.

3.1.3. Conjugate with peracetyl glucose (4)

2,3,4,6-Tetra-O-acetyl-b-D-glucopyranosyl azide (127 mg,

0.34 mmol), CuI (3.3 mg, 0.017 mmol) and Hünigs base (22 mg,

0.17 mmol) were added to a solution of 9 (100 mg, 0.17 mmol) in

THF (5 mL). The initially colourless solution changed immediately

into brown-green, indicating the cycloaddition reaction. The reac-

tion mixture was stirred at r.t. For another 24 h, and then the THF

was evaporated under reduced pressure. Chromatography on silica

gel (5 g, cyclohexane/EtOAc 3:1) afforded pure 4, which was then

crystallized to give white crystals of 4 (121 mg, 74%). m.p.

122e126 �C (cyclohexane/EtOAc); IR n (cm�1): 1732 (C]O); 1635

(C]C). 1H NMR (CDCl3, 500 MHz) d, ppm: 0.82 (3H, s); 0.83 (6H, s);

0.92 (3H, s); 1.02 (3H, s, 5� CH3); 1.85 (3H, s); 2.02 (3H, s); 2.03 (3H,

s); 2.06 (3H, s); 2.08 (3H, s); 2.16 (3H, s, 6 � Ac); 2.76 (1H, td

J1¼11.5 Hz, J2¼ 5.8 Hz, H-19b); 3.86 (1H, td, J¼ 10.8 Hz); 3.98e4.05

(1H, m); 4.09e4.35 (4H, m); 4.41 (1H, dd, J1¼10.1 Hz, J2¼ 5.2 Hz, H-

3a); 5.20e5.35 (3H, m); 5.42 (2H, m); 5.58 (1H, m); 5.87 (1H, d,

J ¼ 9.2 Hz); 6.11 (1H, s); 7.85 (1H, s, triazole). 13C NMR (CDCl3,

500 MHz) d, ppm: 14.75; 16.14; 16.25; 16.62; 18.12; 20.08; 20.47;

20.50; 20.65; 20.69; 20.80; 20.99; 21.28; 23.64; 26.88; 26.96; 27.37;

27.91; 29.74; 30.89; 34.09; 34.17; 37.01; 37.16; 37.75; 38.34; 40.82;

42.59; 46.41; 50.04; 55.32; 57.67; 61.48; 62.53; 67.64; 70.24; 73.23;

75.38; 81.00; 85.93; 122.20; 122.25; 143.65; 143.81; 167.03; 168.91;

169.45; 170.02; 170.58; 171.12; 171.63. HRMS (ESI): m/z calcd for

C51H73N3O15 [MþH]þ 968.5114, found 968.5115.

3.1.4. Allobetulon-2b-carbonitrile 6

A modified procedure from Ref. [57] was used. 2-

Bromoallobetulon (2.0 g; 3.3 mmol) was dissolved in DMSO

(100 mL) and sodium cyanide (328 mg; 6.7 mmol) was added. The

reaction progress was monitored by TLC in hexane/EtOAc 5:1. The

reaction mixture was stirred for 24 h at r.t. The reaction was

quenched by adding a double volume of water and the product was

extracted into toluene. The organic phase was collected, washed

with water and the solvents were removed in vacuo. Crude car-

bonitrile 6 was purified by chromatography on silica gel in toluene

e toluene/Et2O 10:1 and crystallized from cyclohexane to give

white crystals of chromatographically uniform 2-carbonitrile 6

(700 mg; 45%). m.p. 268e270 �C (cyclohexane); [a]D þ64.9� (c

0.47). IR n (cm�1): 2245 (CN), 1738 (C]O) cm�1.1H NMR (500 MHz,

CDCl3) d: 0.78e0.74 (1H, m); 0.79 (3H, s); 0.88 (3H, s); 0.93 (3H, s);

0.95 (3H, s); 0.97 (3H, s); 1.07 (3H, s); 1.34 (3H, s, 7� CH3); 1.67 (1H,

d, J ¼ 11.8 Hz, H-1b); 2.30 (1H, dd, J ¼ 15.3, 1.7 Hz, H-1b); 3.44 (1H,

d, J¼ 7.8 Hz, H-28a); 3.51 (1H, s, H-19b); 3.67 (1H, s, H-2); 3.75 (1H,

d, J ¼ 7.6 Hz, H-28-b). 13C NMR (101 MHz, CDCl3) d: 13.52; 15.61;

17.35; 19.74; 21.41; 24.65; 26.27; 26.40; 26.45; 28.90; 29.58; 32.77;

33.16; 34.14; 34.40; 36.37; 36.81; 37.16; 37.76; 40.68; 40.92; 41.58;

46.83; 51.17; 52.29; 56.12; 61.65; 71.32; 77.36; 87.99; 118.62. HRMS

(ESI-TOF) m/z calcd for C31H47NO2 [MþH]þ 466.3680, found

466.3678.

3.1.5. 3,28-Diacetoxylup-20(29)-en-30-oic acid (12)

Betulin diacetate was oxidized using SeO2 in refluxing GLYM

according to a previously published procedure to form 30-

oxobetulin diacetate [90]. Jones reagent prepared from CrO3

(110 mg, 1.1 mmol) was added to a solution of 30-oxobetulin

diacetate (100 mg, 0.184 mmol) in acetone (5 mL) at 0 �C during

2 h. After another 8 h, the starting material was consumed

(monitored by TLC in cyclohexane/EtOAc 2:1) and the reaction

mixture was extracted between water and EtOAc. The crude

product was chromatographed on silica gel (5 g) in cyclohexane/

EtOAc 3:1. Pure 12 (46.4 mg, 45%) was obtained as white crystals.

m.p. 140e144 �C (acetone/water). IR n (cm�1): 3450b (OH), 1631

(C]C). 1Н NMR (CDCl3, 500 MHz) d, ppm: 0.84 (3H, s); 0.85 (6H, s);

0.96 (3H, s); 1.04 (3H, s, 5 � CH3); 2.04 (3H, s, Ac); 2.08 (3H, s, Ac);

2.15e2.24 (1H, m); 2.79 (1H, td, J1 ¼ 11.2 Hz, J2 ¼ 5.5 Hz, H-19b);

3.87 (1H, d, J ¼ 11.2 Hz); 4.28 (1H, d, J ¼ 4.9 Hz); 4.47 (1H, dd,

J¼ 10.3 Hz, J¼ 5.2 Hz, H-3a); 5.69 (1H, s, H-29 pro-E); 6.27 (s,1H, H-

29 pro-Z). 13C NMR (CDCl3, 500 MHz) d, ppm: 14.65; 16.00; 16.10;

16.47; 18.14; 20.86; 21.02; 21.28; 23.65; 24.45; 26.99; 27.45; 27.92;

29.76; 31.56; 34.11; 34.21; 37.02; 37.20; 37.77; 38.35; 40.07; 40.84;

42.61; 46.43; 50.07; 55.33; 62.63; 80.90; 125.39; 145.99; 171.58;

171.06, 171.94. HRMS (ESI): m/z calcd for C34H52O6 [MþH]þ

555.3680, found 555.3677.

3.1.6. Propargyl 3,28-diacetoxylup-20(29)-ene-30-oate (9)

Propargyl bromide (60 mL, 80% solution in THF, 0.54 mmol) was

added to acid 12 (100 mg, 0.18 mmol) in THF (5 mL) followed by

anhydrous K2CO3 (124 mg, 0.9 mmol). The reaction mixture was

stirred under reflux for 24 h and then poured into water. The crude

product was extracted into EtOAc and washed with water (twice).

The crude compound was purified via chromatography on silica gel
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(5 g) cyclohexane/EtOAc 3:1. Propargyl ester 9 was obtained as

white crystals (92 mg, 86%). m.p. 134e138 �C (cyclohexane/EtOAc);

IR n (cm�1): 3308 (C^CH), 2250 (C^C), 1728 (C]O), 1623 (C]C).
1H NMR (CDCl3, 500 MHz) d, ppm: 0.83 (3H, s); 0.84 (6H, s); 0.94

(3H, s); 1.03 (3H, s, 5 � CH3); 2.04 (3H, s, Ac); 2.08 (3H, s, Ac); 2.49

(1H, t, J¼ 2.3 Hz); 2.77 (1H, td, J1 ¼11.2 Hz, J2 ¼ 5.7 Hz, H-19b); 3.86

(1H, d, J ¼ 10.9 Hz); 4.27 (1H, dd, J1 ¼11.2 Hz, J2 ¼ 1.2 Hz); 4.47 (1H,

dd, J1 ¼10.3 Hz, J2 ¼ 5.4 Hz, H-3a); 4.76 (2H, m, H-28a, H-28b); 5.62

(1H, s, H-29 pro-E); 6.14 (1H, s, H-29 pro-Z); 13C NMR (CDCl3,

500 MHz) d, ppm: 14.71; 16.09; 16.20; 16.57; 18.24; 20.91; 21.12;

21.39; 23.76; 27.07; 27.34; 28.01; 29.86; 30.41; 32.04; 34.20; 34.33;

37.12; 37.25; 37.88; 38.46; 40.93; 42.72; 46.52; 50.17; 51.04; 52.20;

55.44; 62.73; 74.90; 77.83; 80.96; 124.48; 145.98; 166.48; 171.09;

171.64. HRMS (ESI): molecule did not ionize.

3.1.7. 1H-1,2,3-triazol-4-ylmethyl 3b,28-diacetyloxylup-20(29)-en-

30-oate (10)

CuI (4 mg, 0.02 mmol) was added to a solution of alkyne 9

(50 mg, 0.08 mmol), Dod-azide (bis [4-methoxyphenyl]methyl

azide, 23 mg, 0.084 mmol), DIPEA (2 mg, 0.02 mmol), and HOAc

(2 mg, 0.02 mmol) in CH2Cl2 (2 mL) under nitrogen at r.t. The re-

action mixture was stirred for 24 h and then diluted with DCM and

washed with 1 N HCl in water. The organic phase was dried over

Na2SO4 and the solvent was evaporated under reduced pressure

The residue was purified by column chromatography on silica gel

(hexane/EtOAc, 3:1), giving the (1-(bis(4-methoxyphenyl)methyl)-

1H-1,2,3-triazol-4-yl)methyl 3b,28-diacetyloxylup-20 (29)-en-30-

oate (68 mg, 99% yield) as a white solid. Rf ¼ 0.39 (Hexane e

EtOAc, 3:2). IR n (cm�1): 1726 (C]O), 1628 (C]C). 1Н NMR (CDCl3,

500 MHz) d, ppm: 0.83 (6H, s), 0.84 (3H, s), 0.88 (3H, s), 1.01 (3H, s,

5 � Me), 2.04 (3H, s, Ac), 2.06 (3H, s, Ac), 2.73 (1H, td, J1 ¼ 11.3 Hz,

J2 ¼ 5.6 Hz, H-19b), 3.80 (6H, s, MeO), 3.83 (1H, d, J ¼ 11.3 Hz, H-

28a), 4.25 (1H, d, J1 ¼ 11.3 Hz, H-28b), 4.46 (1H, dd, J1 ¼ 10.7 Hz,

J2 ¼ 5.5 Hz, H-3a), 5.25 (1H, d, J1 ¼ 12.7 Hz, H-60a), 5.29 (1H, d,

J1 ¼12.7 Hz, H-60b), 5.55 (1H, s, H-29 pro-E), 6.09 (1H, s, H-29 pro-

Z), 6.87 (4Harom, dd, J ¼ 8.8 Hz, J ¼ 0.9 Hz), 6.99 (1H, s H-100), 7.02

(2Harom, d, J ¼ 8.8 Hz), 7.03 (2Harom, d, J ¼ 8.8 Hz), 7.46 (1H, s, H-

50). 13C NMR (CDCl3, 500 MHz) d, ppm: 14.7, 16.1, 16.2, 16.6, 18.3,

21.0, 21.1, 21.4, 23.8, 27.1, 27.4, 28.1, 29.8, 29.9, 32.1, 34.25, 34.34,

37.2, 37.3, 37.9, 38.5, 41.0, 42.8, 46.6, 50.2, 51.0, 55.47 (2C), 55.49,

58.1, 62.7, 67.5, 81.0, 114.40 (2C), 114.41 (2C), 123.7, 124.3, 129.3 (2C),

129.4 (2C), 130.53, 130.55, 142.6, 146.2, 159.80, 159.81, 167.2, 171.1,

171.6. HRMS (ESI): m/z calcd for C52H70N3O8 [MþH]þ 864.5157,

found 864.5164.

A 50% solution of TFA in CH2Cl2 (1 mL) was added to the inter-

mediate (1-(bis(4-methoxyphenyl)methyl)-1H-1,2,3-triazol-4-yl)

methyl 3b,28-diacetyloxylup-20 (29)-en-30-oate (66 mg,

0.08 mmol) and anisole (20 mL) in CH2Cl2 (1 mL) at r.t. The reaction

mixture was stirred for 1 h and then diluted with water. The crude

product was extracted with CHCl3. The organic phase was washed

with 5% NaHCO3 in water, dried over Na2SO4 and the solvents were

evaporated under reduced pressure. The residue was purified by

column chromatography on silica gel (CHCl3/MeOH, 3:1), giving the

triazole 10 (34 mg, 71% yield) as a white solid. Rf ¼ 0.62 (CHCl3 e

MeOH, 3:1). m.p. 118e120 �C (MeOH); IR n (cm�1): 3450 (NH), 1720

(C]O), 1631 (C]C). 1Н NMR (CDCl3, 500 MHz) d, ppm: 0.83 (6H, s),

0.84 (3H, s), 0.89 (3H, s), 1.01 (3H, s, 5 � Me), 1.78 (1H, d,

J1 ¼ 12.3 Hz, J2 ¼ 8.0 Hz), 1.83e1.86 (2H, m), 2.04 (3H, s, Ac), 2.07

(3H, s, Ac), 2.12e2.16 (1H, m), 2.76 (1H, td, J1 ¼11.3 Hz, J2 ¼ 5.6 Hz,

H-19b), 3.85 (1H, d, J ¼ 11.0 Hz, H-28a), 4.25 (1H, d J1 ¼11.0 Hz, H-

28b), 4.46 (1H, dd, J1¼10.9 Hz, J2¼ 5.2 Hz, H-3a), 5.34 (2H, s, H-60),

5.59 (1H, s, H-29 pro-E), 6.11 (1H, s, H-29 pro-Z), 7.78 (1H, s, H-5’).

13C NMR (CDCl3, 125 MHz) d, ppm: 14.7, 16.1, 16.2, 16.6, 18.3, 20.9,

21.2, 21.5, 23.8, 27.1, 27.4, 28.1, 29.9, 32.1, 34.2, 34.3, 37.2, 37.3, 37.9,

38.5, 41.0, 42.7, 46.5, 50.2, 51.0, 53.5, 55.5, 57.4, 62.8, 81.2, 124.4,

146.2, 167.2, 171.4, 171.9. HRMS (ESI): m/z calcd for C37H56N3O6

[MþH]þ 638.4164, found 638.4162.

3.1.8. [1-(20,30,40,60-tetra-O-acetyl-b-D-galactopyranosyl)-1H-1,2,3-

triazol-4-yl]-methanol

2,3,4,6-Tetra-O-acetyl-b-D-galactopyranosyl azide (280 mg,

0,75 mmol) was dissolved in t-BuOH (20 mL), then CuSO4$5H2O

(93 mg, 0.37 mmol, 0.5 equiv.), sodium ascorbate (120 mg,

0.6 mmol, 0.8 equiv.) and distilled water (10 mL) were added. The

heterogeneous reaction mixture was stirred vigorously for 5 min

and propargyl alcohol (65 mL, 1.13 mmol, 1.5 equiv) was added. The

mixture was heated to 50 �C for 24 h. The reaction was monitored

by TLC. The reaction mixture was filtered and the solvents were

lyophilized. The crude product was purified using reverse phase

HPLC with PDA andMS detection and amobile phase of 0.5% NaOAc

in water: MeCN (gradient from 35% to 50% MeCN) to obtain 13 as a

white solid. Yield 202 mg (63%); m.p. 155e157 �C (cyclohexane/

MeOH); IR n (cm�1): 3469b (OH), 1700e1750 (C]O) cm�1.1H NMR

and 13C NMR are in agreement with the literature [58]. HRMS (ESI):

m/z calcd for C17H23N3O11 ([M þ H]þ), 430.1456, found 430.1456.

3.2. Biological evaluation

3.2.1. Drugs and reagents

Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12

(DMEM/F-12), penicillin, streptomycin, fetal bovine serum, trypsin,

propidium iodide, dihydroethidium, all-trans retinoic acid, N-ace-

tylcysteine, defferoxamin, cyclosporin A, salsolinol hydrobromide,

glutamate monosodium salt, buffer components for One-step cas-

pase 3,7 assay, acridine orange, the mitochondrial membrane JC10

kit and cobalt (II) chloride were purchased from Sigma-Aldrich

Merck. The neurite outgrowth kit (Invitrogen™) and Calcein AM

were obtained from ThermoFisher. The caspase-3,7 substrate (Ac-

DEVD-AMC) was purchased from Enzo Life Sciences, Inc.

3.2.2. SH-SY5Y cell culture

The SH-SY5Y human neuroblastoma cell line obtained from

ATCC (American Type Culture Collection, Manassas, VA, USA) was

cultivated in Dulbecco’s modified Eagle’s Medium and Ham’s F12

Nutrient Mixture (DMEM:F-12, 1:1), supplemented with 10% fetal

bovine serum (FBS) and 1% penicillin and streptomycin at 37 �C in a

humidified atmosphere of 5% CO2. The cell culture was used for all

experiments until it reached passage 20. For each experiment, SH-

SY5Y cells were seeded at a density according to the type of assay

(5000, 7000, 10 000 and 20 000 cells/well) in 96-multiwell plates

in 100 ml total volume of medium. The next day, all-trans retinoic

acid in 1% FBS DMEM/F12 mediumwas added to the SH-SY5Y cells

at a final concentration of 10 mM. The cells were kept under

differentiated conditions for 48 h to achieve longer neurites and

reduced proliferation.

3.2.3. Microscopy

Neuron-like SH-SY5Y cells were observed under a Leica DM IL

LED (Leica Microsystems, Germany) fluorescence microscope with

different excitation filters according to the type of assay or a

brightfield setup. Images were captured using an Olympus DP73

high-performance digital camera (Olympus, Tokyo, Japan) and

processed by ImageJ software (Fiji).

3.2.4. Cell membrane staining (neurite outgrowth kit, Invitrogen™)

SH-SY5Y cells (5000 cells/well) after 48 h of the differentiation

procedure were stained by a neurite outgrowth kit (Invitrogen™)

according to the manufacturer’s protocol with small modifications.

Briefly, cells were washed by PBS and stained with a solution of

membrane staining dye (protocol for 96multiwell plates) in PBS for
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20 min at 37 �C. After 20 min, the dye in PBS was aspirated and

replaced by fresh PBS. Microphotographs of the cells were recorded

under the fluorescence microscope.

3.2.5. Cell treatment

After 48 h differentiation, the old differentiation medium was

replaced by fresh 1% DMEM/F12 medium containing the tested

compounds at 0.1, 1 and 10 mM concentration (7000 cells/well e

cytotoxicity) as a co-treatment with 500 mm SAL

(7000e10 000 cells/well) or 160 mM Glu (20 000 cells/well) for a

duration according to the assay type. Control cells were treated by

medium containing �0.1% of DMSO.

3.2.6. Cell viability and cell death

After 24 h of treatment, the cell viability of neuron-like SH-SY5Y

cells growing in 96-well plates (7000 cells/well) was evaluated by

the calcein AM assay [61]. Calcein AM solution (Invitrogen™) was

added to a final concentration of 0.75 mM, and cells were incubated

for 50 min. The fluorescence of free intracellular calcein was

measured at 495/517 nm (excitation/emission) using an Infinite

M200 Pro (Tecan, Austria) microplate reader. The cell viability was

calculated as a percentage of control (DMSO control cells). Cell

death of the neuron-like cells (SAL model: 10 000 cells/well; Glu

model: 20 000 cells/well) was determined by the PI assay according

to Stone et al., 2003 [66]. Briefly, PI was diluted to a 1 mg/mL so-

lution in DMSO. Basic solutionwas diluted in PBS and then added to

cell medium to reach concentration 1 mg/mL (Glu-model). In the

SAL model, the old medium was replaced with a PBS solution of PI

(1 mg/mL). The cells were incubated for 15e25 min at r.t. PI stained

cells were quantified at 535/617 nm (excitation/emission) using an

Infinite M200 Pro reader (Tecan, Austria). The fluorescence after

treatment with the toxins was considered to correspond to 100%

cell death.

3.2.7. Measurement of oxidative stress by dihydroethidium (DHE)

assay

Cells were left to differentiate and subjected to treatment pro-

tocols according to the model of study for 24 h (SAL, 10 000 cells/

well) or 4 h (Glu, 20 000 cells/well) in a 96-well plate, as described

above. Then, cells were centrifuged at 500 g for 5 min and 30 s,

followed by replacement of the old medium with PBS solution

containing 10 mM dihydroethidium (DHE). Afterwards, the plate

with cells was kept in the dark at r.t. For 30 min, and then super-

oxide radical formation (DHE signal) was quantified at 500/580 nm

(excitation/emission) using an Infinite M200 Pro (Tecan, Austria)

microplate reader. The resulting fluorescence intensity of DHE after

toxin treatment was considered to be 100% superoxide radical

formation, relative to which the individual percentages for the co-

treatments were calculated. For visualization, cell images were

observed using fluorescence microscopy.

3.2.8. Measurement of caspase 3/7 activity

A one-step caspase 3/7 assay was performed according to Car-

rasco et al., 2003 [91] with small modifications. Neuron-like SH-

SY5Y cells were co-treated by toxins and the tested compounds and

then incubated for 24 h (SALmodel) or 1 h (Glu model). Afterwards,

a solution of 3x caspase-3,7 assay buffer (containing 150mMHEPES

pH 7.4, 450mMNaCl,150mMKCl, 30mMMgCl2, 1.2 mMEGTA,1.5%

Nonidet P40, 0.3% CHAPS, 30% sucrose) with DTT (30 mM), PMSF

(3 mM) and 75 mM Ac-DEVD-AMC (Enzo Life Sciences) was added

to eachwell of a 96-well plate, and the platewas incubated at 37 �C.

Caspase-3,7 activity was measured using an Infinite M200 Pro

(Tecan, Austria) microplate reader at 346 nm/438 nm (excitation/

emission) after 2 h (SAL model) and 3 h (Glu model). The fluores-

cence after treatment with the toxins was considered to correspond

to 100% caspase 3/7 activity.

3.2.9. Measurement of mitochondrial membrane potential by JC10

assay

SH-SY5Y cells (20 000 cells/well) were subjected to the co-

treatment procedure for 24 h (SAL model) and 4 h (Glu model).

After incubation, neuron-like cells were evaluated by the JC10 assay

according to the manufacturer’s procedure (mitochondrial mem-

brane potential kit MAK-159, Sigma Aldrich, Merck).

3.2.10. Measurement of mitochondrial permeability transition pore

opening by calcein AM/CoCl2 assay

Mitochondrial permeability transition pore opening was esti-

mated by the calcein AM/CoCl2 assay with modifications as

described in another study [78]. Briefly, neuron-like SH-SY5Y cells

(20 000 cells/well) intoxicated by SAL or its combination with the

tested compounds for 24 hwere centrifuged at 500 g for 5 min 30 s.

Then, the mediumwas aspirated and a solution of 1 mM calcein AM

and 2 mM CoCl2 in Hank’s balanced salt solution (HBSS) was added

and incubated at 37 �C for 20 min in a 5% CO2 atmosphere. After

incubation, the fluorescence intensity was measured by an Infinite

M200 Pro (Tecan, Austria) microplate reader at 488 nm/517 nm

(excitation/emission). The resulting signals were calculated as

percentages of the DMSO control. Images of the cells were observed

using a fluorescence microscope with subsequent processing in

ImageJ software. For detailed observation the region of interests

was taken.

3.2.11. In vitro models of cell death e acridine orange (AO)/

propidium iodide (PI) double staining

Neuron-like SH-SY5Y cells (10 000 cells/well) were treated ac-

cording to the SAL model, and the cells were kept with toxin for

24 h. The next day, the cells were centrifuged at 500 g for 5.5 min

and the medium was replaced by AO (0.5 mM)/PI (1 mg/mL) PBS

solution. The cells were kept at r.t. For 25 min, and then repre-

sentative fluorescence microphotographs were obtained.

3.2.12. Statistical analysis

All data are expressed as mean ± SEM calculated and visualized

by GraphPad Prism 8.4.3 software (La Jolla, USA). For statistical

analysis the PAST (ver. 1.97) software package [92] was used. The

statistical significance was determined by non-parametric Kruskal-

Wallis followed by Mann-Whitney post hoc test with sequential

Bonferroni correction of p-values. A P < 0.05 value was considered

as significant.
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A B S T R A C T   

Kinetin (N6-furfuryladenine), a plant growth substance of the cytokinin family, has been shown to modulate 
aging and various age-related conditions in animal models. Here we report the synthesis of kinetin isosteres with 
the purine ring replaced by other bicyclic heterocycles, and the biological evaluation of their activity in several in 
vitro models related to neurodegenerative diseases. Our findings indicate that kinetin isosteres protect Friedreich́s 
ataxia patient-derived fibroblasts against glutathione depletion, protect neuron-like SH-SY5Y cells from 
glutamate-induced oxidative damage, and correct aberrant splicing of the ELP1 gene in fibroblasts derived from a 
familial dysautonomia patient. Although the mechanism of action of kinetin derivatives remains unclear, our 
data suggest that the cytoprotective activity of some purine isosteres is mediated by their ability to reduce 
oxidative stress. Further, the studies of permeation across artificial membrane and model gut and blood-brain 
barriers indicate that the compounds are orally available and can reach central nervous system. Overall, our 
data demonstrate that isosteric replacement of the kinetin purine scaffold is a fruitful strategy for improving 
known biological activities of kinetin and discovering novel therapeutic opportunities.   

1. Introduction 

Cytokinins, N6-substituted adenines in chemical terms, are major 
regulators of plant growth and development but they also have activities 

in other organisms, including humans.1 In plants, they occur as free 
cytokinin bases (the active forms) as well as ribosides and glucosides 
(transport and storage forms). The first studies of their pharmacological 
activity in humans focused on the anti-cancer activity of certain 
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cytokinin ribosides. Later research focused on cytokinin bases, for which 
diverse activities (including neuroprotective, antipsoriatic, and anti-
aggregatory activities) have been reported, as reviewed by Kadlecová 
et al. in 2019.2 In contrast to some cytokinin ribosides, cytokinin bases 
show no or limited toxicity toward human cells. The most intensively 
studied cytokinin base is kinetin (N6-furfuryladenine), in large degree 
because it delays the aging of human cells in vitro3 and may naturally 
occur in humans.4 An important impetus for kinetin research was the 
discovery of its ability to correct the aberrant ELP1 and NF1 pre-mRNA 
splicing responsible for the neurodegenerative disorders familial dys-
autonomia and neurofibromatosis type I, respectively.5,6 Follow-up 
studies demonstrated that kinetin can increase the abundance of ELP1 
wild-type transcripts in transgenic mouse familial dysautonomia 
models. The first human studies demonstrated that kinetin is orally 
available.7 Recently, promising in vitro results have been reported for 
combination of kinetin and phoshatidylserine.8 Other investigations 
showed that kinetin has protective activity in models of Parkinson’s9 

and Huntington’s diseases.10 

In plants, cytokinin signaling is well characterized, from signal 
recognition by plasma membrane receptors (e.g., AHK2, AHK3 and 
AHK4 in the model plant Arabidopsis thaliana) to activation of the 
response genes.11 In contrast, mechanisms of action of cytokinins, 
including kinetin, in human cells remain largely unknown. Studies of 
cytokinin bases often focus on their ability to protect biological mac-
romolecules, cells, and tissues against stress by direct antioxidant ac-
tivity or induction of antioxidant defenses, as reviewed by Kadlecová 
et al. in 2019.2 Recent exciting studies have shown that kinetin riboside- 
5′-triphosphate, a metabolite of kinetin, acts as a neosubstrate of the 
mitoprotective kinase PINK19 and CK2 kinase, which phosphorylates 
huntingtin aggregates.10 Perturbance of these kinases’ activities plays 
major roles in Parkinson’s and Huntington’s diseases, respectively, so 
restoring or modulating their activities using kinetin could provide 
potent novel therapeutic options. 

In contrast to cytokinin ribosides, for which several series of de-
rivatives have been reported12–19, studies of pharmacological activities 
of cytokinin bases have been largely limited to naturally occurring 
bases. However, a correction of aberrant splicing of ELP1 by 2-chlor-
okinetin20 and some 6,8-disubstituted purines21 was reported and it was 
also demonstrated that 9-substituted derivatives of kinetin protect skin 
cells against UV light.22 In those studies, effects of substitution of the 
purine ring or replacement of the furan moiety was explored. Pharma-
cological activity of kinetin isosteres is subject of two recent US patents. 
Whereas 1067647523 deals with effects on alternative pre-RNA splicing, 
1016728624 deals with PINK1 activation in the context of mitopro-
tection and neuroprotection. Previously, kinetin isosteres were studied 
as plant hormones.25–27 

Here, we report an evaluation of effects of replacing the purine 
moiety of kinetin (1) and 2-chlorokinetin (2) by other fused heterocycles 
(Table 1) on biological activities in several assays related to neurode-
generative diseases. 

2. Material and methods 

2.1. Synthesis 

The test compounds include both commercial compounds, from 
Olchemim (kinetin − 1) and Molport (14–23), and prepared com-
pounds. The synthesis of the latter is described in detail below. An 
exception is 2-chlorokinetin (2) that was provided by Dr. Mik (Palacký 
University) and its analytical data correspond to the previously pub-
lished data.28 

All chemicals and solvents for synthesis were purchased in analytical 
or HPLC grade quality from available suppliers and used without further 
purification. For microwave-assisted synthesis steps, reagents were 
placed in 10 mL closed vessels and subjected to treatment with a 
Discover SP microwave reactor (CEM Corporation) using dynamic mode 

and the following settings: stirring – high, power – 200 W, ramp time – 2 
min, temperature 120 ◦C, hold time – 10 min cycles, powermax - on. 
Solid-phase synthesis was carried out in plastic reaction vessels (sy-
ringes, each equipped with a porous disk) using a manually operated 
synthesizer. All reactions were carried out at ambient temperature (25 
◦C) unless stated otherwise. The volume of wash solvent was 10 mL per 
1 g of resin. For washing, resin slurry was shaken with the fresh solvent 
for at least 1 min before changing the solvent. Resin-bound in-
termediates were dried by a stream of nitrogen for prolonged storage 
and/or quantitative analysis. 

For LC/MS analysis a sample of resin (~5 mg) was treated by TFA in 
DCM, the cleavage cocktail was evaporated by a stream of nitrogen, and 
cleaved compounds were extracted into 1 mL of MeCN/H2O (1:1). Prior 
to biological testing all the residual solvents were removed from the 
samples by careful lyophilization at −110 ◦C using a ScanVac Coolsafe 
110-4 freeze-dryer. Thin layer chromatography (TLC) was performed on 
Silica gel 60 F254 plates (Merck) and migrating compounds were 
detected by 254 nm UV light and/or visualized by vanillin staining. 
Crude products were purified by column chromatography using 40–63 
μm Silikagel (VWR). Compounds cleaved from the resin were purified 
chromatographically using a C18 reverse phase column (YMC Pack ODS- 
A, 20 × 100 mm, 5 μm particles), and mobile phase consisting of a 
gradient formed from 10 mM aqueous ammonium acetate and MeCN, 
with a flow rate of 15 mL/min. 

The LC-MS analyses were performed following published protocols29 

and compounds synthesized on solid phase were analysed using a 
UHPLC-MS system consisting of an Acquity UHPLC chromatograph, 
coupled to a single quadrupole mass spectrometer (Waters), and 
equipped with a photodiode array detector and X-Select C18 column 

Table 1 
Overview of the tested compounds.  

No. C2 
Subst. 

C6 substituent Isostere core 

1 -H furfurylamino- purine 
2 -Cl furfurylamino- purine 
3 -H furfurylamino- 3H-imidazo[4,5-b]pyridine, 1- 

deazapurine 
4 -Cl furfurylamino- 3H-imidazo[4,5-b]pyridine, 1- 

deazapurine 
5 -H furfurylamino- 1H-imidazo[4,5-c]pyridine, 3- 

deazapurine 
6 -Cl furfurylamino- 1H-imidazo[4,5-c]pyridine, 3- 

deazapurine 
7 -H furfurylamino- 7H-pyrrolo[2,3-d]pyrimidine, 7- 

deazapurine 
8 -Cl furfurylamino- 7H-pyrrolo[2,3-d]pyrimidine 7- 

deazapurine 
9 -H furfurylamino- 5H-pyrrolo[3,2-d]pyrimidine, 9- 

deazapurine 
10 -Cl furfurylamino- 5H-pyrrolo[3,2-d]pyrimidine, 9- 

deazapurine 
11 -H furfurylamino- 3H-[1,2,3]triazolo[4,5-d] 

pyrimidine, 8-azapurine 
12 -H furfurylamino- pyrazolo[1,5-a]pyrimidine 
13 -H furfurylamino- pyrazolo[4,3-d]pyrimidine 
14 -H furfurylamino- 1-methyl-1H-pyrazolo[3,4-d] 

pyrimidine 
15 -H 5-methylfurfurylamino- 1H-pyrazolo[3,4-d]pyrimidine 
16 -H (furfuryl)(methyl)amino- 1-methyl-1H-pyrazolo[3,4-d] 

pyrimidine 
17 -H (1-(5-methylfuran-2-yl) 

ethyl)amino- 
1-methyl-1H-pyrazolo[3,4-d] 
pyrimidine 

18 -H (5-methylfurfuryl)(methyl) 
amino- 

1-methyl-1H-pyrazolo[3,4-d] 
pyrimidine 

19 -H furfurylamino- thieno[2,3-d]pyrimidine 
20 -H furfurylamino- thieno[3,2-d]pyrimidine 
21 -H furfurylamino- furo[2,3-d]pyrimidine 
22 -H furfurylamino- 5,6-dimethylfuro[2,3-d] 

pyrimidine 
23 -H furfurylamino- quinazoline  
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maintained at 30 ◦C. The mobile liquid chromatography phase consisted 
of a linear gradient of 20–80% MeCN balanced with 0.01 M ammonium 
acetate in H2O, over 2.5 min, followed by a hold at 80% MeCN for 1.5 
min and re-equilibration with 20% B for 1 min (flow rate: 600 μL/min). 
The ESI I source of the MS was operated at discharge current of 5 μA, 
vaporizer temperature of 350 ◦C, and capillary temperature of 200 ◦C. 

Melting points of synthesized compounds reported here were 
determined using a Kofler, Stuart SMP30 or Stuart SMP 40 melting point 
apparatus and are uncorrected. The elemental analysis of prepared 
compounds was performed on CHN-O Analyzer EA Flash 1112 Series 
(Thermo Finnigan). Analyses indicated by the symbols of the elements 
were within ±0.4% of the theoretical values 

NMR spectra were recorded on Bruker Avance (300 or 500 MHz), 
Jeol ECA-500 MHz, and Jeol ECX500 spectrometers operating at 300 
MHz (1H), 75 MHz (13C) or 500 MHz (1H), and 125 MHz (13C), fre-
quencies, respectively. Samples were dissolved in DMSO‑d6 or CDCl3 
and the chemical shifts (δ) reported in ppm were calibrated against a 
residual solvent peak (2.49 ppm for proton - DMSO‑d5, 7.26 ppm for 
proton – CHCl3) and DMSO‑d6 (39.5 ppm for carbon) or CDCl3 (77.0 
ppm for carbon). The NMR spectra are available as Appendix A. Pre-
pared compounds were subjected to HRMS analysis using Agilent 6224 
Accurate-Mass TOF LC-MS with dual electrospray/chemical ionization 
mode with mass accuracy greater than 2 ppm or Dionex Ultimate 3000 
chromatograph and Exactive Plus Orbitrap Elite high-resolution mass 
spectrometer (ThermoFisher, MA, USA) operating in positive full scan 
mode (120 000 FWMH) in the range of 100–1000 m/z The oven tem-
perature and source voltage for electrospray ionization were set at 150 
◦C and 3.6 kV, respectively. The acquired data were internally calibrated 
with phthalate as a contaminant in MeOH (m/z 297.15909). Samples 
were diluted to a final concentration of 0.1 mg/mL in H2O and MeOH 
(50:50, v/v). Before HPLC separation (using a Phenomenex Gemini, 50 
× 2.00 mm, 3 µm particles, C18 column), the samples were injected by 
direct infusion into the LC-MS system using an autosampler. The mobile 
phase was isocratic MeCN/iPrOH/0.01 M ammonium acetate (40:5:55) 
with a flow rate of 0.3 mL/min. 

2.1.1. Synthesis of 3H-imidazo[4,5-b]pyridine (1-deazapurine) derivatives 
(I-VII, 3, 4) 

2.1.1.1. N-(furan-2-ylmethyl)-3H-imidazo[4,5-b]pyridin-7-amine (3). 
Aminomethyl resin (1 g, 0.098 mmol/g) was washed 3× with DCM and 
3× with DMF then 10% TEA in DMF (10 mL) was added. After shaking 
10 min at rt, the resin was washed 5× with DMF and 4-(4-formyl-3,5- 
dimethoxyphenoxy)butanoic acid (524 mg), HOBt (229 mg) and DIC 
(300 mL) in DMF/DCM (1:1, 10 mL) were added. The resin was shaken 
for 16 h at rt, then washed 3× with DMF, 3× with DCM, 3× with 
anhydrous THF and 3× with anhydrous DMF. Furfurylamine (442 μL) 
was dissolved in 10% AcOH/anhydrous DMF (10 mL), the mixture was 
added to the resin and it was shaken for 16 h at rt. NaBH(OAc)3 (600 
mg) was dissolved in 5% AcOH/anhydrous DMF (5 mL), and three equal 
portions of the solution were added at 1 h intervals to the reaction 
mixture. After the last addition, the resin was shaken for 16 h at rt, 
washed 5× with DMF, then shaken with 20% piperidine in DMF (10 mL) 
for 10 min at rt and washed 5× with DMF and 5× with DCM to obtain 
the resin I. The resin I (500 mg) was washed 3× with DMSO and shaken 
with a solution of 4,6-dichloro-3-nitropyridin-2-amine or 2,4-dichloro- 
3-nitropyridine (1.54 mmol) and EDIPA (436 μL) in DMSO (5 mL) for 
16 h at rt. The resulting resins were washed 3× with DMF and 3× with 
DCM to obtain the intermediates II or IV. Resin IV was shaken with a 
solution of 25% aq⋅NH3 in DMSO for 16 h at 100 ◦C (in a sealed vial), 
washed 3× with DMF and 3× with DCM to obtain the resin V. Na2S2O4 
(1050 mg), K2CO3 (960 mg) and TBAHS (170 mg) were dissolved in 
DCM/H2O (10 mL, 1:1), added to resins III or V, the resins were shaken 
for 16 h at rt, then washed 10× with MeOH/H2O (1:1), 3× with MeOH/ 
DCM (1:1) and 3× with DCM. The resulting resins VI(H) or VI(Cl) were 

washed 5× with DMSO, shaken with triethyl orthoformate/DMSO (5 
mL, 1:1) for 16 h at 80 ◦C and washed 5× with DMSO and 5× with DCM. 
The resins VII(H) or VII(Cl) were shaken with TFA/DCM (5 mL, 1:1) for 
90 min at rt, then washed 5× with TFA/DCM (1:1). TFA/DCM fractions 
were collected and evaporated with a stream of nitrogen. The crude 
products 3 or 4 were dissolved in MeCN (10 mL) and purified with 
semipreparative HPLC. 

White solid, overall yield 20% (calculated from the loading of resin 
II). 1H NMR (500 MHz, DMSO‑d6) δ (ppm): 4.62 (d, J = 6.1 Hz, 2H), 6.31 
(d, J = 2.9 Hz, 1H), 6.37 (dd, J = 3.2, 1.8 Hz, 1H), 6.41 (d, J = 5.6 Hz, 
1H), 7.08 (t, J = 5.9 Hz, 1H), 7.50–7.61 (m, 1H), 7.88 (d, J = 5.6 Hz, 
1H), 8.06 (s, 1H). 13C NMR (125 MHz, DMSO‑d6) δ (ppm): 99.0, 107.1, 
110.4, 139.0, 142.1, 144.4, 145.2, 148.5, 152.8. HRMS (ESI-TOF): m/z 
calcd. for C11H10N4O [M+H]+ 215.0927, found 215.0930. 

2.1.1.2. 5-chloro-N-(furan-2-ylmethyl)-3H-imidazo[4,5-b]pyridin-7- 
amine (4). White solid, overall yield 25% (calculated from the loading 
of resin II). 1H NMR (500 MHz, DMSO‑d6) δ (ppm): 4.64 (bs, 2H), 6.32 
(d, J = 2.9 Hz, 1H), 6.39 (dd, J = 3.2, 1.8 Hz, 1H), 6.42 (s, 1H), 
7.27–7.47 (m, 1H), 7.58 (dd, J = 1.8, 0.8 Hz, 1H), 8.09 (s, 1H), 12.71 
(bs, 1H). 13C NMR (125 MHz, DMSO‑d6) δ (ppm): 39.1, 97.6, 106.9, 
110.2, 139.1, 141.9, 145.5, 146.3, 152.1. HRMS (ESI-TOF): m/z calcd. 
for C11H9ClN4O [M+H]+ 249.0538, found 249.0540. 

2.1.2. Synthesis of 1H-imidazo[4,5-c]pyridine (3-deazapurine) derivatives 
(VIII-X, 5, 6) 

Resin II (500 mg) was washed 5× with DMSO and shaken with 2- 
chloro-3-nitropyridin-4-amine or 2,6-dichloro-3-nitropyridin-4-amine 
(2.5 mmol) with EDIPA (436 μL) in DMSO (5 mL) for 16 h at rt, then 
washed 3× with DMSO and 3× with DCM. Na2S2O4 (1050 mg), K2CO3 
(960 mg) and TBAHS (170 mg) were dissolved in DCM/H2O (10 mL, 
1:1) and added to resins VIII(H) or VIII(Cl). The resins were shaken 16 h 
at rt, then washed 10× with MeOH/H2O (1:1), 3× with MeOH/DCM 
(1:1) and 3× with DCM. The resulting resins IX(H) or IX(Cl) were 
washed 5× with DMSO, shaken with triethyl orthoformate/DMSO (5 
mL, 1:1) for 16 h at 100 ◦C and washed 5× with DMSO and 5× with 
DCM. The resins X(H) or X(Cl) were shaken with TFA/DCM (5 mL, 1:1) 
90 min at rt, then washed 5× with TFA/DCM (1:1). TFA/DCM fractions 
were collected and evaporated with a stream of nitrogen. The crude 
products 5 or 6 were dissolved in MeCN (10 mL) and purified with 
semipreparative HPLC. 

2.1.2.1. N-(furan-2-ylmethyl)-1H-imidazo[4,5-c]pyridin-4-amine (5). 
White solid, overall yield 21% (calculated from the loading of resin IV). 
1H NMR (500 MHz, DMSO‑d6) δ (ppm): 4.69 (d, J = 5.9 Hz, 2H), 
6.30–6.39 (m, 1H), 6.21 (s, 1H), 6.79 (d, J = 4.9 Hz, 1H), 6.98 (bs, 1H), 
7.51 (s, 1H), 7.70 (d, J = 5.8 Hz, 1H), 8.08 (s, 1H), 12.50 (bs, 1H). 13C 
NMR (125 MHz, DMSO‑d6) δ (ppm): 37.1, 99.2, 106.0, 110.1, 138.9, 
139.6, 141.3, 147.6, 153.7. HRMS (ESI-TOF): m/z calcd. for 
C11H10N4O [M+H]+ 215.0927, found 215.0929. 

2.1.2.2. 6-chloro-N-(furan-2-ylmethyl)-1H-imidazo[4,5-c]pyridin-4- 
amine (6). White solid, overall yield 28% (calculated from the loading 
of resin IV). 1H NMR (500 MHz, DMSO‑d6) δ (ppm): 4.64 (bs, 2H), 6.25 
(d, J = 2.9 Hz, 1H), 6.37 (dd, J = 3.0, 1.9 Hz, 1H), 6.79 (s, 1H), 7.41 (bs, 
1H), 7.55 (d, J = 0.9 Hz, 1H), 8.15 (s, 1H). 13C NMR (125 MHz, 
DMSO‑d6) δ (ppm): 37.1, 96.9, 106.7, 110.4, 124.2, 140.4, 140.7, 140.8, 
141.7, 148.9, 153.3. HRMS (ESI-TOF): m/z calcd. for C11H9ClN4O 
[M+H]+ 249.0538, found 249.0539. 

2.1.3. Synthesis of 7H-pyrrolo[2,3-d]pyrimidine (7-deazapurine) 
derivatives (7, 8) 

2.1.3.1. N-(furan-2-ylmethyl)-7H-pyrrolo[2,3-d]pyrimidin-4-amine (7). 
A mixture of 4-chloro-7H-pyrrolo[2,3-d]pyrimidine (100 mg, 0.65 

B. Maková et al.                                                                                                                                                                                                                                



Bioorganic & Medicinal Chemistry 33 (2021) 115993

4

mmol), furfurylamine (90 µL, 0.98 mmol) and TEA (225 μL, 1.62 mmol) 
in dry MeOH (2.6 mL) was heated in a Discover SP microwave reactor in 
abovementioned conditions for four cycles. Solvent was evaporated 
under reduced pressure, the residue was treated with water (10 mL) and 
product was extracted by EtOAc (4 × 10 mL). Combined organic layers 
were washed with brine (10 mL), dried (Na2SO4) and concentrated in 
vacuo. Crude material was purified by silica gel column chromatography 
using CHCl3/MeOH as a mobile phase with a MeOH gradient. Yellow 
solid; yield 60%; ESI+-MS m/z: 215.4 [M+H]+. 1H NMR (500 MHz, 
DMSO‑d6) δ (ppm): 4.68 (d, J = 5.8 Hz, 2H), 6.26 (dd, J = 3.2, 0.8 Hz, 
1H), 6.37 (dd, J = 3.1, 1.8 Hz, 1H), 6.57 (dd, J = 3.4, 1.8 Hz, 1H), 7.06 
(dd, J = 3.2, 2.3 Hz, 1H), 7.55 (dd, J = 1.7, 0.8 Hz, 1H), 7.84 (t, J = 5.7 
Hz, 1H), 8.11 (s, 1H), 11.51 (bs, 1H). 13C NMR (125 MHz, DMSO‑d6) δ 

(ppm): 36.5, 98.6, 102.6, 106.8, 110.4, 121.0, 141.9, 150.2, 151.2, 
153.1, 155.6. HRMS (ESI-TOF): m/z calcd. for C11H10N4O [M+H]+
215.0927, found 215.0926. 

2.1.3.2. 2-chloro-N-(furan-2-ylmethyl)-7H-pyrrolo[2,3-d]pyrimidin-4- 
amine (8). A mixture of 2,4-dichloro-7H-pyrrolo[2,3-d]pyrimidine 
(100 mg, 0.53 mmol), furfurylamine (74 µL, 0.8 mmol) and TEA (185 μL, 
1.33 mmol) was refluxed in nPrOH (2.13 mL) for 4 h. After cooling at 4 
◦C for 2 h the resulting solid material was filtered, washed with cold 
nPrOH (3 × 1 mL), cold H2O (5 × 1 mL) and dried. Crude material was 
purified by silica gel column chromatography using CHCl3/MeOH as a 
mobile phase with a MeOH gradient. Yellow solid; yield 62%; ESI+-MS 
m/z (rel %): 249.4 [35Cl-M+H]+ (100), 251.4 [37Cl-M + H]+ (35). 1H 
NMR (500 MHz, DMSO‑d6) δ (ppm): 4.63 (d, J = 5.5 Hz, 2H), 6.30 (dd, J 
= 3.2, 0.8 Hz, 1H), 6.40 (dd, J = 3.4, 1.8 Hz, 1H), 6.58 (dd, J = 3.4, 1.8 
Hz, 1H), 7.08 (dd, J = 3.5, 2.3 Hz, 1H), 7.59 (dd, J = 1.8, 0.9 Hz, 1H), 
8.32 (t, J = 5.7 Hz, 1H), 11.70 (bs, 1H). 13C NMR (125 MHz, DMSO‑d6) δ 

(ppm): 36.6, 99.1, 101.2, 107.3, 110.5, 121.6, 142.1, 150.8, 152.2, 
152.3, 156.4. HRMS (ESI-TOF): m/z calcd. for C11H9ClN4O [M+H]+
249.0538, found 249.0537. 

2.1.4. Synthesis of 5H-pyrrolo[3,2-d]pyrimidine (9-deazapurine) 
derivatives (9, 10) 

2.1.4.1. N-(furan-2-ylmethyl)-5H-pyrrolo[3,2-d]pyrimidin-4-amine (9). 
Compound 9 was prepared similarly to the 7-deazapurine analogue (see 
Section 2.1.3.1), except that five reaction cycles were needed. Yellow 
solid; yield 25%; ESI+-MS m/z: 216.4 [M+H]+. 1H NMR (500 MHz, 
DMSO‑d6) δ (ppm): 4.71 (d, J = 5.5 Hz, 2H), 6.36 (d, J = 3.1 Hz, 2H), 
6.41 (dd, J = 3.4, 1.8 Hz, 1H), 7.50 (d, J = 2.8 Hz, 2H), 7.61 (dd, J = 1.8, 
0.9 Hz, 1H), 8.20 (s, 1H), 10.97 (bs, 1H). 13C NMR (125 MHz, DMSO‑d6) 
δ (ppm): 36.5, 101.2, 107.4, 110.6, 113.7, 127.9, 142.4, 146.1, 148.9, 
149.8, 152.4. HRMS (ESI-TOF): m/z calcd. for C11H10N4O [M+H]+
215.0927, found 215.0926 

2.1.4.2. 2-chloro-N-(furan-2-ylmethyl)-5H-pyrrolo[3,2-d]pyrimidin-4- 
amine (10). Compound 10 was prepared similarly to the 7-deazapurine 
analogue (see Section 2.1.3.2). Pale yellow solid; yield 57%; ESI+-MS m/ 
z (rel. %): 249.1 4 [35Cl-M + H]+ (100), 251.0 [37Cl-M + H]+ (31). 1H 
NMR (500 MHz, DMSO‑d6) δ (ppm): 4.66 (d, J = 4.6 Hz, 2H), 6.32 (d, J 
= 3.1 Hz, 1H), 6.39 (dd, J = 3.2, 0.8 Hz, 1H), 6.43 (dd, J = 3.1, 1.8 Hz, 
1H), 7.53 (d, J = 3.1 Hz, 1H), 7.63 (dd, J = 1.8, 0.9 Hz, 1H), 7.85 (bs, 
1H), 11.03 (bs, 1H). 13C NMR (125 MHz, DMSO‑d6) δ (ppm): 36.6, 
101.2, 107.8, 110.6, 112.4, 129.3, 142.6, 148.3, 149.9, 150.8, 151.6. 
HRMS (ESI-TOF): m/z calcd. for C11H9ClN4O [M+H]+ 249.0538, found 
249.0537. 

2.1.5. Synthesis of N-(furan-2-ylmethyl)-3H-[1,2,3]triazolo[4,5-d] 
pyrimidin-7-amine (XI-XV, 11) 

2.1.5.1. Benzyl azide (XI). Benzyl bromide (17.84 mL, 0.15 mol) was 
added to a solution of NaN3 (11 g, 0.17 mol) in DMSO (300 mL) and the 

mixture was stirred in the dark at room temperature for 9 h. The reaction 
was quenched by adding ice cold water and the product was extracted by 
Et2O. Combined organic layers were carefully concentrated under 
reduced pressure to give an oily liquid that was used further without 
purification. Oily liquid; yield 79%. 1H NMR (300 MHz, CDCl3) δ (ppm): 
7.24–7.48 (m, 5H), 4.35 (s, 2H). 13C NMR (125 MHz, CDCl3) δ (ppm): 
54.9, 128.4 (2 × C), 128.5, 129.0 (2 × C), 135.5. 

2.1.5.2. 5-amino-1-benzyl-1H-1,2,3-triazole-4-carboxamide (XII). 2- 
Cyanoacetamide (11.83 g, 0.14 mol) was added to a solution of sodium 
ethoxide (Na − 3.23 g, 0.14 mol, EtOH – 190 mL) to give a white sus-
pension. Benzyl azide (XI) (18.2 g, 0.13 mol) was added and the reaction 
mixture was heated at 90 ◦C overnight. The resulting solid was filtered, 
washed with EtOH, then water and dried. A second portion of product 
was obtained after concentration of the reaction mixture under reduced 
pressure and treatment with water. Off-white solid, yield 69%, m.p. 
236–237 ◦C, ESI+-MS m/z: 217.8 [M+H]+ (100). 1H NMR (500 MHz, 
DMSO‑d6) δ (ppm): 5.38 (s, 2H), 7.17. (d, J = 7.3 Hz, 2H), 7.26 (t, J =
7.3 Hz, 1H), 7.32 (t, J = 7.4 Hz, 2H). 13C NMR (125 MHz, DMSO‑d6) δ 

(ppm) 48.8, 122.2, 127.9 (2 × C), 128.2, 129.1 (2 × C), 136.5, 145.4, 
164.8. 

2.1.5.3. 3-Benzyl-3,6-dihydro-7H-[1,2,3]triazolo[4,5-d]pyrimidin-7-one 
(XIII). Ethyl formate (2.22 mL, 27.6 mmol) was added to a mixture of 
XII (2 g, 9.21 mmol) in sodium ethoxide solution (Na – 1.06 g, 46 mmol, 
EtOH – 50 mL). The mixture was heated in a pressure tube at 95 ◦C for 
24 h. After cooling the pH of the reaction mixture was adjusted to 6, 
resulting in formation of solid material. The product was filtered off and 
recrystallized from ethanol. White solid; yield 84%; m.p. 194–195 ◦C. 
ESI+-MS m/z: 228.8 [M+H]+. 1H NMR (500 MHz, DMSO‑d6) δ (ppm): 
5.70 (s, 2H), 7.24–7.31 (m, 5H), 8.22 (s, 1H), 12.70 (s, 1H). 13C NMR 
(125 MHz, DMSO‑d6) δ (ppm): 50.3, 128.4 (2 × C), 128.7, 129.3 (2 × C), 
130.2, 135.9, 149.1, 150.5, 155.9. 

2.1.5.4. 3-Benzyl-7-chloro-3H-[1,2,3]triazolo[4,5-d]pyrimidine (XIV). A 
mixture of SOCl2 (10.13 mL, 139.6 mmol) and DMF (1.82 mL) was 
added to a solution of XIII (2.54 g, 11.17 mmol) in CHCl3 (100 mL). The 
reaction mixture was refluxed for 2 h then evaporated in vacuo. The 
residue was mixed with ice-cold water (30 mL) and the resulting mixture 
was extracted by Et2O (100 mL). After evaporation of Et2O, crude 
product was purified by silica column chromatography using petroleum 
ether/ethyl acetate (9:2, v/v) as a mobile phase. Off-white solid; yield 
50%; m.p. 223–239 ◦C. ESI+-MS m/z (rel. %): 246.0 [M+H]+ (100). 1H 
NMR (500 MHz, CDCl3) δ (ppm): 5.87 (s, 2H), 7.29–7.35 (m, 3H), 7.45 
(dd, J = 7.9, 1.5 Hz, 2H), 8.91 (s, 1H). 13C NMR (125 MHz, CDCl3) δ 

(ppm): 51.5, 128.6 (2 × C), 129.0, 129.2 (2 × C), 133.9, 134.2, 149.8, 
154.3, 155.7. 

2.1.5.5. 3-Benzyl-N-(furan-2-ylmethyl)-3H-[1,2,3]triazolo[4,5-d]pyr-
imidin-7-amine (XV). A mixture of XIV (0.2 g, 0.81 mmol), furfuryl-
amine (68 μL, 0.77 mmol) and EDIPA (0.7 mL, 40.7 mmol) in iPrOH (8 
mL) was heated at 100 ◦C for 4.5 h. After cooling the product started to 
precipitate. The solid was filtered, washed with iPrOH (10 mL), then 
water (10 mL) and dried. Pale yellow solid; yield 84%; m.p. 169–170 ◦C. 
ESI+-MS m/z (rel. %): 306.8 [M+H]+ (100). 1H NMR (500 MHz, CDCl3) 
δ (ppm): 4.88 (d, J = 5.8 Hz, 2H), 5.75 (s, 2H), 6.32 (s, 2H), 6.80 (s, 1H), 
7.27–7.41 (m, 6H), 8.53 (s, 1H). 13C NMR (125 MHz, CDCl3) δ (ppm): 
37.6, 50.6, 108.2, 110.6, 124.9, 128.4 (2 × C), 128.6, 129.0 (2 × C), 
134.9, 142.7, 148.7, 150.6, 154.4, 157.1. 

2.1.5.6. N-(furan-2-ylmethyl)-3H-[1,2,3]triazolo[4,5-d]pyrimidin-7- 
amine (11). Sodium (37 mg, 1.63 mmol) was added at −78 ◦C to liquid 
ammonia (25 mL) and stirred until complete dissolution. XVII (0.1 g, 
0.33 mmol) was added and the reaction mixture was stirred at −78 ◦C 
for 1 h. After evaporation, the residue was treated with water and the pH 
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of the mixture adjusted to 5–6, resulting in precipitation of product. The 
solid was filtered off, washed with water and dried. Off-white solid; 
yield 62%; m.p. 244–245 ◦C. ESI+-MS m/z (rel. %): 217.1 [M+H]+
(100). 1H NMR (500 MHz, DMSO‑d6) δ (ppm): 4.74 (d, J = 5.8 Hz, 2H), 
6.29 (d, J = 3.0 Hz, 1H), 6.37 (d, J = 1.8 Hz, 1H), 7.56 (s, 1H), 8.38 (s, 
1H), 9.28 (s, 1H). 13C NMR (125 MHz, DMSO‑d6) δ (ppm): 37.0, 107.7, 
111.0, 123.9, 142.6, 143.0, 152.4, 154.4, 156.7. HRMS (ESI-TOF): m/z 
calcd. for C9H8N6O [M+H]+ 217.0838, found 249.0845. 

2.1.6. Synthesis of N-(furan-2-ylmethyl)pyrazolo[1,5-a]pyrimidin-7- 
amine (12) 

Furfurylamine (180 μL, 1.95 mmol) and K2CO3 (360 mg, 2.60 mmol) 
were added to a solution of 7-chloropyrazolo[1,5-a]pyrimidine (200 mg, 
1.30 mmol) in anhydrous acetonitrile (8 mL) and DMF (2 mL) and the 
reaction mixture was stirred at 90 ◦C for 3 h. The solvents were evap-
orated under reduced pressure, the residue was mixed with H2O (30 
mL), and the mixture was extracted with EtOAc (2 × 50 mL). Combined 
organic extracts were washed with brine (50 mL), dried over MgSO4 and 
concentrated under reduced pressure. The residue was purified by silica 
gel flash column chromatography using DCM/EtOAc (3:2) as a mobile 
phase. White solid; yield 34%; m.p. 120–122 ◦C. 1H NMR (500 MHz, 
CDCl3) δ (ppm): 4.59 (d, J = 5.8 Hz, 2H), 6.06 (d, J = 5.2 Hz, 1H), 
6.32–6.38 (m, 2H), 6.53 (d, J = 2.3 Hz, 1H), 6.84 (s, 1H), 7.35–7.45 (m, 
1H), 8.00 (d, J = 2.3 Hz, 1H), 8.25 (d, J = 5.2 Hz, 1H). 13C NMR (125 
MHz, CDCl3) δ (ppm): 39.4, 85.3, 95.9, 108.6, 110.7, 143.0, 143.9, 
146.9, 149.6, 149.7. HRMS (APCI): m/z calc. for C11H11N4O [M+H]+
215.0927, found 215.0925. 

2.1.7. Synthesis of 1H-pyrazolo[4,3-d]pyrimidine derivative (XVI, XVII, 
13) 

2.1.7.1. 1H-pyrazolo[4,3-d]pyrimidine-7-thiol (XVI). 1H-pyrazolo[4,3- 
d]pyrimidine-7-thiol was prepared from 1H-pyrazolo[4,3-d]pyrimidin- 
7-ol according to the published procedure.30 

2.1.7.2. 7-(methylthio)-1H-pyrazolo[4,3-d]pyrimidine (XVII). A solution 
of MeI (144 mg, 1 mmol) in DMF (2.8 mL) was added dropwise at 0 ◦C to 
a mixture of XVI (153 mg, 1 mmol) and K2CO3 (152 mg, 1.1 mmol) in 
DMF (7.5 mL). The reaction mixture was allowed to warm to rt then 
stirred for an additional 10 min. After evaporation in vacuo the residue 
was partitioned between H2O and DCM. The product was finally ob-
tained by crystallization from DCM. White solid; yield 84%; m.p. 
195–200 ◦C; UV (nm): max. 308, sh 319. ESI--MS (m/z): 165.1 [M−H]−. 

2.1.7.3. N-(furan-2-ylmethyl)-1H-pyrazolo[4,3-d]pyrimidin-7-amine 
(13). A mixture of XVII (93 mg, 0.56 mmol) in furfurylamine (3 mL) 
was heated at 125 ◦C for 8 h. After evaporation under reduced pressure 
the crude material was purified by silica gel column chromatography 
using stepwise increments of MeOH (3, 4, and 5%) in CHCl3. Product 
was finally obtained by crystallization from CHCl3. White solid; yield 
66%, m.p. 182–185 ◦C; UV λ (nm): min. 253, max. 292, sh 305. ESI+-MS 
(m/z): 216.1 [M+H]+, ESI--MS (m/z): 214.1 [M+H]+. 1H NMR (500 
MHz, DMSO‑d6) δ (ppm): 4.75 (bs, 2H), 6.38 (s, 1H), 6.41 (s, 1H), 7.61 
(s, 1H), 7.93 (bs, 1H), 8.12 (s, 1H), 8.26 (s, 1H), 12.72 (bs, 1H). 13C NMR 
(125 MHz, DMSO‑d6) δ (ppm): 36.4, 107.6, 110.5, 121.0, 133.1, 141.4, 
142.4, 148.7, 151.7. Anal. (C10H9N5O) C,H,N. 

2.2. Fibroblast cell culture 

Skin fibroblasts GM04078 homozygous for the GAA expansion in the 
frataxin gene and skin fibroblast GM04663, which are homozygous for 
the 2507 + 6 T > C mutation in the ELP1 gene, were obtained from the 
Coriell repository. The cells were maintained in Dulbecco’s modified 
Eagle’s medium (DMEM) containing 5 g/L glucose, 2 mM L-glutamine, 
100 U/mL penicillin, 100 μg/mL streptomycin and 10% fetal bovine 

serum (FBS) (Sigma) in standard culture conditions (5.5% CO2, 37 ◦C, 
100% relative humidity). The cells were subcultured twice a week. 

2.3. Fibroblast culture stress assays 

GM04078 fibroblasts were trypsinized, diluted in DMEM medium 
with 10% FBS and seeded into 384-well plates (1500 cells in 30 µL 
medium/well). After 24 h incubation, the cells were pre-treated by the 
test compounds dissolved in DMSO using an Echo 555 system (Labcyte). 
DMSO vehicle served as a negative control. Stressors were added in 15 
µL of the medium used for seeding after 8 h. After another 48 h, 15 μL of 
a 4-fold concentrated solution of resazurin (Sigma) in the culture me-
dium was added to the cells to a final concentration of 0.0125 mg/mL. 
Fluorescence was measured after 3 h incubation using an M2 reader 
(Biotek) with excitation and emission wavelengths of 570 and 610 nm, 
respectively. 

2.4. Reduced glutathione measurements 

GM04078 fibroblasts were trypsinized, diluted in DMEM medium 
with 10% FBS and seeded into 384-well plates (1500 cells in 30 µL 
medium/well). After 24 h incubation, the cells were pre-treated by 
adding compound 6 dissolved in DMSO (final concentration 10 and 50 
µM) using the Echo 555 system. DMSO vehicle served as a negative 
control. BSO was added (to serial concentrations of 10, 100 and 1000 
µM) in 15 μL portions of medium after 8 h. The effect was evaluated after 
24 h, when the medium was removed and, after a washing with 100 µL 
DMEM medium, replaced by DMEM medium containing 40 µM mono-
bromobimane. After 40 min incubation, images were recorded, at 4×
magnification using the blue channel of a Cell Voyager confocal imaging 
system. The intensity of the signal was evaluated by an image analysis 
tool in the Cell Profiler program. Control measurement using spectro-
photometer (ex 395 nm, em 490 nm) was also performed. 

2.5. Frataxin assay 

To test the ability of compounds to replace frataxin (FXN) func-
tionally, enzymatic assays were performed using mouse ISC machinery 
reconstituted in vitro with purified proteins 31. The assays were per-
formed under anaerobic conditions in Tris buffer (50 mM Tris, 150 mM 
NaCl, pH 8) containing 50 µM of apo-ISCU loaded with one equivalent of 
Fe2+, 5 µM of the NFS1-ISD11-ACP complex, 5 µM of FDX2, 2 µM of 
FDXR and 100 µM of NADPH. Positive controls were prepared by adding 
5 µM of FXN to the reaction mixture. Test compounds diluted in DMSO 
were added to the reaction mixture at concentrations of 30, 50, 100, 200 
and 500 μM and supplementary DMSO was added to the reaction mix-
tures to keep its concentration the same in each reaction. Reference 
reaction mixtures were prepared with the same concentration of DMSO 
as the mixtures with test compounds. The reactions were initiated by 
adding 50 µM of L-cysteine and the formation of Fe-S clusters was 
monitored by UV–visible spectroscopy at 456 nm and 30 ◦C. Rates of the 
reactions were determined by linear regression of the slopes of the 
resulting curves in their linear domain between 2 and 10 min, using 
GraphPad Prism. The compounds’ activities were calculated by dividing 
slopes of their reaction curves by those of the corresponding reference 
reactions, which yielded activation factors. Activation factors higher 
and lower than 1 indicate active and inactive compounds, respectively. 

2.6. SH-SY5Y cultivation and differentiation 

The SH-SY5Y human neuroblastoma cell line obtained from ATCC 
(American Type Culture Collection, Manassas, VA, USA) was cultivated 
in DMEM medium and Ham’s F12 Nutrient Mixture (DMEM:F-12, 1:1), 
supplemented with 10% FBS and 1% of both penicillin and streptomycin 
at 37 ◦C in a humidified atmosphere of 5% CO2. Only the cells passaged 
less than 20 times were used in the experiments. The cells were seeded in 
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96-multiwell plates, in 100 μL total volume of medium per well. Next 
day, 10 µM of ATRA in DMEM/F12 medium with 1% FBS was added to 
each well to a final concentration 10 µM to induce neuronal differenti-
ation. The cells were used for experiments 48 h later. The same protocol 
was used for the SH-SY5Y obtained from ECACC (European Collection of 
Authenticated Cell Culture). 

2.7. Evaluation of compounds’ cytoprotective activity toward 
differentiated SH-SY5Y cells 

Portions of culture containing 20,000 SH-SY5Y cells were seeded 
into 96-well plates and differentiated by ATRA as outlined above. The 
differentiation medium was removed and replaced by fresh DMEM/F12 
medium with 1% FBS containing test compounds at 0.1, 1 or 10 μM 
concentration. DMSO vehicle was used as a negative control. The 
differentiated cells were immediately exposed to glutamate (160 mM), 
and the frequency of dead cells was assessed using propidium iodide (PI) 
as a probe after another 24 h, following the published protocol32 with 
modification. Briefly, PI (Sigma Aldrich) was diluted to 1 mg/mL in 
DMSO. This solution was further diluted in PBS then added to the cells’ 

medium to a final concentration of 1 µg/mL, then the cells were incu-
bated at rt for 15 min. Proportions of PI-stained cells were quantified 
using an Infinite M200 Pro reader (Tecan) with 535 excitation and 
emission wavelengths of 535 and 617 nm, respectively. 

2.8. Measurement of caspase 3/7 activity 

To assess the effects of test compounds on glutamate-induced 
apoptosis, SH-SY5Y cells were subjected to the differentiation and 
treatment steps described in the previous section, and then to the one- 
step caspase 3/7 assay described by Carrasco et al. in 200333 with 
modification of the caspase-3,7 substrate concentration, which was 
decreased to 75 µM. Caspase-3,7 activity was quantified using an Infinite 
M200 Pro (Tecan, Austria) microplate reader with excitation and 
emission wavelengths of 346 and 438 nm, respectively after 3-hour in-
cubation. The average signal of the samples treated with glutamate 
corresponds to 100% caspase 3/7 activity. 

2.9. Measurement of oxidative stress 

To assess the effects of test compounds on glutamate-induced 
oxidative stress, SH-SY5Y cells were subjected to the differentiation 
and treatment steps described in the Section 3.5, and then the dihy-
droethidium assay described by Kim et al. in 201734 with the following 
modifications. After 4 h of exposure to glutamate, cells were centrifuged 
at 500 g for 330 s with subsequent replacement of media by PBS con-
taining 10 μM dihydroethidium (DHE). Finally, plates with cells were 
kept at rt for 30 min, then superoxide radical formation (DHE) signal 
was quantified using an Infinite M200 Pro reader (Tecan) with excita-
tion and emission wavelengths of 500 and 580 nm, respectively. 

2.10. Evaluation of compounds’ effects on alternative splicing of ELP1 
transcripts 

GM04663 cells in DMEM medium with 10% FBS were seeded in 10 
cm Petri dishes (about 500,000 cells per dish) and grown overnight 
before treatment with the test compounds at 50 μM concentration to test 
their effects on alternative splicing of ELP1 transcripts. Kinetin (com-
pound 1) and 2-chlorokinetin (compound 2) were used as positive 
controls. DMSO vehicle served as a negative control. After 24 h, total 
RNA was extracted from the cells using Trizol reagent. Isolated RNA was 
transcribed into cDNA using a High Capacity cDNA Reverse Transcrip-
tion Kit (Applied Biosystems). The ELP1 cDNA segment between nu-
cleotides 2194 and 2593 (numbering corresponding to the 
NM_003640.5 transcript) was amplified by the polymerase chain reac-
tion using 5′-CAGGTGTCGCTTTTTCATCA-3′ and 5′- 

CATTTCCAAGAAACACCTTAGGG-3′ primers35 and JumpStart Taq DNA 
Polymerase with MgCl2 (Sigma-Aldrich). The temperature program 
involved: initial denaturation at 94 ◦C for 5 min followed by 34 cycles of 
denaturation at 94 ◦C for 40 s, annealing at 63.8 ◦C for 30 s and elon-
gation at 72 ◦C for 90 s, with a final elongation step at 72 ◦C for 5 min. 
The PCR products corresponding to wild-type ELP1 transcript (422 bp) 
and transcript lacking exon 20 (348 bp) were separated by electropho-
resis in 1.5% agarose gel and visualized by GelRed staining. For final 
comparison of the compounds identified as active during the initial 
screening, microfluidic electrophoresis (with an Agilent 2100 Bio-
analyzer and 1000 LabChip kit) was used. A comparison with DNA 
standards of known size and concentration allowed precise quantifica-
tion of the wild-type and aberrant transcripts’ concentrations. The area 
under the peak calculations were carried out in the 2100 Expert 
Software. 

2.11. Western blotting and immunodetection of frataxin 

For this purpose, GM4078 cells in DMEM medium with 10% FBS 
were seeded in 10 cm Petri dishes (about 1.4 million cells per dish) and 
24 h later treated with 10 and 50 μM of compound 6. The cells were 
harvested after 48 h. Medium was removed and the cell monolayer was 
washed twice with ice-cold PBS. The cells were scraped into 2 mL ice- 
cold PBS and centrifuged. The supernatant was removed and each pel-
let was flash-frozen by dipping the tube into liquid nitrogen. The sam-
ples were stored at −80 ◦C. 

Total protein was extracted by direct cell lysis in Laemmli buffer (50 
mM Tris-HCl, pH 6.8, 2% SDS, 10% glycerol, 0.04% bromophenol blue, 
and 250 mM mercaptoethanol). The protein concentrations in the 
samples were determined by Bradford’s method and standardized. The 
samples were boiled for 10 min and stored at −20 ◦C. 

The protein lysates (25–40 µg) were separated by SDS-PAGE (12.5% 
gel). Proteins were transferred to polyvinylidene difluoride membrane 
(Bio-Rad) pre-treated by incubation in a 5% solution of bovine serum 
albumin (BSA) with 1x PBS-Tween (PBS-T) for 2 h. The membrane was 
then incubated with anti-frataxin mouse antibody (18A5DB1 Abcam) in 
BSA for 2 h in PBS-T, followed by three washes with PBS-T. For loading 
standardization, a portion of the membrane was incubated with anti- 
actin antibody. The membrane was then incubated with a secondary 
(horseradish peroxidase-conjugated anti-mouse) antibody for 60 min 
followed by three washes with PBS-T. The immunoblots were then 
developed using Amersham ECL reagents. 

2.12. In vitro permeability assays 

Parallel artificial membrane permeability, chemical stability, sta-
bility in human plasma, microsomal stability and protein plasma bind-
ing assays were performed using methods described by Borková et al. In 
2019.36 

2.12.1. Quantification of test compounds in the permeability assays 
Preparation of lyophilized samples for this analysis is described in 

the sections dedicated to the in vitro ADME assays. Test compounds in 
the samples were quantified using a RapidFire RF300 system (Agilent 
Technologies) interfaced with a QTRAP 5500 mass spectrometer fitted 
with an electrospray ionization source (AB Sciex, Concord, Canada) 
running in multiple-reaction monitoring mode. 

Lyophilized samples were dissolved in the mobile phase (95% water, 
5% acetonitrile, 0.1% formic acid) with respective internal standards. 
The dissolved samples were aspired directly from 96-well plates into a 
10 μL sample loop and passed through a C4 cartridge (Agilent Tech-
nologies) with solvent A (95% water, 0.01% formic acid, 5% acetoni-
trile) at a flow rate of 1.5 mL/minute for 3 s. After the desalting step, the 
analyte retained on the cartridge was eluted with solvent B (95% 
acetonitrile, 5% 0.01% formic acid) into the mass spectrometer at a flow 
rate of 0.4 mL/minute for 7 s, where it was subjected to electrospray 
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ionization in the positive ion mode and daughter ion was identified. 

2.12.2. Studies of transport across Caco-2 and MDCK-MDR1 cell 
monolayers 

To generate cell monolayers for transport studies,37,38 the cells were 
trypsinized and seeded on tissue culture polyester membrane filters with 
pore size 1 µm in 96-well Transwell® plates (Corning, NY, USA). Culture 
medium was added to both the donor and the acceptor compartments 
and the cells were allowed to differentiate and form monolayers. The 
culture medium was changed every other day. 

MDR1-MCDK differentiated monolayers were used only if they were 
intact, as confirmed by the Lucifer Yellow Rejection Assay. Before each 
experiment, the cells were washed twice with Hank’s balanced buffer 
solution (HBBS) (Gibco, Waltham, USA) and pre-equilibrated with HBSS 
buffered at pH 7.4 for 1 h. After removing the medium, MDCK-MDR1 
cells were treated with test compounds at 10 μM in HBSS (pH 7.4) for 
1 h, then samples were removed from both donor and acceptor com-
partments and lyophilized. All experiments were done in duplicates. 

Apparent permeability coefficients were calculated as Papp = (dQ/ 
dt)/(C0 × A), where dQ/dt is the rate of permeation of the test com-
pound across the cell monolayer, C0 is the donor compartment con-
centration at time t = 0 and A is the area of the cell monolayer. The 
efflux ratio R was defined as the ratio PBA/PAB where PBA and /PAB are 
the apparent permeability coefficients of the test compound from the 
basal to apical and apical to basal sides of the cell monolayer, respec-
tively. Compounds with an efflux ratio of ≥ 2 were considered potential 

P-gp substrates. 

2.13. Data analysis 

Statistical significance of the compound effect was evaluated by non- 
parametric Kruskal-Wallis test followed by post-hoc Man-Whitney test 
and sequential Bonferroni correction using the GrahpPad and PAST (ver. 
1.97)39 software packages. Differences with the corrected p-values <
0.05 were considered statistically significant. The error bars in graphs 
are standard errors, unless stated otherwise. Standard errors for drug 
efflux ratios were calculated by the Delta method described in40 

implemented in R. 

3. Results and discussion 

A series of kinetin (1) and 2-chlorokinetin (2) purine bioisosteres 
were prepared (Figs. 1, 2) and screened for their biological activity. 
Although the majority of the compounds is known in either peer 
reviewed literature or patents, synthesis and characterization was re-
ported only for compounds 3, 5, 7 and 11. Moreover, with exception of 
compound 7, we used different synthetic routes as described below. We 
also evaluated biological effects of commercially available derivatives. 
Those included 1H-pyrazolo[3,4-d]pyrimidine analogues methylated on 
the N1 nitrogen atom and/or furfurylamino moiety (14–18) as well as 
thieno[2,3-d]pyrimidine (19), thieno[3,2-d]pyrimidine (20), furo[2,3- 
d]pyrimidine (21, 22), and quinazoline (23) (Fig. 3). 

Fig. 1. Synthesis of 2-H and 2-Cl imidazo[4,5-b]pyridines (1-deazapurine, scheme A) and imidazo[4,5-c]pyridines (3-deazapurine, scheme B) kinetin isosteres. 
Reagents and conditions: (i) (a) furfurylamine, 10% AcOH in anh. DMF, 16 h, rt; (b) NaBH(OAc)3, 5% AcOH in anh. DMF, 16 h, rt; (ii) 4,6-dichloro-3-nitropyridin-2- 
amine or 2,4-dichloro-3-nitropyridine, EDIPA, DMSO, 16 h, rt; (iii) DMSO, 25% aq⋅NH3, 16 h, 100 ◦C; (iv) Na2S2O4, K2CO3, TBAHS, DCM/H2O, 16 h, rt; (v) triethyl 
orthoformate/DMSO (1:1), 16 h, 80 ◦C; (vi) TFA/DCM (1:1), 90 min, rt; (vii) 2-chloro-3-nitropyridin-4-amine or 2,6-dichloro-3-nitropyridin-4-amine, EDIPA, DMSO, 
16 h, rt. 
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3.1. Chemistry 

Imidazo[4,5-b]pyridines (3, 4) and imidazo[4,5-c]pyridines (5, 6) 
were synthesized similarly to previously reported procedures41,42 using 

solid-phase synthesis (Fig. 1). Aminomethyl resin with acid-labile 
benzaldehyde linker I was reductively aminated with furfurylamine to 
give the resin II. To synthesize the chlorinated imidazo[4,5-b]pyridine 
VII(Cl), the resin II was arylated with 4,6-dichloro-3-nitropyridin-2- 

Fig 2. Synthesis of 2-H and 2-Cl pyrrolo[2,3-d]pyrimidines (7-dezapurines, scheme A), pyrrolo[3,2-d]pyrimidines (9-deazapurines, scheme B), triazolo[4,5-d]py-
rimidine (8-azapurine, scheme C), pyrazolo[1,5-a]pyrimidine (scheme D), and pyrazolo[4,3-d]pyrimidine (scheme E) kinetin isosteres. Reagents and conditions: (i) 
furfurylamine, TEA, 120–170 ◦C, MW irradiation, 40–50 min; (ii) furfurylamine, TEA, nPrOH, reflux, 4 h; (iii) NaN3, DMSO, rt (XI); (iv) 2-cyanoacetamide, EtONa, 
EtOH, 90 ◦C; (v) ethyl formate, EtONa, EtOH, 95 ◦C; (vi) SOCl2, DMF/CHCl3, reflux; vii) furfurylamine, EDIPA, iPrOH, 100 ◦C, 4.5 h (XV); (viii) Na, NH3, −78 ◦C, 1 h; 
(ix) furfurylamine, K2CO3, MeCN/DMF, 90 ◦C, 3 h; (x) P2S5, Py, reflux 3 h; (xi) MeI, K2CO3, DMF, 0 ◦C to rt, 10 min; (xii) furfurylamine, 125 ◦C, 8 h. 

Fig. 3. Structures of commercially available kinetin isosteres.  
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amine and intermediate III was obtained. After reduction with sodium 
dithionite, the resulting resin-bound intermediate VI(Cl) was cyclized 
with triethyl orthoformate, which afforded the polymer-supported imi-
dazo[4,5-b]pyridine VII(Cl). Final cleavage using trifluoroacetic acid 
yielded the desired product 4 (Fig. 1A). 

The corresponding unsubstituted imidazo[4,5-b]pyridine 3 was 
prepared analogically using 2,4-dichloro-3-nitropyridine in the aryla-
tion step. The resin IV was subjected to amination with a mixture of 
aqueous ammonia and dimethylsulfoxide (DMSO) to obtain the resin V 
followed by the reduction and cyclization of the resin-bound interme-
diate VI(H) with triethyl orthoformate. Cleavage from the resin yielded 
crude imidazo[4,5-b]pyridine 3. Cleaved compounds 3 and 4 were pu-
rified using semipreparative reverse-phase chromatography. Imidazo 
[4,5-c]pyridines 5 and 6 were prepared in a similar way using either 2- 
chloro-3-nitropyridin-4-amine or 2,6-dichloro-3-nitropyridin-4-amine 
to arylate the resin II. The rest of the reaction sequence was identical 
to preparation of imidazo[4,5-b]pyridines 3 and 4 (Fig. 1B). An alter-
native synthesis of compounds 3 and 5 using the substitution of the 
complete purine isostere ring with furfurylamine was reported.27 

Unsubstituted pyrrolo[2,3-d]pyrimidine 7 and pyrrolo[3,2-d]py-
rimidine 9 isosteres were prepared by microwave-assisted synthesis. A 
mixture of 4-chloro-7H-pyrrolo[2,3-d]pyrimidine or 4-chloro-5H-pyr-
rolo[3,2-d]pyrimidine with furfurylamine and triethylamine in meth-
anol was subjected to focused microwave irradiation (MW) using a 
Discover SP reactor (Fig. 2A, B). Similar synthesis of compound 7 was 
reported by Davoll in 196025 but our protocol using MW provided much 
higher yields (60% vs. 26.2%)0.2-Cl Analogues (8, 10) were prepared by 
conventionally heating starting material with furfurylamine, and trie-
thylamine in refluxing n-propanol (Fig. 2A and B, respectively). 

Synthesis of 8-azakinetin (11) was started by azidation of benzyl 
bromide with sodium azide in anhydrous DMSO to give XI, followed by 
cyclization of the triazole ring of XII with 2-cyanoacetamide. Pyrimidine 
ring closure was accomplished with ethyl formate and intermediate XIII 
was subsequently chlorinated by thionyl chloride to obtain compound 
XIV. Substitution of the chlorine atom with furfurylamine yielded 
compound XV. Final debenzylation was achieved by treating XV with 
sodium in liquid ammonia (Fig 2C). Pyrazolo[1,5-a]pyrimidine kinetin 
analogue (12) was prepared in just one step by reacting 7-chloropyr-
azolo[1,5-a]pyrimidine with furfurylamine (Fig. 2D), whereas synthesis 
of compound 13 required a three-step procedure. First, the hydroxy 
group of 1H-pyrazolo[4,3-d]pyrimidin-7-ol was converted to thiol by 
heating the starting compound with phosphorous pentasulfide accord-
ing to a published protocol,30 followed by methylation of XVI with 
methyl iodide. Finally, substitution of the methylsulfanyl group of XVII 
with furfurylamine furnished compound 13 (Fig. 2E). An alternative 
synthesis of compound 11 from 4-amino-6-chloro-5-nitropyrimidin was 
reported previously.26 

3.2. Protection of fibroblasts derived from Friedreich ataxia patients 
against oxidative stress 

Friedreich ataxia (FA) is a mitochondrial disease affecting the ner-
vous system and heart caused by a homozygotic mutation in the gene 
encoding frataxin (FXN), a crucial protein for Fe-S cluster assembly. As a 
consequence, several essential proteins for mitochondrial energy pro-
duction are affected, as reviewed by Bürk in 2017.43 The current therapy 
only eases the symptoms without addressing the pathological changes of 
mitochondria and cells. Established screening protocols for candidate 
drugs exploit the increased sensitivity of FA fibroblasts to stress.44–46 In 
a recent high-throughput screening campaign aimed at finding potential 
new treatments for FA based on evaluation of protection against gluta-
thione depletion (Voller et al., in preparation), we identified 2-chloro-3- 
deazakinetin as a highly active derivative (compound 6 herein). We 
decided to further search the chemical space of kinetin derivatives for 
other active compounds using the same protocol. GM04078 FA fibro-
blasts were pretreated with the test compounds and then exposed to L- 

buthionine sulfoximine (BSO), an inhibitor of glutathione de novo syn-
thesis. The effect on cell viability was evaluated using the resazurin 
reduction assay.47 Protective activity was observed not only for com-
pound 6 but also for compound 5, an analogue with no 2-chloro sub-
stituent. Neither kinetin nor 2-chlorokinetin was active (data not 
shown). Follow-up experiments showed that both compounds 5 and 6 
have dose-dependent effects (Fig. 4A), but the effect of compound 6 was 
much stronger. Compound 6 showed some protective activity at 10 or 
50 μM against an even higher dose of BSO (Fig. 4B). 

The protective effect of the compounds was not mediated by 
restoring levels of GSH, which were measured by quantifying fluores-
cent adducts with monobromobimane (not shown). We also addressed 
the possibility that the effect of compound 6 could be explained by 
restoration of FXN expression, but treating FA fibroblasts with the 
compound at 10 and 50 μM had no clear effects as assessed by western 
blotting and immunodetection (not shown). We also tested whether 
compounds 5 and 6 could directly replace the primary function of FXN 
in the stimulation of iron-sulfur cluster (ISC) biosynthesis.48 To this end, 
we used functionally relevant reconstituted ISC machinery without 
frataxin to test effects of these compounds on the rate of Fe-S cluster 
synthesis.31 At 200 μM, compound 5 slightly activated Fe-S cluster 
biosynthesis by a factor of 1.1, which is only about 0.5% of the activa-
tion afforded by FXN (see Appendix B – Fig. B.1). Such a small effect is 
not consistent with the compound’s marked protective effect on BSO- 
treated cells. Moreover, compound 6, which also protects against BSO 
toxicity in FA fibroblasts, slightly inhibits rather than stimulates Fe-S 
cluster synthesis. Therefore, compound 5 or 6 may influence second-
ary effects of the lack of FXN in FA fibroblasts rather than Fe-S cluster 
biosynthesis. Yet another mechanism that could potentially explain 
protective activity in FA models is iron chelation; however compound 6 
had no effect in calcein quenching assay49 (data not shown). 

3.3. The effect on oxidative stress injury in SH-SY5Y cells 

Observations of the protective activities of compounds 5 and 6 
inspired us to test activities of kinetin isosteres in other disease models 
where glutathione depletion plays a role. The SH-SY5Y neuroblastoma 
cell line is often used in neuroprotection research, as reviewed by Xicoy 
et al. in 2017.50 One of the frequently used stressors in SH-SY5Y studies 
is glutamate.51 At high concentrations, it causes massive oxidative stress 
by inhibiting the cystine/glutamate Xc-antiporter which resulted in GSH 
depletion and negative regulation of superoxide dismutase (SOD).51 

Resulting phenotypes are complex; features of necroptosis, apoptosis, 
and ferroptosis may be present.52 The changes are probably not trig-
gered by glutamate excitotoxicity, as SH-SY5Y cells probably express 
only one of the NMDA receptor subunits.53 However, some other 
mechanisms have been suggested including, for example, Rac-NADPH- 
oxidase-driven superoxide radical formation.51 

We exposed SH-SY5Y cells from American Tissue Type Collection 
(ATTC) to 160 mM glutamate for 24 h – following enhancement of their 
differentiation and neuronal phenotype by 48 h treatment with 10 μM 
all-trans retinoic acid (ATRA) - and assessed the effect of kinetin iso-
steres on the proportion of dead cells by propidium iodide staining. The 
iron chelator deferoxamine was used as a positive control. Pilot exper-
iments (not shown) allowed us to focus on several candidates for which 
protective activity was suspected. Significant activity was confirmed for 
compounds 6, 10 and 22 (Fig 5A). At 10 μM concentration, they reduced 
death-indicating propidium iodide signals in cells by more than 10%. 
However, their effect was lower than that of equimolar deferoxamine. 
We also assessed the possibility that those compounds may reduce 
oxidative stress, by quantifying superoxide radical production by dihy-
droethidium staining, and found that all the candidates had a dose- 
dependent effect (Fig. 5B). 

Protective activity of compound 6 against glutamate-induced stress 
was further validated by testing in a SH-SY5Y cell line from European 
Collection of Authenticated Cell Culture (ECCAC) with a different 
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morphology and sensitivity to various toxins.54 Compound 6 at 10 μM 
decreased oxidative stress and had a protective activity, albeit the effects 
were lower than those observed in the cells from ATTC. We also show 
that the protective effect was partially mediated by inhibition of caspase 
activation (see Appendix B Fig. B.2). A detailed study of kinetin’s 
behaviour in neuron-like SH-SY5Y will be published separately 
(González et al., submitted to Molecules journal). Compounds 1-deaza 
and 3-deazakinetin showed a protective activity in undifferentiated 
SH-SY5Y against proteotoxic stress induced by MG-132 treatment ac-
cording to the US patent 20170190704.24 The effect is supposed to be 
mediated by PINK1 activation, however no supporting data are shown. 
As PINK1 activation by kinetin requires its conversion into the corre-
sponding nucleoside monophosphate through the action of adenine 
phosphoribosyl transferase followed by further enzymatic phosphory-
lation,9 the combination of purine ring modification with the presence of 
2-chloro substitent suggests that compound 6 and 10 act by a different 
mechanism. 

3.4. Effect of compounds on aberrant splicing of ELP1 

We were also interested in the possibility that compound 6 and other 

derivatives may have beneficial effects in models of neurodegenerative 
diseases in which kinetin (1) or 2-chlorokinetin (2) are active. One such 
disease is familial dysautonomia, a genetic disorder due (as already 
mentioned) to aberrant splicing of ELP1 transcripts.20,55 It is known that 
patient-derived skin fibroblasts can be used for identification of com-
pounds that increase exon 20 inclusion, as in wild-type splicing. 

Here, we evaluated the effect of kinetin isosteres at 50 µM on the 
ratio of wild-type to mutant transcripts in the patient-derived skin 
fibroblast cell line GM04663. mRNA was reverse-transcribed and ELP1 
DNA was amplified by PCR. During the screening phase of the study, the 
effect of the compounds was evaluated using standard agarose electro-
phoresis and GelRed staining (not shown). The activity of the hits was 
then validated by capillary electrophoresis (Fig. 6, Appendix B Fig. B.3). 

The results demonstrate that replacement in either the pyrimidine or 
imidazole rings of the purine moiety can yield active compounds. 
However, some purine ring modifications led to loss of activity. 1-deaza 
derivatives of both kinetin and 2-chlorokinetin were active, but not their 
3-deaza counterparts, suggesting that the N3 nitrogen is crucial for the 
interaction with an unknown molecular target. The activity was retained 
if either N7 (compounds 7 and 8) or N9-nitrogen (compounds 9 and 10) 
were replaced by a carbon atom. The activity of 1-deaza, 7-deaza and 9- 

Fig. 4. The protective effect of compounds 5 and 6 against L-buthionine sulfoximine (BSO) in FA-fibroblasts GM04078. Panel A: Pretreatment with serial con-
centrations of the compounds followed by exposure to 15 µM BSO. Panel B: Pretreatment with compound 6 at 10 or 50 µM followed by exposure to serial con-
centrations of BSO. 
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deaza derivatives is also reported in US patent 10676475,23 where a 
dual color luminiscence-based reporter system was used for the effect 
quantification. Activity can also be retained if the imidazole ring is 
replaced by other 5-membered heterocycles like furan (compound 21) 
and thiophene (compound 19 and 20). On the other hand, 8-aza 
(compound 11) and 9-deaza-8-aza (compound 13) derivatives were 
inactive. 7-deaza-8-azapurine derivatives substituted by a methyl group 
at position 9, the N6-nitrogen or furan ring (compounds 15–18) were 
also inactive. The binding site of the unknown target can accommodate 
even larger substituents, as demonstrated by the activity of the de-
rivatives where the imidazole is replaced by either furan ring substituted 
by two methyl groups (compound 22) or benzene (compound 23). It has 
already been reported that the 2-chloro derivative of kinetin is an even 
more potent regulator of ELP1 splicing.20 Similarly, 2-chloro- de-
rivatives (where available) in our series of compounds retained the ac-
tivity of their unsubstituted parent compounds. 

3.5. In vitro ADME assays 

Kinetin (1), 2-chlorokinetin (2) and their isosteres 3–13 and 19–23 
were subjected to biochemical assays that can be used to predict ab-
sorption, distribution, metabolism and excretion (ADME) 

properties.56,57 The compounds selected for these assays excluded 
methylated derivatives, except 22, where the substitution is on the pu-
rine ring. 

The parallel artificial membrane permeability assay (PAMPA),58 

which measures compounds’ permeation across hexadecane mem-
branes, was used to estimate the selected compounds’ absorption by 
passive diffusion. For this, we assessed their rates of transport across 
Caco-2 (human colon carcinoma cells with transport properties similar 
to enterocytes) and MDCK-MDR1 (dog kidney cells expressing a human 
efflux transporter) monolayers, which are reliable predictors of com-
pounds’ ability to cross intestinal38 and blood-brain barriers (BBB)37, 
respectively. Both apical-to-basal and basal-to-apical movements 
through the barriers were studied, in efforts to identify compounds that 
are subject to active efflux. Metabolization by human plasma and liver 
microsomal fractions was used to evaluate the selected compounds’ 

stability. Finally, binding of the compounds to human plasma proteins 
was studied. The results of all the assays are summarized in Fig. 7. 

The compounds showed good plasma stability (83–100% remaining 
after 2 h incubation) and most of them also had good microsomal sta-
bility (median 78% remaining after 1 h incubation). Degradation 
exceeded 50% only in two cases: 20 and 22. Compound 22 was 
particularly prone to degradation, possibly because of the dimethyl 

Fig. 5. Protective effects of selected kinetin isosters on glutamate-induced death (panel A) and oxidative stress (panel B) of SH-S5Y5 from ATCC collection. DFO – 

deferoxamine. 

Fig. 6. Effects of the selected isosteres on alternative splicing of mutant ELP1 transcript: wild-type (wt)/wild-type + mutant transcript ratios.  
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Fig. 7. Overview of the results of ADME in vitro assays. Error bars are ranges of values (triplicates in biochemical assays, duplicates in cell-based permeability assays). 
Standard errors calculated by the Delta method40) are only given for results of efflux ratio experiments. 
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substitution on the 5-membered ring of the purine moiety. Plasma 
protein binding was highly variable (12.9–96.6%, median 76.7%). Re-
sults of the PAMPA assays (log Papp −6.3 to −4.8 cm/s, 1st quartile 
−5.8 cm/s, median −5.5 cm/s, 3rd quartile −5.3 cm/s) indicate that 
majority of compounds can readily cross biological barriers by passive 
diffusion. Compounds with log Papp > −6 cm/s are classified as having 
high permeability. Results of the Caco-2 and MDCK-MDR1 assays (Papp 
= 7.6–108.8 and 16.3–207.3 in the units of 10−6 cm/s, respectively) are 
substantially higher than thresholds for high oral absorbance (5 × 10−6 

cm/s) and BBB penetration (10 × 10−6 cm/s). Remarkably high values 
were obtained for kinetin, suggesting possible facilitated transport 
across the cell membrane. Comparably high absorption was observed for 
5, 7, 19 and 22 in Caco-2, but not MDCK-MDR1 cells. The reason for this 
difference is unclear, although differences in the abundance and/or 
types of membrane transporters present could be responsible. Differ-
ences in compounds’ efflux rates could also contribute to this effect, as 
three of these compounds are among those with the highest efflux rates 
from MDCK-MDR1 cells. However, compound fluxes are influenced by 
complex interactions of multiple factors, which would require substan-
tial further elucidation. 

3.6. Conclusion 

Kinetin has been proposed as a potential therapeutic for diverse 
conditions and promotion of healthy aging (reviewed by Kadlecová et al. 
in 20192). It even reached clinical trials for treating skin photoaging59 

and familial dysautonomia7. However, few previous peer reviewed 
studies have assessed pharmacological activities of kinetin deriva-
tives20–22, and none of them explored effects of modifications of the 
purine ring system. Some purine isosters are revealed in patent litera-
ture, however.23,24 

Here, we report the pharmacological activity of kinetin and 2-chlor-
okinetin purine isosteres, and show that some of them have activities not 
reported for the parent compounds. For example, compound 6 was 
originally identified as a compound that can protect FA fibroblasts 
against oxidative stress in our previously mentioned, unpublished high- 
throughput campaign. The same compound, together with several 
others, also protected neuron-like cells against oxidative stress damage 
after high dose glutamate treatment. It would be interesting to evaluate 
those compounds in other models of mitochondrial and neurodegener-
ative diseases. 

To our disappointment, compound 6 did not correct aberrant splicing 
of ELP1 transcripts. It would be advantageous to have a compound with 
such combined activity for treating familial dysautonomia, where stress 
contributes to the neurodegeneration progression. Overall, activity in 
the splicing assay was most tolerant of isosteric replacement in the pu-
rine core. This tolerance was remarkable in the case of the 5-membered 
ring, suggesting that it faces toward the cytosolic part of the unknown 
target’s binding site. 

We anticipate that isosteric purine replacement could be beneficial 
not only for improving kinetin’s activity toward some targets by 
increasing interaction with the binding sites but also for increasing the 
safety of the treatment by limiting affinity for off-targets. This may be 
particularly important for a compound such as kinetin that has adenine 
moiety that is present in many important regulatory and signaling 
molecules. A lower propensity to interact with the purinome generally is 
thus clearly a desirable property in most cases. Although molecular 
targets of kinetin remain mostly elusive, it seems highly unlikely that the 
wide range of reported activities is mediated by a single target or 
pathway. Kinetin isosteres could therefore also be used for studies of the 
independence of its various activities. Isosteric replacement also mod-
ulates pharmacokinetic properties. Although our data suggest that ma-
jority of kinetin isosteres can reach CNS after oral administration, they 
also show that replacement of the purine ring system of kinetin may 
result in reduced bioavailability, making development of derivatives 
with the better activity in the target tissues more difficult. We conclude 

that isosteric replacement of kinetin’s purine moiety is a fruitful strategy 
for not only improving its known activities but also for exploring ther-
apeutic applications. 
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Abstract: Six new (1, 2, 6, 8, 13, and 20) and twenty previously isolated (3–5, 7, 9–12, 14–19, and 21–26)
steroids featuring thirteen different carbocycle motifs were isolated from the organic extract of the
soft coral Sinularia polydactyla collected from the Hurghada reef in the Red Sea. The structures
and the relative configurations of the isolated natural products have been determined based on
extensive analysis of their NMR and MS data. The cytotoxic, anti-inflammatory, anti-angiogenic,
and neuroprotective activity of compounds 3–7, 9–12, 14–20, and 22–26, as well as their effect on
androgen receptor-regulated transcription was evaluated in vitro in human tumor and non-cancerous
cells. Steroids 22 and 23 showed significant cytotoxicity in the low micromolar range against the
HeLa and MCF7 cancer cell lines, while migration of endothelial cells was inhibited by compounds
11, 12, 22, and 23 at 20 µM. The results of the androgen receptor (AR) reporter assay showed that
compound 11 exhibited the strongest inhibition of AR at 10 µM, while it is noteworthy that steroids
10, 16, and 20 displayed increased inhibition of AR with decreasing concentrations. Additionally,
compounds 11 and 23 showed neuroprotective activity on neuron-like SH-SY5Y cells.

Keywords: Sinularia polydactyla; soft coral; steroids; cytotoxic; anti-inflammatory; neuroprotective;
androgen receptor

1. Introduction

The Red Sea, one of the warmest and most saline marine habitats, is an extension of the Indian
Ocean, located between the Arabian Peninsula and Africa. The entire coastal reef complex extends
along a 2000-km shoreline and is characterized by a high degree of chemodiversity, including more
than 200 soft and 300 hard coral species [1]. Despite the diverse marine life hosted in the Red Sea,
marine organisms from this ecosystem have not been thoroughly studied in comparison to other
extended coral habitats, such as those encountered in the Great Barrier Reef or the Caribbean Sea [2].
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Figure 1. Chemical structures of compounds 1–26.

Over the last 50 years, soft corals (Anthozoa, Gorgonacea) have been the subject of extensive
chemical investigations which have resulted in the isolation of a large of number secondary
metabolites, mainly sesquiterpenes, diterpenes, prostanoids, and highly functionalized steroids [3].
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A significant number of these metabolites have exhibited potent biological properties, including
cytotoxic, antibacterial, antifungal, anti-inflammatory, and antifouling activity [2]. Among soft corals,
species of the genus Sinularia have been extensively studied as sources of new bioactive compounds,
most often leading to the isolation of diterpenes and steroids with noteworthy levels of bioactivity [2,3].

In the context of our continuous interest for the isolation of bioactive metabolites from marine
organisms, we recently had the opportunity to collect specimens of Sinularia polydactyla from the
coastline of Hurghada in the Red Sea (Egypt) and investigate its chemical profile. Herein we report the
isolation, structure elucidation, and evaluation of biological activity of six new (1, 2, 6, 8, 13, and 20)
and twenty previously isolated (3–5, 7, 9–12, 14–19, and 21–26) steroids (Figure 1).

2. Results and Discussion

2.1. Structure Elucidation of the Isolated Metabolites

A series of normal- and reversed-phase chromatographic separations of the organic extract of the
soft coral S. polydactyla collected from the Egyptian Red Sea coastline at Hurghada allowed for the
isolation of compounds 1–26.

Compound 1, isolated as a white amorphous solid, possessed the molecular formula C29H48O2,
as indicated by the HR-APCIMS and NMR data. The 13C NMR and HSQC-DEPT spectra revealed the
presence of 29 carbon atoms, corresponding to seven methyls, seven methylenes, twelve methines,
and three non-protonated carbon atoms. Among them, evident were one carbonyl resonating at
δC 213.1, four olefinic carbons resonating at δC 127.6, 132.6, 135.2, and 142.0 and an oxygenated
carbon resonating at δC 76.6. In the 1H NMR spectrum evident were two methyls on non-protonated
carbons (δH 0.94 and 1.08), five methyls on tertiary carbons (δH 0.80, 0.81, 0.89, 0.99, and 1.04),
one oxygenated methine (δH 3.09), and four olefinic methines (δH 5.15, 5.20, 5.28, and 5.41). Since the
carbonyl moiety and the two carbon–carbon double bonds accounted for three of the six degrees of
unsaturation, the molecular structure of 1 was determined as tricyclic. The spectroscopic features of
metabolite 1 (Tables 1 and 2), in conjunction with the homonuclear and heteronuclear correlations
observed in its HSQC, HMBC, and COSY spectra (Figure 2) suggested that compound 1 possessed a
8-oxo-3-hydroxy-4-methyl-8,9-seco steroidal nucleus with a ∆

9,11 and a C9H17 unsaturated side chain
with a 1,2-disubstituted double bond between C-22 and C-23. Specifically, the correlations observed
in the COSY spectrum identified three distinct spin systems, namely (a) a spin system starting from
H-1 to H2-7, incorporating H3-29 which was coupled to H-4, (b) a short spin system from H-9 to
H2-12 through H-11, and (c) an extended branched spin system from H-14 to H3-26, including H3-21,
H3-27, and H3-28 which were coupled to H-20, H-25, and H-24, respectively. The HMBC correlations
of H3-19 with C-1, C-5, C-9, and C-10 concluded the six-membered ring and positioned the first
angular methyl on C-10, connecting at the same time spin systems (a) and (b). Additionally, the HMBC
correlations of H3-18 with C-12, C-13, C-14, and C-17 identified the five-membered ring and fixed
the position of the second angular methyl on C-13, connecting spin systems (b) and (c). The HMBC
correlations of H2-6, H2-7, and H-14 with the carbonyl carbon C-8 supported the cleavage of the
C-8/C-9 bond, giving rise to the decalin ring and connecting spin systems (a) and (c). The geometry
of the two double bonds was determined as E in both cases on the basis of the measured coupling
constants (J9,11 = 15.3 Hz and J22,23 = 15.2 Hz). The enhancements of H-3/H-5, H-3/H3-29, H-4/H3-19,
H-5/H-9, H-9/H-12α, H-9/H-14, H-11/H-12β, H-11/H3-18, H-11/H3-19, H-14/H-17, and H3-18/H-20
observed in the NOESY spectrum (Figure 2) verified the trans fusion of the six-membered and
the ten-membered rings, as well as the trans fusion of the latter with the five-membered ring and
determined the relative configuration of the stereogenic centers. The R configuration at C-24 was
proposed on the basis of the 0.3 ppm difference in the chemical shifts of C-26 and C-27 and the chemical
shift of C-28 resonating at 17.6 ppm [4]. On the basis of the above, metabolite 1 was identified as
(9E,22E,24R)-3β-hydroxy-4α,24-dimethyl-8,9-seco-5α-cholesta-9(11),22-dien-8-one.
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Table 1. 1H NMR data (δ in ppm, J in Hz) in CDCl3 of compounds 1, 2, 4, 6, 8, 13, and 20.

Position 1 1 2 1 4 2 6 2 8 1 13 1 20 3

1 1.33 m, 1.22 m 1.36 m, 1.24 m 1.71 m, 0.98 m 1.72 m, 0.93 m 1.72 m, 0.96 m 1.91 m, 1.00 m 1.91 m, 1.08 m
2 1.76 m, 1.48 m 1.76 m, 1.49 m 1.77 m, 1.46 m 1.77 m, 1.52 m 1.78 m, 1.52 m 1.79 m, 1.58 m 1.84 m, 1.40 m
3 3.09 td (10.1, 4.8) 3.10 m 3.06 td (10.5, 4.9) 3.04 td (10.2, 4.9) 3.06 td (10.5, 5.2) 3.05 td (10.8, 5.0) 3.56 m
4 1.27 m 1.28 m 1.27 m 1.31 m 1.33 m 1.41 m 2.37 m, 2.18 m
5 0.91 m 0.92 m 0.72 m 0.68 td (12.4, 2.9) 0.71 td (12.2, 2.2) 0.69 td (11.9, 2.2) -
6 1.66 m, 1.60 m 1.66 m, 1.62 m 1.64 m, 1.47 m 1.50 m, 1.33 m 1.53 m, 1.33 m 1.56 m, 1.39 m 5.73 m
7 2.29 m, 1.75 m 2.48 m, 2.24 m 1.69 m, 1.50 m 1.63 m, 1.13 m 1.64 m, 1.19 m 1.71 m, 1.22 m 2.01 m, 1.51 m
8 - - 1.28 m - - - 1.82 m
9 5.28 d (15.3) 5.27 m 0.60 m 0.80 m 0.81 m 0.88 m 0.89 m

11 5.41 ddd (15.3, 11.1, 3.8) 5.41 m 1.47 m, 1.00 m 1.62 m, 1.49 m 1.62 m, 1.48 m 4.43 brd (1.9) 1.62 m, 1.53 m
12 2.47 m, 1.70 m 2.50 m, 1.72 m 1.92 m, 1.11 m 1.95 m, 1.16 m 1.93 m, 1.17 m 2.23 m, 1.37 m 2.01 m, 1.17 m
14 2.49 m 2.50 m 0.93 m 1.18 m 1.23 m 1.27 m 0.90 m
15 1.64 m, 1.48 m 1.64 m, 1.50 m 1.51 m, 1.02 m 1.45 m, 1.23 m 1.53 m, 1.33 m 1.60 m, 1.46 m 1.50 m, 1.05 m
16 1.70 m, 1.47 m 1.73 m, 1.49 m 1.63 m, 1.19 m 1.64 m, 1.23 m 1.99 m, 1.31 m 2.00 m, 1.35 m 1.64 m, 1.26 m
17 1.31 m 1.28 m 1.09 m 1.03 m 1.43 m 1.43 m 1.18 m
18 1.08 s 1.09 s 0.64 s 0.92 s 0.89 s 1.09 s 0.75 s
19 0.94 s 0.94 s 0.80 s 0.97 s 0.96 s 1.33 s 3.81 d (11.5), 3.59 d (11.5)
20 2.10 m 2.11 m 1.98 m 1.96 m 1.56 m 1.59 m 2.11 m
21 0.99 d (6.8) 0.93 d (6.1) 0.97 d (6.6) 0.94 d (6.4) 0.83 d (6.9) 0.85 d (7.0) 1.03 d (6.5)
22 5.15 dd (15.2, 8.1) 1.53 m, 1.14 m 5.12 dd (15.1, 7.6) 5.09 dd (15.2, 8.2) 4.72 brs 4.70 brs 5.56 dd (15.7, 8.7)
23 5.20 dd (15.2, 7.3) 2.08 m, 1.88 m 5.17 dd (15.1, 7.0) 5.16 dd (15.2, 7.4) 5.36 brs 5.36 brs 5.92 d (15.7)
24 1.83 m - 1.83 m 1.80 m - - -
25 1.44 m 2.21 m 1.44 m 1.42 m 2.24 septet (6.9) 2.24 septet (6.9) 2.53 septet (6.8)
26 0.81 d (6.8) 1.00 d (6.8) 0.81 d (6.8) 0.81 d (6.8) 1.05 d (6.9) 1.05 d (6.9) 1.06 d (6.8)
27 0.80 d (6.8) 1.01 d (6.9) 0.79 d (6.8) 0.79 d (6.8) 1.05 d (6.9) 1.06 d (6.9) 1.04 d (6.8)
28 0.89 d (6.8) 4.70 brs, 4.63 brs 0.88 d (6.8) 0.88 d (6.8) 4.62 d (15.7), 4.20 d (15.7) 4.59 d (15.7), 4.21 d (15.7) 4.83 brs, 4.79 brs
29 1.04 d (6.1) 1.04 d (6.1) 0.92 d (6.3) 0.95 d (6.8) 0.95 d (6.4) 0.96 d (6.4) -

1 Recorded at 600 MHz. 2 Recorded at 400 MHz. 3 Recorded at 950 MHz, - absence of value.
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Table 2. 13C NMR data (δ in ppm) in CDCl3 of compounds 1, 4, 6, 8, 13, and 20.

Position 1 1,2 4 3 6 1,4 8 1,2 13 2 20 1,5

1 38.5 36.8 37.7 37.2 37.5 32.9
2 30.7 31.1 30.9 30.3 30.2 31.7
3 76.6 76.6 76.8 76.4 76.5 70.8
4 39.8 39.2 39.0 38.5 38.2 41.9
5 53.5 51.0 51.9 51.2 52.3 134.9
6 20.0 24.2 20.5 19.8 20.0 126.8
7 47.1 32.2 40.1 39.6 39.9 30.8
8 213.1 36.0 73.6 73.5 75.3 33.4
9 142.0 54.6 56.6 56.0 57.6 49.9
10 39.1 34.9 36.9 36.3 36.8 41.0
11 127.6 21.1 18.3 18.1 69.8 21.4
12 46.8 40.2 41.6 40.5 49.0 39.6
13 55.2 42.4 43.0 42.7 41.8 42.3
14 62.7 56.6 59.7 59.0 60.2 57.5
15 26.6 24.2 19.0 18.7 19.2 24.1
16 28.4 28.6 28.3 27.0 26.9 28.1
17 56.7 56.1 57.1 52.4 53.9 55.4
18 13.5 12.3 14.0 12.8 15.0 12.0
19 15.8 13.4 13.8 13.2 15.6 62.3
20 39.1 40.0 39.6 39.8 40.0 39.9
21 21.7 20.9 21.3 12.8 12.9 20.2
22 135.2 135.9 135.7 79.9 79.7 135.4
23 132.6 131.6 131.8 119.4 119.2 128.8
24 43.0 42.8 43.2 142.0 142.0 153.0
25 33.2 33.1 33.8 30.8 31.1 28.8
26 19.8 19.6 19.9 21.0 21.1 21.7
27 20.1 19.9 20.2 21.0 21.1 22.1
28 17.6 17.6 18.0 70.6 70.8 109.0
29 16.4 15.1 16.0 14.9 15.2

1 Chemical shifts were determined through HMBC correlations. 2 Recorded at 150 MHz. 3 Recorded at 50 MHz.
4 Recorded at 100 MHz. 5 Recorded at 237.5 MHz.

Figure 2. (a) COSY and key HMBC correlations and (b) key NOESY cross-peaks for compound 1.

Compound 2, isolated in minute amount as a white amorphous solid, displayed an ion peak at m/z

429.3725 (HR-APCIMS), corresponding to C29H49O2 and consistent for [M +H]+. Compound 2 shared
quite similar spectroscopic features with 1. In particular, all signals attributed to the steroidal nucleus,
with the most prominent being the signals of the two angular methyls H3-18 and H3-19 (δH 1.09 and 0.94,
respectively), the methyl at C-4 (δH 1.04), the oxymethine H-3 (δH 3.10), and the two olefinic protons
H-9 and H-11 (δH 5.27 and 5.41, respectively), were also evident in the 1H NMR spectrum of compound
2 (Table 1). The most significant difference observed was the replacement of the 1,2-disubstituted
double bond in the side chain of 1 by a 1,1-disustituted double bond (δH 4.63 and 4.70) in the side
chain of 2. The correlations observed in the COSY spectrum of 2 identified the relevant spin systems;
however, metabolite 2 was proven unstable and degraded prior to the acquisition of heteronuclear NMR
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spectra. Nevertheless, the high structural similarity of 2 with compound 1 renders safe the proposed
identification of 2 as (9E)-3β-hydroxy-4α,24-dimethyl-8,9-seco-5α-cholesta-9(11),24(28)-dien-8-one.

Compound 6, isolated as a white amorphous solid, possessed the molecular formula C29H50O2,
as suggested by its HR-APCIMS and NMR data. The spectroscopic data of 6 were quite similar to
those of the previously reported metabolites 5 and 7 (Tables 1 and 2). The presence of the two angular
methyls at δH 0.92 and 0.97, the doublet methyl at δH 0.95, the oxygenated methine at δH 3.04 and the
quaternary oxygenated carbon at δC 73.6, in conjunction with the correlations observed in the HMBC
and COSY spectra (Figure 3a), verified the 3,8-dihydroxy-4-methyl steroidal nucleus. The side chain
of compound 6 included four doublet methyls (δH/C 0.79/20.2, 0.81/19.9, 0.88/18.0, and 0.95/16.0) and
two olefinic methines (δH/C 5.09/135.7 and 5.16/131.8) that was assigned on the basis of the COSY and
HMBC correlations. The E geometry of the ∆

22 double bond was supported by the large coupling
constant of H-22/H-23 (J = 15.3 Hz). The enhancements of H-3/H-5, H-3/H3-29, H-4/H3-19, H-5/H-9,
H-5/H3-29, H-9/H-12α, H-9/H-14, H-12β/H3-18, and H3-18/H-20 observed in the NOESY spectrum
verified the trans fusion of rings A/B, B/C, and C/D and suggested the axial orientation of the hydroxy
group at C-8. The configuration at C-24 was proposed as R due to the fact that the difference in the
chemical shifts of C-26 and C-27 was 0.3 ppm and that C-28 resonated at 18.0 ppm [4]. Therefore,
compound 6 was identified as (22E,24R)-4α,24-dimethyl-5α-cholest-22-en-3β,8β-diol.

Figure 3. (a) COSY and important HMBC correlations for compound 6. (b) COSY and important
HMBC correlations for compound 8. (c) COSY and important HMBC correlations for compound 13.
(d) COSY and important HMBC correlations for compound 20.

Compound 8, isolated as a white amorphous solid, exhibited an ion peak at m/z 459.3475
corresponding to C29H47O4 and consistent with [M − H]−. The high degree of similarity of
the spectroscopic data of metabolite 8 (Tables 1 and 2) with those of 5–7 indicated the same
3,8-dihydroxy-4-methyl steroidal nucleus, further confirmed by the correlations observed in the
HMBC and COSY spectra (Figure 3b). Taking into account that the steroidal nucleus of 8 accounts for
four of the six degrees of unsaturation and the presence of one double bond on the side chain, the latter
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should also contain an additional ring. The 1H and 13C NMR signals corresponding to the side chain of
compound 8 included three doublet methyls (δH/C 0.95/14.9, 1.05/21.0, and 1.05/21.0), one oxygenated
methine (δH/C 4.72/79.9), one oxygenated methylene (δH/C 4.20, 4.62/70.6), one olefinic methine (δH/C

5.36/119.4), and one non-protonated olefinic carbon (δC 142.0). The COSY cross-peaks of H-20/H3-21,
H-20/H-22, H-22/H-23, H-25/H3-26, and H-25/H3-27, in combination with the HMBC correlations of
H3-21 with C-17, C-20, and C-22, of H-23, H-25, H3-26, and H3-27 with C-24 and of H2-28 with C-23,
C-24, and C-25 verified the side chain. In accordance with the literature, H-22 was assigned to be on
the opposite side of H3-21, as also suggested by the chemical shift of C-23 which resonated at 119.4
ppm. Instead, when H-22 and H3-21 are co-planar, C-23 is shielded, resonating at 115–116 ppm [5].
Thus, metabolite 8 was identified as (23E)-22α,28-epidioxy-4α,24-dimethyl-5α-cholest-23-en-3β,8β-diol.

Compound 13 was isolated as a white amorphous solid. The ion peak at m/z 475.3424 observed
in its HR-APCIMS was consistent with [M − H]−, dictating the molecular formula C29H48O5.
The spectroscopic data of metabolite 13 related to the steroidal nucleus (Tables 1 and 2) displayed high
similarity with those of 9–12, suggesting a 3,8,11-trihydroxy-4-methyl steroidal nucleus that was further
verified by the correlations observed in the COSY, HMBC and NOESY spectra (Figure 3c). Additionally,
the NMR data concerning the side chain of compound 13 were rather similar to those of 8, thus allowing
for the identification of 13 as (23E)-22α,28-epidioxy-4α,24-dimethyl-5α-cholest-23-en-3β,8β,11β-triol.

Compound 20, isolated as a white amorphous solid, had the molecular formula C28H44O2,
as indicated by its HR-ESIMS and NMR data. In the 1H NMR spectrum of metabolite 20 evident were
only one methyl on a non-protonated carbon (δH 0.75), three methyls on tertiary carbons (δH 1.03,
1.04 and 1.06), one hydroxymethylene (δH 3.59 and 3.81), one oxygenated methine (δH 3.56), three olefinic
methines (δH 5.56, 5.73 and 5.92) and an exomethylene group (δH 4.79 and 4.83). The spectroscopic data
of 20 (Tables 1 and 2) closely resembled those of the co-occurring 19, with the main difference being the
presence of an additional 1,2-disubstituted double bond in the side chain of 20. The homonuclear and
heteronuclear correlations observed in the COSY, HMBC, and NOESY spectra (Figure 3d) verified the
3,19-dihydroxy steroidal nucleus with a ∆

5 double bond and the proposed side chain, as well as the
relative configuration of the stereogenic centers. The E geometry of the ∆

22 double bond was assigned
on the basis of the measured coupling constant between H-22 and H-23 (J = 15.7 Hz). On the basis of
the above, metabolite 20 was identified as (22E)-24-methyl-cholesta-5,22,24(28)-trien-3β,19-diol.

Compounds 3, 5, 7, 9–12, 14–19, and 21–26 were identified by comparison of their spectroscopic
and physical characteristics with those reported in the literature as 4α,24-dimethyl-5α-cholest-24(28)-en-
3β-ol (3) [6], (22E,24R)-4α,24-dimethyl-5α-cholest-22-en-3β-ol (4) [7], 4α,24-dimethyl-5α-cholest-24(28)-
en-3β,8β-diol (5) [8], 23-oxo-4α,24-dimethyl-5α-cholest-24(28)-en-3β,8β-diol (7) [9], nebrosteroid M
(4α,24- dimethyl-5α-cholest-24(28)-en-3β,8β,11β-triol, (9) [10], (22E,24R)-4α,24-dimethyl-5α-cholest-22-
en-3β,8β,11β-triol (10) [4], nebrosteroid A (23-oxo-4α,24-dimethyl-5α-cholest-24(28)-en-3β,8β,11β-triol,
(11) [11], 23ξ-acetoxy-4α,24-dimethyl-5α-cholest-24(28)-en-3β,8β,11β-triol (12) [4], (22Z)-4α,24ξ-
dimethyl-5α-cholest-22-en-3β,8β, 11β,12α-tetraol (14) [4], 4α,24-dimethyl-5α-cholest-24(28)-en-3β, 8β,
18-triol (15) [4], (22E,24R)-4α,24-dimethyl-5α-cholest-22-en-3β,8β,18-triol (16) [4], 24-methyl-cholesta-
5,24(28)-dien-3β-ol (17) [12], 24-methyl-cholesta-5,24(28)-dien-3β,7β-diol (18) [13], 24-methyl-cholesta-
5,24(28)-dien-3β,19-diol (19) [14], 24-methyl-cholesta-5,24(28)-dien-3β,7β,19-triol (21) [15], 7β-acetoxy-
24-methyl-cholesta-5,24(28)-dien-3β,19-diol (22) [16], 7β-acetoxy-cholest-5-en-3β,19-diol (23) [15], 7-oxo-
24-methyl-cholesta-5,24(28)-dien-3β,19-diol (24) [17], 24-methyl-cholesta-7,24(28)-dien-3β,5α,6β-triol
(25) [18], and (22E,24R)-24-methyl-cholesta-7,22-dien-3β,5α,6β-triol (26) [18], previously isolated from
various marine organisms, mainly soft corals of the genera Litophyton and Nephthea. Even though
compound 4 has been isolated in the past, only a few characteristic 1H NMR resonances have been
reported. Analysis of its 1D and 2D spectra allowed for the full assignment of the 1H and 13C chemical
shifts of compound 4 (Tables 1 and 2).
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2.2. Evaluation of the Biological Activity of the Isolated Metabolites

Compounds 3–7, 9–12, 14–20, and 22–26, which were isolated in sufficient amounts, were evaluated
in vitro in human tumor and non-cancerous cell lines for a number of biological activities, including
cytotoxicity, anti-inflammatory, anti-angiogenic, and neuroprotective activity, as well as for their effect
on androgen receptor (AR)-regulated transcription.

Initially, the cytotoxic activity of metabolites 3–7, 9–12, 14–20, and 22–26 was evaluated in
human cancer and normal cells after 72 h of treatment. Human cervical cancer (HeLa), human breast
adenocarcinoma (MCF7) cell lines, and human normal fibroblasts (BJ) were used for the screening.
Among the tested compounds, 22 and 23 strongly reduced the viability of cancer cells in the low
micromolar range (Table 3), compounds 9–12, 14–16, 18, and 24 showed moderate cytotoxic activity,
while the remaining ten steroids were proven inactive. Most of the compounds with activity against
cancer cells also showed cytotoxicity toward normal cells (BJ), except for compounds 11, 12, 14, 15,

and 18. Compared to cisplatin, these compounds exhibit a wide therapeutic window because of the
absence of cytotoxicity on normal human fibroblasts. Moreover, metabolite 22 was proven more active
against the HeLa cell line than the reference standard cisplatin.

Table 3. Cytotoxicity (IC50; µM) of compounds 3–7, 9–12, 14–20, and 22–26 against human cancer cell
lines and fibroblasts after 72 h of treatment. Cisplatin was used as a positive control.

Compound HeLa MCF7 BJ

3 >50 >50 >50
4 >50 >50 >50
5 >50 >50 >50
6 >50 >50 >50
7 >50 >50 >50
9 25.9 ± 4.9 36.4 ± 5.7 18.3 ± 4.0

10 32.9 ± 6.8 32.7 ± 1.3 4.1 ± 1.9
11 18.8 ± 6.4 21.7 ± 1.4 >50
12 15.7 ± 2.0 25.3 ± 6.5 >50
14 >50 29.1 ± 5.0 >50
15 19.0 ± 4.3 18.9 ± 0.1 >50
16 32.9 ± 5.2 33.8 ± 1.0 23.2 ± 1.4
17 >50 >50 >50
18 22.6 ± 0.4 28.6 ± 5.3 >50
19 >50 >50 >50
20 >50 >50 >50
22 7.5 ± 0.1 8.9 ± 0.0 14.8 ± 5.8
23 12.0 ± 1.7 11.2 ± 0.5 14.5 ± 3.9
24 21.4 ± 2.0 31.7 ± 0.3 45.9 ± 2.8
25 >50 >50 >50
26 >50 >50 >50

cisplatin 11.4 ± 3.8 7.7 ± 1.7 6.9 ± 0.9

Subsequently, we examined whether the isolated steroids could influence angiogenesis or
inflammation in vitro. Compounds 3–7, 9–12, 14–20, and 22–26 and 2-methoxy-estradiol, which is
known as an anti-angiogenic drug for the treatment of tumors and was used herein as positive
control [19], were tested in the migration scratch and the tube formation assays using human umbilical
vein endothelial cells (HUVEC). Only non-cytotoxic concentrations in HUVECs were used for the
scratch assay. Metabolites 11, 12, 22, and 23 partially inhibited HUVEC migration at 20 µM after 20 h of
treatment (Figure 4), while in the tube formation assay, where HUVECs may form tube-like structures,
no activity was observed for the tested compounds (data not shown). Thus, all tested steroids showed
either little or no antiangiogenic activity.
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Figure 4. Compounds 11, 12, 22, and 23 inhibited migration of HUVECs after 20 h of treatment at
20 µM. 2-Methoxy-estradiol was used as a positive control. The experiment was repeated three times
in triplicates.

Figure 5. The influence of compounds 10, 11, 12, 16, and 20 on the androgen receptor-mediated
transcription in the 22Rv1-ARE14 reporter cell line. Control cells were grown in charcoal-stripped
serum medium (CSS). Cells were stimulated with either 1 nM methyltrienolone R1881 (R) or with
the tested compounds in six different concentrations for 24 h in CSS. The luciferase activity was
measured in the cell lysate. Enzalutamide (Enza) and galeterone (Gal) were used as positive controls.
The experiment was repeated three times in triplicates. Bars with asterisk (*) are significantly different
from the control (CSS+R) based on Tukey’s multiple comparison test (p ≤ 0.05).

The anti-inflammatory properties of metabolites 3–7, 9–12, 14–20, and 22–26 were determined
by measuring the levels of endothelial leukocyte adhesion molecule-1 (ELAM/E-selectin), which is a
key molecular marker in the initiation of inflammation, expressed on the cell surface. Cell adhesion
molecules (ICAM-1, VCAM-1, E-selectin) are significantly increased on the vascular endothelium
activated by pro-inflammatory mediators (tumor necrosis factor α, TNFα) as a crucial step for
the extravasation of leukocytes into inflamed tissue [20]. TNFα stimulates NFκB (nuclear factor
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kappa-light-chain-enhancer of activated B cells) and thus E-selectin (CD62E, ELAM). Endothelial
cells were pre-treated for 30 min with the tested compounds and then activated with TNFα for 4 h.
Curcumin, which inhibits activation of NF-κB and thus inhibits expression and activity of the COX-2
gene induced by TNFα [21], was used as a positive control, decreasing ELAM production to 25%
at 10 µM. None of the tested compounds decreased the levels of ELAM (Supplementary Materials
Figure S1).

We have previously observed that several steroids with bulky or long side chains, such as
galeterone derivatives or cholestanes, can also inhibit AR [22,23]. Therefore, we further analyzed
the influence of the isolated steroids on AR-mediated transcription. Compounds 3–7, 9–12, 14–20,

and 22–26 in six different concentrations were evaluated on the reporter cell line 22Rv1-ARE14 for 24 h.
Galeterone and enzalutamide, which were used as positive controls, showed a strong dose-dependent
reduction of AR-regulated transcription (22% and 20% inhibition at 10 µM, respectively). Compounds
11, 12, 16, and 20 showed clearly reduced luciferase activity in a dose-dependent manner, already at
submicromolar concentrations (Figure 5). The strongest inhibition of AR was displayed by compound
11 at 10 µM. Surprisingly, steroids 10, 16, and 20 showed increased inhibition of AR (or decreased the
luciferase activity) with decreasing concentrations (Figure 5). All other steroids tested inhibited AR by
no more than 20% (data not shown).

Figure 6. (A) Cytotoxicity of compounds 11 and 23 in human neuron-like SH-SY5Y cells after 48 h
of treatment. All results are presented as mean ± standard error of the mean (SEM) from at least
three independent experiments in triplicates. (B) Neuroprotective activity of compounds 11 and 23

in the 3-nitropropionic acid (3-NPA)-induced model of Huntington’s disease on human neuron-like
SH-SY5Y cells after 48 h of treatment. (C) Cell death of neuron-like SH-SY5Y induced by 3-NPA and
the protective effect of compounds 11 and 23 after 48 h. The results are presented as mean ± standard
error of the mean (SEM) from triplicates in four independent experiments (n = 4). N-acetylcysteine
(NAC) was used as a positive control. * p compared with vehicle with 20 mM 3-NPA, # p compared
with vehicle without 20 mM 3-NPA.

Since anti-androgens have shown neuroprotective effects in the in vivo model of Huntington’s
disease [24], selected compounds that showed cytotoxic activity and moderate activity in the migration
scratch assay were tested for their cytotoxicity on differentiated human SH-SY5Y cells (neuron-like
cells). Specifically, based on the combined results obtained for compounds 3–7, 9–12, 14–20, and 22–26

in the cytotoxicity assay, the anti-inflammatory activity assay, the migration scratch assay, and the
tube formation assay in HUVECs, as well as in the reporter assay with AR, compounds 11 and
23 were selected as the two most active compounds that were subsequently evaluated for their
neuroprotective activity. As shown in Figure 6A, compounds 11 and 23, as well as N-acetylcystein
(NAC) that was used as a positive control, did not show cytotoxic, but rather stimulatory activity.
In order to evaluate the potential neuroprotective effect of the compounds, neuroblastoma cell line
SH-SY5Y was differentiated for 48 h and further exposed to 20 mM 3-nitropropionic acid (3-NPA)
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as an agent mimicking Huntington’s disease in vitro [25]. 3-NPA was used alone or in co-treatment
with the tested compounds at concentrations of 0.1–10 µM. As shown in Figure 6B, 3-NPA caused
dramatic (approx. 70%) decrease in cell viability determined by the Calcein AM assay. The positive
control (NAC) showed partial (cell viability 77.9 ± 8.99% at 100 µM) or almost complete (cell viability
90.2 ± 5.28% at 1000 µM) protection of cells from the negative effect of 3-NPA. Compounds 11 and
23 showed significant protective effects at 10 µM (cell viability 64.4 ± 6.02% for 11 and 62.5 ± 3.95%
for 23), comparable to 100 µM of the positive control NAC. Being encouraged by the promising
results, we further analyzed the protective effects of 11 and 23 using an orthogonal method (propidium
iodide (PI) assay) to verify their activity. In general, PI as a positively charged dye is associated
with an increase of cell damage or death, since it penetrates cells with cell-disrupted membranes [26].
Within the 3-NPA model, its toxic effect was considered as 100% of the PI signal and thus reduction
of cell death was determined. As shown in Figure 6C, compounds 11 and 23 significantly reduced
cell death (maximal effect at 10 µM) in a manner similar to NAC (100 µM, 77.2 ± 9.53%; 1000 µM,
62.1 ± 4.19%), thus confirming the protective effects of 11 and 23 observed in the viability assay.

3. Materials and Methods

3.1. General Experimental Procedures

Optical rotations were measured on a Krüss polarimeter (A. KRÜSS Optronic GmbH, Hamburg,
Germany) equipped with a 0.5 dm cell. UV spectra were recorded on a Lambda 40 UV/Vis
spectrophotometer (Perkin Elmer Ltd., Beaconsfield, UK). IR spectra were obtained on an Alpha
II FTIR spectrometer (Bruker Optik GmbH, Ettlingen, Germany). Low-resolution EI mass spectra
were measured on a Thermo Electron Corporation DSQ mass spectrometer (Thermo Fisher Scientific,
Bremen, Germany). High-resolution APCI or ESI mass spectra were measured on a LTQ Orbitrap
Velos mass spectrometer (Thermo Fisher Scientific, Bremen, Germany). NMR spectra were recorded
on Bruker AC 200, DRX 400, and Avance NEO 950 (Bruker BioSpin GmbH, Rheinstetten, Germany)
and Varian 600 (Varian, Inc., Palo Alto, CA, USA) spectrometers. Chemical shifts are given on the δ
(ppm) scale with reference to the solvent signals. The 2D NMR experiments (HSQC, HMBC, COSY,
NOESY) were performed using standard Bruker or Varian pulse sequences. Column chromatography
separations were performed with Kieselgel 60 (Merck, Darmstadt, Germany). HPLC separations were
conducted on a Waters 600 liquid chromatography pump equipped with a Waters 410 differential
refractometer (Waters Corporation, Milford, MA, USA), using a Kromasil 100 C18 (25 cm × 8 mm i.d.)
column (MZ-Analysentechnik GmbH, Mainz, Germany). TLC were performed with Kieselgel 60 F254

aluminum plates (Merck, Darmstadt, Germany) and spots were detected after spraying with 25%
H2SO4 in MeOH reagent and heating at 100 ◦C for 1 min.

3.2. Biological Material

Specimens of S. polydactyla were hand-picked by SCUBA diving at a depth of 10 m from the reefs
near the National Institute of Oceanography and Fisheries (NOIF), Hurghada, Egypt (GPS coordinates
27◦17’06”N, 33◦46’24”E) in June 2015 and transported to the laboratory in ice chests, where they were
stored at −20 ◦C until analyzed. A voucher specimen has been deposited at the animal collection of
NOIF in Hurghada and the animal collection of the Section of Pharmacognosy and Chemistry of Natural
Products, Department of Pharmacy, National and Kapodistrian University of Athens (ATPH/MP0533).

3.3. Extraction and Isolation

Specimens of the freeze-dried gorgonian (119.9 g) were exhaustively extracted with mixtures of
CH2Cl2/MeOH (2:1) at room temperature. Evaporation of the solvents under vacuum afforded a dark
green residue (18.5 g) which was submitted to vacuum column chromatography on silica gel using
cHex with increasing amounts of EtOAc followed by EtOAc with increasing amounts of MeOH as
eluent to yield 9 fractions (A–I). Fraction B (2.5 g, 30–50% EtOAc in cHex) was fractionated by vacuum
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column chromatography on silica gel using mixtures of cHex/EtOAc of increasing polarity as mobile
phase to yield 6 fractions (B1–B6). Fraction B6 (0.5 g, 20–30% EtOAc in cHex) was further fractionated
by gravity column chromatography on silica gel using mixtures of cHex/EtOAc of increasing polarity
as mobile phase to afford 10 fractions (B6a–B6j). Fractions B6e, B6g, and B6h were subjected repeatedly
to reversed-phase HPLC, using MeOH/H2O (100:0 and 98:2) as eluent to yield compounds 3 (9.9 mg),
4 (8.8 mg), 5 (1.8 mg), 6 (5.9 mg), 8 (0.8 mg), and 17 (14.0 mg). Fraction C (2.5 g, 60–70% EtOAc in cHex)
was submitted to vacuum column chromatography on silica gel using mixtures of cHex/EtOAc of
increasing polarity as mobile phase to afford 9 fractions (C1–C9). Fractions C5, C6, C7, and C8 were
subjected repeatedly to reversed-phase HPLC using MeOH/H2O (100:0, 98:2, and 97:3) as eluent to
afford compounds 1 (0.7 mg), 2 (0.3 mg), 7 (6.3 mg), 9 (5.7 mg), and 10 (5.7 mg). Fraction D (0.9 g,
80–90% EtOAc in cHex) was fractionated by gravity column chromatography on silica gel using cHex
with increasing amounts of Me2CO as mobile phase to afford 18 fractions (D1–D18). Fractions D8, D9,
D11, and D12 were subjected repeatedly to reversed-phase HPLC using MeOH/H2O (100:0 and 98:2) as
eluent to yield compounds 11 (4.0 mg), 12 (2.2 mg), 13 (1.3 mg), 14 (1.1 mg), 15 (9.4 mg), and 16 (2.3 mg).
Fraction E (0.23 g, 100% EtOAc) was fractionated by gravity column chromatography on silica gel using
cHex with increasing amounts of Me2CO as mobile phase to afford 10 fractions (E1–E10). Fractions E3,
E5, and E6 were subjected repeatedly to reversed-phase HPLC using mixtures of MeOH/H2O (100:0
and 97:3) as eluent to yield compounds 18 (1.7 mg), 19 (17.5 mg), 20 (2.0 mg), 22 (2.1 mg), and 23

(1.0 mg). Fraction G (1.7 g, 50% MeOH in EtOAc) was separated by vacuum column chromatography
on silica gel using cHex with increasing amounts of EtOAc and EtOAc with increasing amounts of
MeOH to yield 7 fractions (G1–G7). Fractions G5 and G7 were subjected repeatedly to reversed-phase
HPLC using MeOH/H2O (100:0 and 97:3) as eluent to yield compounds 24 (6.9 mg), 25 (2.0 mg), and 26

(3.1 mg). Fraction I (5.1 g, 100% MeOH) was subjected to vacuum column chromatography on silica
gel using cHex with increasing amounts of EtOAc followed by EtOAc with increasing amounts of
MeOH to afford 11 fractions (I1–I11). Fractions I6 and I7 were combined and subjected repeatedly to
reversed-phase HPLC using MeOH (100%) as eluent to yield compound 21 (2.3 mg).

(9E,22E,24R)-3β-Hydroxy-4α,24-dimethyl-8,9-seco-5α-cholesta-9(11),22-dien-8-one (1): White
amorphous solid; 1H and 13C NMR data, see Tables 1 and 2; HR-APCIMS m/z 429.3724 [M +H]+ (calcd.
for C29H49O2, 429.3727).

(9E)-3β-Hydroxy-4α,24-dimethyl-8,9-seco-5α-cholesta-9(11),24(28)-dien-8-one (2): White amorphous
solid; 1H NMR data, see Table 1; HR-APCIMS m/z 429.3725 [M +H]+ (calcd. for C29H49O2, 429.3727).

(22E,24R)-4α,24-Dimethyl-5α-cholest-22-en-3β,8β-diol (6): White amorphous solid; [α]20
D + 68

(c 0.25, CHCl3); UV (CHCl3) λmax (log ε) 206 (2.85); IR (thin film) νmax 3440, 2954, 2856, 1466, 1384,
964 cm−1; 1H and 13C NMR data, see Tables 1 and 2; HR-APCIMS m/z 413.3773 [M −H2O +H]+ (calcd.
for C29H49O, 413.3778).

(23E)-22α,28-Epidioxy-4α,24-dimethyl-5α-cholest-23-en-3β,8β-diol (8): White amorphous solid;
[α]20

D −50 (c 0.02, CHCl3); UV (CHCl3) λmax (log ε) 206 (3.94), 225 (3.84); IR (thin film) νmax 3458, 2927,
2861, 1723, 1462, 1378, 1243, 1013 cm−1; 1H and 13C NMR data, see Tables 1 and 2; HR-APCIMS m/z

459.3475 [M − H]− (calcd. for C29H47O4, 459.3480).
(23E)-22α,28-Epidioxy-4α,24-dimethyl-5α-cholest-23-en-3β,8β,11β-triol (13): White amorphous

solid; [α]20
D +30 (c 0.1, CHCl3); UV (CHCl3) λmax (log ε) 206 (3.26), 230 (2.97); IR (thin film) νmax 3403,

2923, 2873, 1725, 1450, 1377, 1261, 1045 cm−1; 1H and 13C NMR data, see Tables 1 and 2; HR-APCIMS
m/z 475.3424 [M − H]− (calcd. for C29H47O5, 475.3429).

(22E)-24-Methyl-cholesta-5,22,24(28)-trien-3β,19-diol (20): White amorphous solid; [α]20
D −133

(c 0.03, CHCl3); UV (CHCl3) λmax (log ε) 206 (3.61), 232 (3.76); IR (thin film) νmax 3433, 2919, 2857, 1462,
1377, 1261, 1037 cm−1; 1H and 13C NMR data, see Tables 1 and 2; HR-ESIMS m/z 411.3271 [M −H]−

(calcd. for C28H43O2, 411.3269).
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3.4. Cell Culture

The tested compounds were dissolved in DMSO to afford 10 mM stock solutions. Human cervical
carcinoma (HeLa) and human breast adenocarcinoma (MCF7) cell lines were purchased from European
Collection of Authenticated Cell Cultures (ECACC, Salisbury, UK) and cultivated in Dulbecco’s
Modified Eagle Medium (DMEM) (Merck, Darmstadt, Germany), as previously reported [27]. Human
umbilical vein endothelial cells (HUVECs) were a kind gift of Prof. Jitka Ulrichová (Faculty of Medicine
and Dentistry, Palacky University, Olomouc, Czech Republic). The cultivation and assay was performed
in endothelial cell proliferation medium (ECPM, Provitro, Berlin, Germany) [23]. The 22Rv1-ARE14
reporter cell line [28] was a generous gift of Prof. Zdeněk Dvořák (Department of Cell Biology and
Genetics, Palacky University). The 22Rv1-ARE14 cell line was grown in Roswell Park Memorial
Institute 1640 Medium (RPMI 1640) [22]. All cells were maintained in a humidified CO2 incubator at
37 ◦C using the standard trypsinization procedure twice or three times a week. The SH-SY5Y human
neuroblastoma cell line (ECACC, Salisbury, UK) was cultivated in DMEM and Ham’s F12 Nutrient
Mixture (DMEM:F12, 1:1), as previously described [25]. Cells were used up to twenty passages.
All trans-retinoic acid (10 µM) in 1% FBS DMEM/F12 medium was added to SH-SY5Y cells to achieve
differentiation conditions [29,30], to reach longer neurites and reduced proliferation (48 h). All cells
were maintained in a humidified CO2 incubator at 37 ◦C using the standard trypsinization procedure
twice or three times a week.

3.5. Evaluation of Cytotoxicity

In cytotoxicity assays, cancer cells were treated with six different concentrations of each tested
compound for 72 h. Cells were stained with resazurin and IC50 values were calculated as previously
reported [26]. Triplicates from at least three independent experiments were used. For the ELAM assay,
the Calcein AM (Molecular Probes, Invitrogen, Karlsruhe, Germany) cytotoxicity assay, which assessed
HUVEC viability after 4 h treatment, was used as previously described [31].

3.6. Cell-Surface ELISA CD62E (E-Selectin, ELAM)

An enzyme-linked immunosorbent assay (ELISA) was used to detect the levels of the cell adhesion
molecule ELAM in HUVEC cells after 30 min of incubation with the tested compounds and 4 h of
stimulation with TNFα, as previously described [31].

3.7. Migration Scratch Assay

The scratch test was performed with HUVEC cells and evaluated after 20 h of treatment,
as previously reported [23].

3.8. AR-Transcriptional Reporter Assay

AR-transcriptional reporter assays were performed on 22Rv1-ARE14 cells after 24 h of incubation,
as previously described [22].

3.9. SH-SY5Y Cell Treatments and Evaluation of Cell Viability/Cytotoxicity

Cell viability of neuron-like SH-SY5Y cells growing in 96-well plates (7000 cells/well) 24 h
after treatment was evaluated using the Calcein AM assay [27], with minor modification of Calcein
AM concentration (0.75 µM). Cell death of SH-SY5Y cells (20,000 cells/well) was determined using
the propidium iodide (PI) assay according to Stone et al. with a slight modification [32]. Briefly,
PI solution in PBS is added to cell medium to reach concentration 1 µg/mL, incubated for 15 min at
room temperature and quantified at 535/617 nm (excitation/emission) by Infinite M200 Pro reader
(Tecan, Austria). The resulting fluorescence of 3-NPA toxin was considered as 100% cell death. In the
assays, neuron-like cells were treated with the tested compounds in 0.1–10 µM concentration range for
48 h. DMSO-treated cells (≤0.1% v/v) were used as healthy controls.
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3.10. Statistical Analysis

All data are expressed as mean ± SD or SEM. Data were evaluated by non-parametric
Kruskal–Wallis test followed by post-hoc Mann–Whitney test (Figure 6) with sequential Bonferroni
correction of p-values or ANOVA followed by Tukey’s multiple comparison test (Figure 5) using the
PAST (version 1.97) software package [33]. p-values < 0.05 were considered statistically significant.

4. Conclusions

The chemical analysis of the organic extract of the soft coral S. polydactyla collected from the
Hurghada reef in the Red Sea resulted in the isolation of 26 steroids, with six of them (1, 2, 6, 8,
13, and 20) being new natural products. Among them, 1 and 2 display the rare 8,9-seco-cholestane
steroidal nucleus. To the best of our knowledge, dictyoneolone, isolated from a sponge of the genus
Dictyonella, is the only previously reported 4-methyl-8,9-seco-cholestane derivative [34]. Evaluation
of cytotoxic, anti-inflammatory, anti-angiogenic, and neuroprotective activity of the majority of the
isolated metabolites that were isolated in adequate quantities revealed significant cytotoxicity in
the low micromolar range against the HeLa and MCF7 cancer cell lines for compounds 22 and 23,
while compounds 11, 12, 22, and 23 inhibited the migration of endothelial cells at 20 µM. Most of
the compounds with activity against cancer cells also showed cytotoxicity toward normal cells (BJ),
except for compounds 11, 12, 14, 15, and 18. Compared to cisplatin, these compounds have therefore a
broad therapeutic window due to low or zero cytotoxicity on normal human fibroblasts. Moreover,
metabolite 22 was more active against HeLa cells than cisplatin used as positive control. Furthermore,
the effect of the isolated metabolites on AR-regulated transcription was evaluated in vitro in human
tumor and non-cancerous cells, with compound 11 exhibiting the strongest inhibition of AR at 10 µM.
It is worth-noting that metabolites 10, 16, and 20 displayed increased inhibition of AR with decreasing
concentrations. In addition, compounds 11 and 23 showed neuroprotective activity on neuron-like
SH-SY5Y cells.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-3397/18/12/632/s1.
Figure S1: Visual representation of the evaluation of the activity of the tested metabolites against ELAM.
Figures S2–S29: 1D and 2D NMR and HR-MS spectra of compounds 1, 2, 6, 8, 13, and 20.
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A B S T R A C T   

Solasodine analogues containing a seven-membered F ring with a nitrogen atom placed at position 22a were 
prepared from diosgenin or tigogenin in a four-step synthesis comprising of the simultaneous opening of the F- 
ring and introduction of cyanide in position 22α, activation of the 26-hydroxyl group as mesylate, nitrile 
reduction, and N-cyclization. Solasodine, six obtained 22a(N)-homo analogues, as well as four 26a-homosolaso-
dine derivatives and their open-chain precursors (13 in total) were tested as potential inhibitors of acetyl- and 
butyryl-cholinesterases and showed activity at micromolar concentrations. The structure-activity relationship 
study revealed that activities against studied esterases are affected by the structure of E/F rings and the sub-
stitution pattern of ring A. The most potent compound 8 acted as non-competitive inhibitors and exerted IC50 =
8.51 μM and 7.05 μM for eeAChE and eqBChE, respectively. Molecular docking studies revealed the hydrogen 
bond interaction of 8 with S293 of AChE; further rings are stabilized via hydrophobic interaction (ring A) or 
interaction with Y341 and W286 (rings B and C). Biological experiments showed no neurotoxicity of differen-
tiated SH-SY5Y cells. More importantly, results from neuroprotective assay based on glutamate-induced cyto-
toxicity revealed that most derivatives had the ability to increase the viability of differentiated SH-SY5Y cells in 
comparison to galantamine and lipoic acid assayed as standards. The newly synthesized solasodine analogues are 
able to inhibit and to bind cholinesterases in noncompetitive mode of inhibition and exhibited neuroprotection 
potential of differentiated neuroblastoma cells after Glu-induced toxicity.   

1. Introduction 

Solanum alkaloids have been tested for a wide range of biological 
activities including anticholinesterase activity [1–4]. Cholinesterases 
(ChEs) represent a group of enzymes with hydrolytic properties. The 
most pronounced members, acetylcholinesterase (AChE) and butyr-
ylcholinesterase (BChE), are responsible for the terminating the trans-
mission of nerve signals by hydrolysing cholinergic neurotransmitter 
acetylcholine in the brain and periphery tissues. 

Cholinesterases are mainly associated with the pathology of Alz-
heimer’s disease (AD), Myasthenia gravis, and glaucoma, where the 

high activity of these enzymes (mainly AChE) is present. They also have 
notable non-catalytic functions contributing to amyloid aggregation. 
Nowadays, Alzheimer’s disease is the most common cause of dementia. 
It is considered a progressive and irreversible degenerative disorder of 
the brain with memory loss and behavior change, followed by declining 
cognition, language, and ability to perform activities of daily living. It is 
associated with the loss of presynaptic markers of the cholinergic sys-
tem. Important signs of the disease include the presence of neurofibril-
lary tangles and amyloid depositions in the brain [5,6]. Currently, 
inhibition of both cholinesterases (donepezil, galantamine, riva-
stigmine) along with antagonism of N-methyl-D-aspartate (NMDA) 
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receptors (memantine) were found to be the only effective therapeutic 
approach for treating Alzheimer’s disease until now [7,8]. 

To date, three AChE inhibitors, donepezil, galantamine, and riva-
stigmine are approved for the treatment of different stages of AD 
together with N-methyl-D-aspartate antagonist memantine (Fig. 1) [8]. 
All inhibitors markedly differ in mechanistic and pharmacokinetic 
properties, but significant distinctions in efficacy have not been re-
ported. They all exert favorable tolerability and a safe clinical profile 
with common adverse effects such as diarrhea, nausea, and vomiting 
[9]. Still, current research is focused on the development or natural 
isolation of new candidates based on several chemotypes, including 
steroids [4,10–13]. 

Previously, we described preparation of 26a-homosolasodine de-
rivatives from readily available diosgenin (Fig. 2) [14]. Herein, we 
report the synthesis of homosolasodine analogues differing in nitrogen 
atom position (22a) (Fig. 2). The change of the nitrogen atom placement 
resulted in a different spiro bond character (alteration from 5/6 spi-
rohemiaminal present in natural steroid alkaloids or 5/7 spi-
rohemiaminal in 26a-homo analogues to 5/7 spiroether), that could 
significantly affect reactivity and biological activity of the designed 
compounds. 

We studied the anticholinesterase activity of prepared derivatives, 
expressed the type of inhibition, and determined the effect on neuro-
blastoma cell line SH-SY5Y. The most potent derivative exhibited a 
single-digit micromolar inhibition value against eeAChE and eqBChE 
and acted as a noncompetitive inhibitor. Molecular binding studies were 
done to compare the binding of the derivative to human AChE and BChE 
to binding capabilities of solasodine. 

2. Results and discussion 

2.1. Chemistry 

In previous studies, we proved that the diosgenin reaction with tri-
methylsilyl cyanide (TMSCN) under BF3⋅OEt2 catalysis took an unex-
pected course and led stereoselectively to (22R,25R)-3β-benzoyloxy-22- 
cyanofurost-5-en-26-ol (2) in 55 % yield in a single step (Scheme 1, 
Table 1, entry 1) . The absolute 22R configuration of the obtained 
product was unambiguously established by an X-ray analysis of com-
pound 4 (Scheme 1) that is a 26-mesyl derivative of compound 2 [14]. 

We recognized this compound as a convenient intermediate for 
synthesis of unknown solasodine analogues containing a seven- 
membered F ring with a nitrogen atom placed at 22a position (Fig. 2). 
We began our study with a detailed investigation of the diosgenin 
benzoate reaction with TMSCN. The influence of various factors, such as 
type of Lewis or Bronsted acids (BF3⋅OEt2, TMSOTf, Tf2NH, TfOH), 
amount of TMSCN, reaction time, and solvent used was examined to find 
the optimal reaction conditions. The results obtained are presented in 
Table 1. In all cases, the main product was nitrile 2. The best yield (77 
%) was obtained using 0.5 equiv. of BF3⋅OEt2 as catalyst in dichloro-
methane and a short reaction time (10 min; Table 1 entry 5). An 
extended time of reaction or use of a proton acid (Tf2NH) resulted in the 
formation of a byproduct, 6β-cyano-3α,5-cyclosteroid-22-nitrile deriv-
ative 3, via the involvement of a non-classical carbocation formed under 

reaction conditions from the homoallylic system present in the steroid 
AB ring moiety (Table 1, entries 3, 9, and 10) [15]. 

Our strategy for the synthesis of desired solasodine analogues with 
an expanded F ring from 22-cyanofurostane derivative 2 involved nitrile 
reduction to corresponding amine, followed by cyclization under Mit-
sunobu conditions (Scheme 2, upper row). 

Nitrile reduction with NaBH4/CoCl2 [16] employed in the previous 
synthesis [14] afforded the desired amine 5 in low yield. NaBH4/NiCl2 [17] 
proved to be a more effective reducing agent for the reaction, which gave 
amine 5 in 84 % yield (Scheme 2, upper row). The optimization of 
reduction conditions is shown in Table S1 (see Supplementary Informa-
tion). Despite testing different reaction conditions, the direct cyclization of 
the obtained steroidal aminoalcohol 5 via the Mitsunobu reaction failed. 
Therefore, the 26−OH group in nitrile 2 was converted into mesylate 4, 
followed by nitrile reduction under conditions previously described 
(NaBH4/NiCl2) to give amine 6 in 86 % yield (for two steps). The cyclic 
product 7 was obtained from 6 by treatment with K2CO3 in DMF at 80 ◦C in 
62 % yield (Scheme 2, lower row). The cyclic structure of compound 7 was 
confirmed by ESI-MS: m/z 532 [M+H]+ and other spectral data, as well as 
its considerably lower polarity in TLC compared with the aminoalcohol 5. 
Using the elaborated procedure, the 5,6-dihydro derivative of 7 - 22a 
(N)-homosoladulcidine 7a (Scheme 2, lower row) was obtained from 
tigogenin benzoate in total yield of 68 %. In addition, three N-acylated 22a 
(N)-homosolasodine derivatives 9-11 (N-p-nitrobenzyloxycarbonyl, 
N-p-nitrobenzoyl, and N-acetyl derivatives) were prepared for biological 
studies (Scheme 3). The 1H NMR analysis of amides 9-11 at variable 
temperatures proved that they exist at room temperature as equilibrating 
rotamers around the amide bond (Fig. 3). 

2.2. Inhibition of cholinesterases: the SAR study 

The ability of obtained 22a(N)-homo analogues (7, 7a, 8, 9, 10, 11), 
their open-chain intermediate 5, previously described 26a-homosolaso-
dine derivatives 14–17 (Table 2), and their acyclic precursors 12 and 13 
(Table 2) [14] to inhibit AChE from electric eel (eeAChE) and BChE from 
equine serum (eqBChE) was screened in vitro using modified Ellman’s 
method and compared with standard solasodine. The effectiveness of the 
inhibitors is expressed as IC50, representing the concentration of an in-
hibitor required for 50 % inhibition of the enzyme. The obtained values 
of IC50 are summarized in Table 2. Under given conditions, solasodine 
(used as standard) exhibits very good inhibitory activity for eeAChE 
(IC50 = 28.46 ± 0.99 μM) and eqBChE (IC50 = 6.30 ± 0.41 μM). 

Our library includes F-homospirosolane-based derivatives differing 
mainly in the E/F-ring region (containing either 5/7 spiroether or 5/7 
spirohemiaminal unit) and the N- or O- substitution pattern (free or N- 
acylated amine: N-(p-nitrobenzoyl), N-(p-nitrobenzyloxycarbonyl), N- 
acetyl); free 3β−OH, O-acetyl, or O-benzoyl moieties). Two synthesized 
22a(N)-homo analogues 7a and 8 displayed better efficacy on AChE than 
solasodine and its 26-homo derivatives obtained previously (compounds 
14-17). From the data presented in Table 2, it is evident that the 
disruption of ring F (compounds 5, 12, 13) or N-acylation of amine in F- 
ring (compounds 9 and 16 bearing a bulky p-nitrobenzyloxycarbonyl 
group or acetamides 11, 17) yielded analogues with worse inhibitory 
activities on both esterases than those of solasodine (IC50 > 42 μM). The 

Fig. 1. FDA approved anti-Alzheimer disease agents.  
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Fig. 2. Structure of solasodine and its homoanalogues.  

Scheme 1. The F-ring opening reaction of diosgenin with TMSCN in presence of Lewis or Bronsted acid.  

Table 1 
The optimization of the nitrile 2 formation.  

entry 

Reagent (equiv) Conditions Yield of 2 Yield of 3 
114 BF3⋅OEt2 (2), TMSCN (6) DCM:MeCN (4:1), rt, 10 min 55 % <5% 
2 BF3⋅OEt2 (6), TMSCN (6) DCM:MeCN (4:1), rt, 1 h 54 % – 

3 BF3⋅OEt2 (6), TMSCN (6) DCM:MeCN (4:1), rt, 16 h 30 % 30 % 
4 BF3⋅OEt2 (4), TMSCN (4) DCM:MeCN (4:1), rt, 16 h 50 % <5% 
5 BF3⋅OEt2 (0.5), TMSCN (6) DCM:MeCN (4:1), rt, 10 min 77 % – 

6 TMSOTf (2), TMSCN (2) DCM, rt, 16 h 30 % – 

7 TfOH (2), TMSCN (2) DCM, rt, 0.5 h <5% – 

8 TfOH (2), TMSCN (2) DCM, rt, 16 h <5% – 

9 Tf2NH (2), TMSCN (2) DCM, rt, 1 h 2% 40 % 
10 Tf2NH (2), TMSCN (2) DCM, rt, 16 h 5% 55 %  

Scheme 2. The synthesis of 22a(N)-homosolasodine analogues 7 and 7a.  
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exception is 22a(N)-homosolasodine analogue 10, which possesses a 
bulky p-nitrobenzoyl group and shows high AChE inhibition capacity 
(IC50 = 9.57 μM). Notably, we found that not only E/F ring units can 
influence activity, but also the substitution pattern of A-ring has an ef-
fect on the affinity to cholinesterases. The analogues with free hydroxyl 
groups in A ring had the most pronounced effect (compare activities of 
steroids 7 and 8 or 14 and 15). Removing the benzoyl group caused the 
compounds to have single-digit micromolar IC50 values on BChE (de-
rivative 15, IC50 = 1.34 μM) or both enzymes (compound 8). Apart from 
derivative 15, all tested solasodine analogues exhibited selectivity to 
AChE (see Table 2) in low- or mid-micromolar ranges. Analogue 8 
showed the highest activity with IC50 values of 8.51 μM on AChE and 
7.05 μM on BChE. 

The type of inhibition was elucidated for analogues 7a,8, and stan-
dard solasodine (all compounds for both ChEs) using a Lineweaver-Burk 
plot [18]. The plots proved that all three investigated compounds act as 
noncompetitive inhibitors. This means that increasing the concentration 
of inhibitor does not affect the value of Michaelis constant (KM), but does 
affects the value of maximum velocity (Vm). The Lineweaver-Burk plot 
for the most effective inhibitor of both ChEs (i.e. analogue 8) is shown in 
Fig. 4 as an example. The values of KM and Vm calculated from 
Lineweaver-Burk plots are summarized in Tables S2-S8. The inhibition 
constant (i.e. dissociation constant of complex enzyme-inhibitor; Ki) was 
calculated using the regression equation of the dependence of slope 
(Lineweaver-Burk plot) vs. concentration of inhibitor (Fig. S1-S14). 

2.3. Molecular docking studies 

The physicochemical properties of drug-like molecules follow Lip-
inki’s rule of five, which states LogP ≤ 5, MW ≤ 500, HBA ≤ 10, and 
HBD ≤ 5. All compounds meet the Lipinski parameters, except LogP 
(Table 2). In addition, compounds with higher polar surface areas 
(tPSAs) have lower CNS permeability, and a tPSA less than 90 Å2 in-
dicates that a compound is able to penetrate the blood brain barrier 
(BBB). Based on their predicted tPSA values (between 35.46 and 83.94), 
the derivatives were assumed to penetrate the BBB. Molecular docking 
studies were performed for compound 8 (the most potent) and sol-
asodine to investigate their binding modes in hAChE and hBChE using 
classical non-covalent docking using Glide software (Fig. 5). The dock-
ing results of both compounds showed that the cyclohexane ring (ring A) 
interacts mainly with the amino acids in the opening chamber of cata-
lytic active site (CAS) gorge pocket via hydrophobic pi-pi stacking and 
hydrophobic pi-alkyl type interactions. Ring B and C are surrounded 
with Y341 and W286, respectively. Amine group of azepane ring in 
compound 8 creates hydrogen bond interaction with S293, which is 
located at the mid-gorge of CAS pocket. The compound 8 and solasodine 
showed promising predicated glide G-scores of -7.08 and -8.26, 
respectively for AChE, whereas BChE showed glide G-Scores of -5.97 and 
-6.27. Finally, we found that no of ligand fragments has participated in 
any of interactions with peripheral anionic site pocket of hAChE and 
hBChE receptor. The glide scores of known cholinesterase inhibitor such 
as donepezil in active site of AChE and BChE were calculated and scores 
are -12.68 and -6.75 respectively. 

Scheme 3. The synthesis of 22a(N)-homosolasodine N-acyl derivatives.  

Fig. 3. Variable temperature 1H NMR spectra of carbamate 9.  
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Table 2 
Physicochemical properties and cholinesterases inhibitory activities of investigated solasodine derivatives.a  

Compound tPSAb 

(Å2) LogPb H-Bond 
acc./don. 

IC50 ± SEM (μM) 
SI* 

eeAChE eqBChE 
67.2 7.0 6/3 44.09 ± 0.36 80.46 ± 2.70 1.82  

39.6 7.5 5/1 42.38 ± 0.63 89.55 ± 3.84 2.11  

39.6 7.6 5/1 21.96 ± 0.53 24.89 ± 0.86 1.13  

35.5 5.4 3/2 8.51 ± 0.24 7.05 ± 0.18 0.83  

83.9 9.3 11/0 125.14 ± 8.55 > 500 —  

77.5 8.9 10/0 9.57 ± 0.05 75.95 ± 1.21 7.93  

45.2 6.1 6/0 69.11 ± 2.88 229.28 ± 7.10 3.32  

49.7 7.7 5/2 42.12 ± 0.10 124.45 ± 1.62 2.95  

61.2 10.2 7/1 123.97 ± 4.59 > 500 —  

41.3 8.0 5/1 72.30 ± 0.40 211.20 ± 12.56 2.92  

(continued on next page) 
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2.4. Cell viability assay 

To evaluate the cytotoxic effect of new compounds, we treated un-
differentiated neuroblastoma cell line SH-SY5Y with increasing con-
centrations of compounds for 24 h and determined GI50 and then the 
viability at 10 μM with the MTT assay. Dinaciclib and solasodine were 
assayed as controls [19]. As shown in Table 3, most of compounds dis-
played low neurotoxicity; all compounds did not decrease the viability 
of cells below 90 % at 10 μM concentration. 

2.5. Neuroprotective effect of novel compounds on glutamate-induced 
cytotoxicity 

Further, we investigated the neuroprotective effect of solasodine 
analogues on retinoic acid-induced differentiated SH-SY5Y cells in the 
presence of 160 mM glutamate. Glutamate-induced neurotoxicity is 
characterized by ROS-generation, induction of cell death, and mimics 
the disruption of the central nervous system that is found in certain 
neurological diseases. We measured that 160 mM glutamate reduced 
viability of neuroblastoma cells to 28.4 % of the control, which was 

consistent with previous reports [20]; galantamine and lipoic acid, both 
used as positive controls [21–23] protected the viability of SH-SY5Y 
cells to 34.9 % and 37.2 %, respectively (see normalized data in 
Table 3 and Fig. 6). 

Our results showed that all derivatives are able to partially recover 
the viability of differentiated SH-SY5Y cells. Moreover, eleven com-
pounds increase the percentage of viable cells (> 15 % than glutamate) 
more effectively than galantamine and lipoic acid. The most potent 
compounds, 11, 13, 14, 16, and 17, showed the neuroprotection by 
more than 50 % against glutamate-induced cytotoxicity. 

3. Conclusion 

In summary, efficient synthesis of F-homosolasodine analogues 
containing 5/7 spiroether unit from diosgenin or tigogenin was 
described. The synthetic strategy benefited from the elaborated spiro-
stane F ring opening with TMSCN and BF3⋅Et2O. The resulting product, 
(22R)-3β-benzoyloxy-22-cyanofurost-5-en-26-ol, was subjected consec-
utively to mesylation, reduction, and N-cyclization, and afforded the 
corresponding F-homo analogue in an excellent yield. Newly synthe-
sized solasodine analogues were investigated for their ability to inhibit 
cholinesterases. Additional testing proved that almost all of the tested 
compounds inhibit eeAChE better than eqBChE and act as noncompet-
itive inhibitors of cholinesterases. Furthermore, all derivatives exhibited 
neuroprotection potential; they recovered the viability of differentiated 
neuroblastoma cells after Glu-induced toxicity. 

4. Material and methods 

4.1. General information 

Melting points presented here were determined on a Kofler bench of 
the Boetius type. NMR spectra were recorded with Bruker Avance II 400 
spectrometers operating at 400 MHz, respectively, using CDCl3 solutions 
with TMS as the internal standard (only selected signals in the 1H NMR 
spectra are reported. The ATR-IR spectra were recorded with Nicolet 
6700 FT-IR Spectrometer in the 600−4000 cm−1 range. Mass spectra 
were recorded with AMD-604 and Accurate-Mass Q-TOF LC/MS 6530 

Table 2 (continued ) 

Compound tPSAb 

(Å2) LogPb H-Bond 
acc./don. 

IC50 ± SEM (μM) 
SI* 

eeAChE eqBChE 
37.1 5.9 3/2 44.49 ± 0.85 1.34 ± 0.01 0.03  

83.3 10.1 11/0 81.60 ± 0.34 > 500 —  

44.6 6.9 6/0 97.70 ± 5.96 259.64 ± 13.41 2.66  

solasodine 36.7 5.5 3/2 28.46 ± 0.99 6.30 ± 0.41 0.22  
a The synthesis of compounds 12–17 was described in our previous paper.14 btPSA and LogP calculated using Internal Coordinate Mechanics (ICM), Molsoft. IC50 

values are the mean ± standard error of mean (SEM) of two independent measurements at least. The best results of IC50 are indicated in bold. *SI (index selectivity) =
IC50 (BChE)/IC50 (AChE). 

Fig. 4. Lineweaver-Burk plot for analogue 8 inhibiting eeAChE. The mea-
surements were done in duplicate and the points are expressed as 
average values. 
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spectrometers with electrospray ionization (ESI). 
All reactions sensitive to air or moisture were performed in dried 

round bottom flasks. Air and moisture-sensitive liquids and solutions 
were transferred via syringe and stainless steel cannula. Tetrahydrofuran 
(THF) and diethyl ether (Et2O) were distilled from sodium/benzophe-
none, methylene chloride (DCM) from calcium hydride. Methanol was 
distilled over Mg, triethylamine over KOH. DMF was dried by vacuum 
distillation and keeping over molecular sieves 4 Å. Merck Silica Gel 60, F 
256 TLC aluminum sheets were applied for thin-layer chromatographic 
analysis. For a visualization of the products, a 5% solution of phos-
phomolybdic acid was used. The reaction products were isolated by 
column chromatography, performed using 70–230 mesh silica gel (J. T. 

Baker). 

4.2. (22R,25R)-3β-benzoyloxy-22-cyanofurost-5-en-26-ol (2) 

To a solution diosgenin benzoate (1, 155 mg, 0.3 mmol) and TMSCN 
(0.02 mL, 0.149 mmol) in dry DCM (8 mL) and MeCN (2 mL) boron 
trifluoride etherate (0.02 mL, 1.793 mmol) was added dropwise under 
an argon atmosphere. The reaction mixture was monitored by TLC. After 
10 min the substrate was completely converted. The reaction was 
quenched by addition of aqueous solution of NaHCO3, extracted with 
DCM (3 × 50 mL). The combined organic layers were washed with brine, 

Table 3 
Antiproliferative and neuroprotective properties of studied compounds on SH- 
SY5Y neuroblastoma cell line.  

Compound GI50 (μM) Viabilitya 

(%, 10 μM) 
Neuroprotection assayb 

(10 μM, 24 h) 
5 >20 99.8 ± 0.2 1.01 ± 0.04 
7 >20 99.7 ± 0.4 1.42 ± 0.31 
7a >20 100 1.14 ± 0.12 
8 >20 100 1.22 ± 0.21 
9 >20 99.2 ± 0.9 1.44 ± 0.17 
10 >20 92.5 ± 0.2 1.43 ± 0.13 
11 >20 86.5 ± 3.5 1.51 ± 0.13 
12 >20 100 1.24 ± 0.28 
13 >20 94.3 ± 2.3 1.59 ± 0.22 
14 >20 100 1.84 ± 0.20 
15 >20 100 1.31 ± 0.31 
16 >20 93.8 ± 2.5 1.51 ± 0.18 
17 >20 100 1.67 ± 0.10 
solasodine >20 100 0.24 ± 0.03 
dinaciclib 0.048 – – 

glutamate (160 mM) – – 1.0 
galantamine (50 μM) – – 1.23 ± 0.13 
lipoic acid (50 μM) – – 1.33 ± 0.16 

atested in duplicates; bdata normalized to glutamate-induced toxicity (5 repli-
cates included). 

Fig. 6. Evaluation of novel solasodine analogues in glutamate-induced model 
of cell death on human differentiated SH-SY5Y cells after 24 h of treatment. 
Differentiated SH-SY5Y were exposed to 160 mM Glutamate (Glu) alone or in 
co-treatment with compounds and R-Lipoic acid (R-LA) and Galantamine (Gal) 
for 24 h. After 24 h cell viability was measured by MTT assay. Data were 
normalized to glutamate 160 mM alone as fold increase of viability. The results 
are presented as mean ± standard deviation (SD) from at least duplicate (n = 2 - 
3) in two independent experiments. ANOVA, Tukey post hoc test; * P < 0.05; 
**P < 0.01; *** P < 0.001; *P compared with vehicle with 160 mM Glu. Values 
of P < 0.05 – 0.001 is considered statistically significant. 

Fig. 5. Docked binding pose of A) solasodine and B) compound 8 (yellow sticks & wire) in human AChE and C) compound 8 and D) solasodine in human BChE. 
hAChE and hBChE interacting residues are shown as color coded sticks: grey for carbon, blue for nitrogen, and red for oxygen. Figure was prepared with Maestro, 
Schrodinger, LLC. 
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water, dried over Na2SO4, and concentrated under reduced pressure. 
Flash column chromatography (elution with hexane/ethyl acetate 7:3) 
gave 2 (113 mg, 0.207 mmol, 77 %); as a white solid mp 183−185 ◦C 
(hexane/ethyl acetate); 1H NMR (400 MHz, CDCl3) δ 8.04 (m, 2 H), 7.54 
(m, 1 H), 7.43 (m, 2 H), 5.42 (m, 1 H), 4.85 (m, 1 H), 463 (m, 1 H), 3.50 
(m, 2 H), 2.47 (m, 2 H), 1.22 (d, J = 6.8 Hz, 3 H), 1.08 (s, 3 H), 0.95 (d, J 
= 6.5 Hz, 3 H), 0.82 (s, 3 H); 13C NMR (100 MHz, CDCl3) δ 165.9 (C), 
139.6 (C), 132.7 (CH), 130.7 (C), 129.5 (2xCH), 128.2 (2xCH), 122.2 
(CH), 118.6 (C), 89.0 (C), 84.1 (CH), 74.3 (CH), 67.7 (CH2), 62.9 (CH), 
56.7 (CH), 49.7 (CH), 41.9 (CH), 40.7 (C), 39.2 (CH2), 38.1 (CH2), 36.9 
(CH2), 36.7 (C), 35.5 (CH), 34.7 (CH2), 31.8 (CH2), 31.5 (CH2), 31.4 
(CH), 28.2 (CH2), 27.8 (CH2), 20.6 (CH2), 19.3 (CH3), 17.1 (CH3) 16.5 
(CH3), 16.4 (CH3); ESI-MS 546 [M+H]+. HRMS calcd for C35H48NO4 
[M+H]+, 546.3578; found 546.3540; IR ATR, νmax (cm−1) 3442, 2922, 
2857, 2021, 1701, 1452, 1275, 1110, 1021, 805, 715. 

4.3. (22R,25R)-3β-benzoyloxy-22-cyanofurost-5-en-26-yl mesylate (4) 

To the cooled to 0 ◦C solution of nitrile 2 (95 mg, 0.17 mmol) and 
Et3N (0.04 mL, 0.26 mmol) in dry DCM (10 mL) solution of MsCl (0.02 
mL, 0.209 mmol) in DCM (5 mL) was added dropwise. After 30 min the 
reaction mixture was removed from the ice bath and stirred at ambient 
temperature for 16 h. Next the reaction mixture was poured into aq. 
NaHCO3 and extracted with DCM (3 × 50 mL). The combined organic 
layers were washed with brine, dried over Na2SO4, and concentrated 
under reduced pressure. DFC chromatography on silica gel (elution with 
hexane/ethyl acetate 7:3) gave 4 (83 mg, 0.133 mmol, 97 %) as a white 
solid, mp 197−199 ◦C (hexane/ethyl acetate); 1H NMR (400 MHz, 
CDCl3) δ 8.05 (m, 2 H), 7.55 (m, 1 H), 7.44 (m, 2 H), 5.42 (m, 1 H), 4.86 
(m, 1 H), 4.63 (m, 1 H), 4.10 (m, 2 H), 3.03 (s, 3 H), 2.48 (m, 2 H), 1.22 
(d, J = 6.8 Hz, 3 H), 1.09 (s, 3 H), 1.04 (d, J = 6.8 Hz, 3 H), 0.82 (s, 3 H); 
13C NMR (100 MHz, CDCl3) 165.8 (C), 139.6 (C), 132.7 (CH), 130.6 (C), 
129.4 (2xCH), 128.2 (2xCH), 122.1 (CH), 118.3 (C), 88.7 (C), 84.1 (CH), 
74.2 (CH), 73.5 (CH2), 62.8 (CH), 56.6 (CH), 49.6 (CH), 41.9 (CH), 40.6 
(C), 39.1 (CH2), 38.0 (CH2), 37.2 (CH3), 36.8 (CH2), 36.6 (C), 34.3 
(CH2), 32.7 (CH), 31.8 (CH2), 31.4 (CH2), 31.3 (CH), 27.8 (CH2), 27.7 
(CH2), 20.5 (CH2), 19.3 (CH3), 17.0 (CH3), 16.4 (CH3) 16.3 (CH3); ESI- 
MS: 597 [M-CN]+, 683 [M + AcOH]+, 1269 [2M + Na]+; IR ATR, νmax 
(cm−1) 2921, 2854, 1705, 1454, 1344, 1273, 1172, 1109, 969, 822, 711. 

4.4. (22R,25R)-3β-benzoyloxy-22-aminomethylfurost-5-en-26-ol (5) 

A solution of nitrile 2 (89 mg, 0.16 mmol) in MeOH (5 mL) was 
cooled in an ice bath. NiCl2⋅6H2O (0.1 g, 0.4 mmol) was added and the 
mixture was stirred until all solids dissolved. After that, NaBH4 (0.08 
mg, 1.95 mmol) was carefully added in three portions over a period of 
10 min. The black reaction mixture was removed from the ice bath and 
stirred at ambient temperature for 16 h. Then portion of silica gel (1 g) 
was added to the flask and the solvent was evaporated in vacuo. Chro-
matographic purification (chloroform/methanol 4:1) gave 5 in 84 % 
yield (75 mg, 0.14 mmol) as a beige powder; mp 203−205 ◦C (chloro-
form/methanol); 1H NMR (400 MHz, CDCl3) δ 8.04 (m, 2 H), 7.55 (m, 1 
H), 7.43 (m, 2 H), 5.42 (m, 1 H), 4.86 (m, 1 H), 4.38 (m, 1 H), 3.49 (m, 2 
H), 3.02 (m, 4 H), 2.66 (m, 1 H), 2.48 (m, 2 H), 2.19 (m, 1 H), 1.10 (s, 3 
H), 0.97 (d, J = 6.6 Hz, 3 H), 0.90 (d, J = 7.1 Hz, 3 H), 0.88 (s, 3 H); 13C 
NMR (100 MHz, CDCl3) δ 166.0 (C), 139.7 (C), 132.7 (CH), 130.8 (C), 
129.5 (2xCH), 128.2 (2xCH), 122.4 (CH), 80.5 (CH), 74.4 (CH), 66.4 
(CH2), 64.5 (CH), 56.4 (CH2), 49.9 (CH), 41.0 (C), 39.7 (CH2), 39.0 (C), 
38.2 (CH2), 37.0 (CH2), 36.8 (C), 35.19 (CH), 35.16 (CH), 32.3 (CH2), 
32.0 (CH2), 31.4 (CH), 30.4 (CH2), 29.7 (CH2), 27.8 (CH2), 25.7 (CH2), 
20.8 (CH2), 19.4 (CH3), 16.7 (CH3), 16.4 (CH3), 15.7 (CH3); ESI-MS 550 
[M+H]+, 1099 [2M+H]+. HRMS calcd for C35H55NO4 [M+H]+, 
550.3891; found 550.3865; IR ATR, νmax (cm−1) 3515, 2936, 1708, 
1426, 1359, 1276, 1221, 1099, 903. 

4.5. (22R,25R)-3β-benzoyloxy-22-aminomethylfurost-5-en-26-yl 
mesylate (6) 

A solution of nitrile 4 (29 mg, 0.047 mmol) in MeOH (25 mL) and 
DCM (4 mL) mixture was cooled in an ice bath. NiCl2x6H2O (0.06 mg, 25 
mmol) was added and the mixture was stirred until all solids dissolved. 
Then NaBH4 (0.023 mg, 0.65 mmol) was carefully added in three por-
tions over a period of 10 min. The black reaction mixture was removed 
from the ice bath and stirred at ambient temperature for 16 h. Then 
portion of silica gel (1 g) was added to the flask and the solvent was 
evaporated in vacuo. Flash column chromatography on silica gel 
(elution with chloroform/methanol 85:15) gave 6 in 89 % yield (25 mg, 
0.04 mmol) as a beige powder, mp 209−211 ◦C (chloroform/methanol); 
1H NMR (400 MHz, CDCl3) δ 8.03 (m, 2 H), 7.54 (m, 1 H), 7.42 (m, 2 H), 
5.41 (m, 1 H), 4.86 (m, 1 H), 4.39 (m, 3 H), 4.11 (m, 2 H), 3.03 (s, 3 H), 
2.77 (m, 1 H), 2.48 (m, 2 H), 2.21 (m, 1 H), 1.09 (s, 3 H), 1.02 (d, J = 6.7 
Hz, 3 H), 0.95 (d, J = 7.0 Hz, 3 H), 0.87 (s, 3 H); 13C NMR (100 MHz, 
CDCl3) δ 165.9 (C), 139.7 (C), 132.7 (CH), 130.7 (C), 129.5 (2xCH), 
128.3 (C), 128.2 (2xCH), 122.3 (CH), 80.8 (CH), 74.4 (CH), 74.3 (CH2), 
63.7 (CH), 56.4 (CH), 53.4 (C), 49.8 (CH), 41.1 (CH2), 40.7 (CH2), 39.6 
(CH2), 38.1 (CH2), 37.2 (CH), 36.9 (CH2), 36.7 (C), 33.3 (CH), 32.2 
(CH2), 32.0 (CH2), 31.3 (CH), 27.8 (CH2), 26.1 (CH2), 20.7 (CH2), 19.3 
(CH3), 16.6 (CH3), 16.55 (2xCH3), 15.1 (CH3); ESI-MS 628 [M+H]+, 
HRMS calcd for C36H54NO6S [M+H]+, 628.3666; found 628.3681; IR 
ATR, νmax (cm−1) 3414, 2924, 2856, 1712, 1664, 1454, 1357, 1272, 
1169, 1108, 1035, 953, 715. 

4.6. (22R,25R)-22a(N)-homospirosol-5-en-3β-yl benzoate (7) 

A solution of amine 6 (25 mg, 0.046 mmol) in 1 mL of dry DMF was 
placed in the flask and 0.01 g of powdered K2CO3 (0.01 g, 0.07 mmol) 
was added. The reaction mixture was heated in 80 ◦C for 16 h. After 
cooling, the solvent was evaporated in vacuo and the crude product was 
purified by silica gel column chromatography (elution with chloroform/ 
methanol 85:15). The product 7 was obtained in 62 % yield (13 mg, 0.03 
mmol) as a white solid; mp 215−217 ◦C (chloroform/methanol); 1H 
NMR (400 MHz, CDCl3) δ 8.05 (m, 2 H), 7.56 (m, 1 H), 7.44 (m, 2 H), 
5.43 (m, 1 H), 4.86 (m, 1 H), 4.44 (m, 1 H), 3.34 (m, 2 H), 2.80 (m, 2 H), 
2.48 (m, 2 H), 1.09 (s, 3 H), 1.00 (d, J = 7.0 Hz, 3 H), 0.99 (d, J = 8.8 Hz, 
3 H), 0.85 (s, 3 H); 13C NMR (100 MHz, CDCl3) δ 166.0 (C), 139.7 (C) 
132.7 (CH), 130.8 (C), 129.5 (2xCH), 128.2 (2xCH), 122.3 (CH), 87.5 
(C), 81.6 (CH), 74.4 (CH), 62.7 (CH), 56.4 (CH), 51.6 (CH2), 49.8 (CH), 
44.7 (CH2), 42.0 (CH), 40.8 (C), 39.6 (CH2), 38.9 (CH2), 38.1 (CH2), 
37.0 (CH2), 36.7 (C), 32.1 (CH2), 32.0 (CH2), 31.4 (CH), 31.0 (CH), 30.2 
(CH2), 27.8 (CH2), 20.8 (CH2), 20.3 (CH3), 19.4 (CH3), 16.6 (CH3), 14.3 
(CH3); ESI-MS 532 [M+H]+. HRMS calcd for C35H50NO2 [M+H]+, 
532.3785; found 532.4083; IR ATR, νmax (cm−1) 3410, 2922, 2855, 
1712, 1454, 1368, 1270, 1109, 714. 

(22R,25R)-22a(N)-homospirosolan-3β-yl benzoate (7a) was ob-
tained from tigogenin benzoate according to the synthetic protocol used 
for synthesis of compound 7 (see supporting information). 

4.7. (22R,25R)-22a(N)-homospirosol-5-en-3β-ol (8) 

To a solution of amine 7 (0.03 g, 0.056 mmol) in MeOH (10 mL) 
K2CO3 (0.04 g, 0.29 mmol) was added. Reaction mixture was stirred at rt 
for 16 h. The solvent was removed under reduced pressure and product 
was purified by column chromatography on silica gel with chloroform/ 
methanol (85/15) elution to give 8 in 82 % (0.023 g, 0.05 mmol) as a 
white solid. mp 207−210 ◦C (chloroform/methanol); 1H NMR (400 
MHz, CDCl3) δ 5.35 (m, 1 H), 4.38 (m,1 H), 3.54 (m, 2 H), 3.24 (m, 2 H), 
2.70 (d, J = 14.0 Hz, 1 H), 2.58 (dd, J = 11.3 Hz, 13.0 Hz, 1 H), 2.28 (m, 
2 H), 1.03 (s, 3 H), 0.955 (d, J = 6.2 Hz, 3 H), 0.953 (d, J = 7.4 Hz, 3 H), 
0.83 (s, 3 H); 13C NMR (100 MHz, CDCl3) δ 140.7 (C), 121.3 (CH), 88.6 
(C), 81.3 (CH), 71.7 (CH), 62.8 (CH), 56.5 (CH), 53.1 (CH2), 49.9 (CH), 
45.6 (CH2), 42.2 (CH2), 41.7 (CH), 40.7 (C), 39.7 (CH2), 39.0 (CH2), 
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37.2 (CH2), 36.6 (C), 32.3 (CH), 32.1 (CH2), 31.9 (CH2), 31.6 (CH2), 
31.4 (CH), 30.2 (CH2), 20.8 (CH2), 20.3 (CH3), 19.4 (CH3), 16.6 (CH3), 
14.2 (CH3); ESI-MS 428 [M+H]+. HRMS calcd for C28H46NO2+ [M+H]+, 
428.3523; found 428.3528; IR ATR, νmax (cm−1) 3389, 2927, 2843, 
1625, 1456, 1375, 1056. 

4.8. (22R,25R)-N-(p-nitrobenzyloxycarbonyl)-22a(N)-homospirosol-5- 
en-3β-yl benzoate (9) 

The compound 9 was prepared according the procedure described 
previously by us14. Elution with hexane/ethyl acetate 93:7 gave 9 (0.02 
g, 0.028 mmol, 68 %) as a white solid. mp 215−217 ◦C (hexane/ethyl 
acetate); 1H NMR (400 MHz, CDCl3) δ 8.23 (m, 2 H), 8.04 (m, 2 H), 7.53 
(m, 3 H), 7.43 (m, 2 H), 5.42 (m, 1 H), 5.30 (m, 2 H), 4.87 (m, 1 H), 4.68 
(m, 1 H), 4.03 (d, J = 14.5 Hz, 1 H), 3.41 (m, 1 H), 3.32 (m, 1 H), 3.06 
(m, 1 H), 2.48 (m, 2 H), 1.09 (s, 3 H), 1.00 (d, J = 5.9 Hz, 3 H), 0.97 (d, J 
= 6.0 Hz, 3 H), 0.84 (s, 3 H); 13C NMR (100 MHz, CDCl3) δ 166.0 (C), 
156.4 (C), 147.5 (C), 144.7 (C), 139.6 (C), 132.7 (CH), 130.8 (C), 129.5 
(2xCH), 128.2 (2xCH), 127.8 (CH), 123.7 (CH), 122.6 (CH), 89.2 (C), 
81.2 (CH), 74.5 (CH), 65.6 (CH2), 62.7 (CH), 56.3 (CH), 54.7 (CH2), 49.9 
(CH), 47.4 (CH2), 43.3 (CH), 40.5 (CH2), 39.9 (CH2), 39.3 (CH2), 38.2 
(CH2), 37.0 (CH2), 36.8 (CH2), 33.4 (CH2), 32.4 (CH2), 32.0 (CH2), 31.8 
(CH), 31.3 (CH2), 27.8 (CH2), 21.2 (CH2), 20.9 (CH2), 19.4 (CH3), 16.7 
(CH3), 16.6 (CH3), 15.0 (CH3); ESI-MS 711 [M+H]+. HRMS calcd for 
C43H55N2O7 [M+H]+, 711.4004; found 711.4011; IR ATR, νmax (cm−1) 
3475, 2923, 2856, 1741, 1605, 1524, 1456, 1347, 1231, 1170, 1108, 
1041, 853, 723. 

4.9. (22R,25R)-N-(p-nitrobenzoyl)-22a(N)-homospirosol-5-en-3β-yl 
benzoate (10) 

To a solution of 7 (10 mg, 18.8 mmol) in mixture DCM (5 mL) and 
pyridine (2 mL) 4-nitrobenzoyl chloride (7 mg, 0.038 mol) was added. 
The reaction mixture was stirred at room temperature for 16 h. After this 
time 5 mL of 10 % HCl was added to the reaction mixture. The crude 
product was extracted with DCM (3 × 10 mL). The organic layer was 
washed by NaHCO3, water and dried by sodium sulfate and concen-
trated in vacuo. The crude product was purified by silica gel chroma-
tography (elution with hexane/ethyl acetate 88/12). The product 10 
was obtained in 93 % yield as a yellow solid, mp 231−233 ◦C (hexane/ 
ethyl acetate); 1H NMR (400 MHz, CDCl3) δ 8.28 (m, 2 H), 8.05 (m, 2 H), 
7.56 (m, 3 H), 7.44 (m, 2 H), 5.42 (m, 2 H), 4.86 (m, 1 H), 4.69 (m,1 H), 
4.22 (d, J = 13.7 Hz, 1 H), 3.35 (d, J = 14.5 Hz, 1 H), 3.28 (dd, J1 = 13.6 
Hz, J2 = 4.3 Hz, 1 H), 2.96 (dd, J1 = 20.7 Hz, J2 = 11.9 Hz, 1 H), 2.48 (m, 
2 H), 1.10 (s, 3 H), 1.06 (d, J = 6.4 Hz, 3 H), 0.86 (s, 3 H), 0.80 (d, J = 6.1 
Hz, 3 H); 13C NMR (100 MHz, CDCl3) δ 166.0 (C), 148.0 (C), 146.3 (C), 
143.9 (C), 142.1 (C), 139.7 (C), 132.7 (CH), 130.8 (C), 129.6 (2xCH), 
129.5 (2xCH), 128.3 (2xCH), 127.6 (CH), 123.9 (CH), 123.5 (CH), 122.5 
(CH), 89.5 (C), 81.6 (CH), 74.5 (CH), 62.6 (CH), 58.0 (CH2), 56.3 (CH), 
49.9 (CH), 46.2 (CH2), 43.6 (CH), 40.6 (C), 39.9 (CH2), 39.5 (CH2), 38.2 
(CH2), 37.0 (CH2), 32.4 (CH2), 32.0 (CH2), 31.6 (CH2), 31.3 (CH), 27.8 
(CH2), 20.9 (CH2), 20.7 (CH3), 19.4 (CH3), 16.7 (CH3), 14.9 (CH3); ESI- 
MS 681 [M+H]+. HRMS calcd for C42H53N2O6 [M+H]+, 681.3898; 
found 681.3908; IR ATR, νmax (cm−1) 3366, 2920, 2854, 1711, 1634, 
1520, 1450, 1345, 1270, 1107, 1017, 852, 706. 

4.10. (22R,25R)-N-acetyl-22a(N)-homospirosol-5-en-3β-yl acetate (11) 

The compound 8 (23 mg, 0.049 mol) was dissolved in pyridine (2 
mL) and acetic anhydride (0.02 mL, 0.029 mmol) was added. The re-
action mixture was stirred at room temperature for 16 h. After this time 
5 mL 10 % HCl was added to the reaction mixture. The crude product 
was extracted with DCM (3 × 10 mL). The organic layer was washed by 
NaHCO3, water and dried by sodium sulfate and concentrated in vacuo. 
Elution with hexane/ethyl acetate (7:3) gave 11 with 78 % yield as a 
white solid, mp 162−165 ◦C (hexane/ethyl acetate); 1H NMR (400 MHz, 

CDCl3) δ 5.36 (m, 1 H), 4.62 (m, 2 H), 4.23 (d, J = 6.1 Hz, 2 H), 3.41 (dd, 
J1 = 12.8 Hz, J2 = 4.2 Hz, 1 H), 3.11 (dd, J1 = 12.6 Hz, J2 = 11.0 Hz, 1 
H), 3.0 (d, J = 14.6 Hz, 1 H), 2.13 (s, 3 H), 2.03 (s, 3 H), 1.03 (s, 3 H), 
0.99 (d, J = 5.8 Hz, 3 H), 0.98 (d, J = 6.3 Hz, 3 H), 0.81 (s, 3 H); 13C NMR 
(100 MHz, CDCl3) δ 171.3 (C), 170.5 (C), 139.6 (C), 122.5 (C), 89.2 (C), 
81.2 (CH), 73.9 (CH), 62.5 (CH), 56.9 (CH2), 56.2 (CH), 49.9 (CH), 44.9 
(CH2), 43.7 (CH), 40.4 (C), 39.9 (CH2), 39.1 (CH2), 38.1 (CH2), 36.9 
(CH2), 36.7 (CH), 33.8 (CH), 32.4 (CH2), 32.01 (CH2), 31.97 (CH2), 31.3 
(CH), 27.7 (CH2), 22.5 (CH3), 21.4 (CH3), 21.2 (CH3), 20.8 (CH2), 19.3 
(CH3), 16.6 (CH3), 15.0 (CH3); ESI-MS 512 [M+H]+. HRMS calcd for 
C32H50NO4 [M+H]+, 512.3734; found 512.3740; IR ATR, νmax (cm−1) 
2930, 2854, 1725, 1648, 1423, 1368, 1239, 1167, 1023, 906, 737. 

4.11. AChE and BChE inhibition studies 

The eeAChE and eqBCHE inhibitory activity of the tested compounds 
was determined using a modified spectrophotometric Ellman’s method. 
This is a simple, rapid and direct method to determine the -SH and -S-S- 
groups contained in proteins [24]. Activity of ChEs is measured indi-
rectly by quantifying the concentration of 5-thio-2-nitrobenzoic acid 
(TNB−) ion formed in the reaction between the thiol reagent 5,5-dithio-
bis-2-nitrobenzoic acid (DTNB) and thiocholine (TCh), a product of 
substrate (i.e. acetylthiocholine, ATCh, or butyrylthiocholine, BTCh) 
hydrolysis catalysed by cholinesterase [25]. All the assays were carried 
out in 0.1 M phosphate buffered saline (PBS, pH 7.4) in glass cuvette 
with 1 cm optical path at 25 ◦C. The activity of eeAChE (or eqBChE) in 
total reaction mixture (2000 μL) was 0.2 U/mL, concentration of ATCh 
(or BTCh) 40 μM and concentration of DTNB 0.1 mM for all reactions. 
The uninhibited reaction was started by adding the enzyme. The 
absorbance of product of given enzymatic reaction, TNB−, was recorded 
by spectrophotometer with diode array Hewlett-Packard 8453 at the 
wavelength of 412 nm against comparative solution for 2 min and the 
reaction rate was calculated (v0 = ΔA

Δt ). The reaction rate of inhibited 
reaction was determined for assay medium consisting of PBS, DTNB, 
ATCh (or BTCh), eeAChE (or eqBChE) and inhibitor (concentrations of 
DTNB, substrate and enzyme were the same as for the reaction in 
absence of the inhibitor). For all tested compounds four or five different 
concentrations of inhibitor were used. All tested solasodine analogues 
were dissolved in DMSO to concentration 0.01 M and then diluted using 
demineralized water as necessary. Enzymatic reaction as well as 
absorbance (412 nm) recording were started by adding of the enzyme. 
From obtained dependence A vs. t reaction rate of inhibited reaction (vi) 
was calculated. All measurements were carried out in duplicate at least. 
Finally, the dependence v0/vi vs. concentration of inhibitor was con-
structed and IC50 was calculated from obtained equation of regression 
curve (based on the definition of IC50). 

4.12. Kinetic studies 

The kinetic studies of eeAChE and eqBChE inhibition were per-
formed using modified Ellman’s method as well. For the measurement, 
the following concentrations of the substrate were used: 20, 40, 60 and 
80 μM. For each of substrate concentration, four or five different con-
centrations of inhibitor were chosen (according to the IC50 values). Each 
measurement was performed in duplicate at least. From obtained de-
pendences A (412 nm) vs. t, reaction rates of uninhibited and inhibited 
reactions were calculated. Then, a Lineweaver-Burk plot was con-
structed, and the values of KM and Vm were calculated. The purpose was 
to observe the effect of inhibitor on kinetic parameters. 

4.13. Cell viability assay 

SH-SY5Y cells (ECACC) were cultivated according to manufacture 
protocol in DMEM/F12 medium (Merck) supplemented with 10 % FBS, 
100 IU/mL penicillin and 100 mg/mL streptomycin and the culture was 
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maintained in a humidified CO2 incubator at 37 ◦C. Cell viability was 
determined using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide (MTT) assay. Briefly, cells were seeded in triplicates 
at a density of 8 × 103 cells per well. After 24 h, cells were incubated 
with drug-containing medium for 24 h. Cells were incubated with MTT 
solution (5 mg/mL; Merck) and medium was replaced with DMSO after 
five hours. The absorbance was measured at 620 nm using a Tecan 
M200Pro microplate reader (Biotek). The GI50 value, the drug concen-
tration lethal to 50 % of the cells, was calculated from the dose response 
curves that resulted from the assays. 

4.14. Neuroprotection assay 

The SH-SY5Y cells were seeded at the appropriate density (20 000 
cells/well) in DMEM/F12 medium (Merck) supplemented with 1% FBS. 
After 24 h, the cells were treated with 10 μM all‑trans retinoic acid 
(Merck) to induce differentiation. After six days, the culture medium 
was replaced with fresh medium supplemented with 160 mM mono-
sodium L-glutamate hydrate (Merck) alone or in the combination with 
tested compound (assayed in triplicates). The cells were further incu-
bated at 37 ◦C with 5% CO2 conditions for 24 h and then the viability 
was determined by MTT assay described above. Positive controls, gal-
antamine and (R)-(+)-α-lipoic acid, were purchased from Merck. 

4.15. Molecular docking 

Ligand preparation, protein preparation, and initial docking calcu-
lations were performed using the Schrödinger Suite molecular modeling 
package (version 2018–4), using default parameters unless otherwise 
noted. The Human AChE protein structure (PDB ID: 4EY7) and human 
BChE protein structure (PDB ID: 4XII) were prepared using the Protein 
Preparation Wizard. In this step, force field atom types and bond orders 
were assigned, missing atoms were added, tautomer/ionization states 
were assigned, water orientations were sampled, and ionizable residues 
(Asn, Gln, and His residues) have their tautomers adjusted to optimize 
the hydrogen bond network. A constrained energy minimization was 
then performed. Three crystallographically resolved water molecules 
were retained. Receptor grids were generated using a receptor site that 
was defined by the centroid of the cognate ligand. Docking using the 
Glide (version 81,012) in standard precision (SP) and Extra precision 
(XP) mode with flexible ligand docking utilizes precomputed grids [26, 
27]. The docking hierarchy starts with the systematic conformational 
expansion of the ligand, followed by placement in the receptor site. 
Minimization of the ligand in the field of the receptor is then carried out 
using the OPLSe force field with a distance- dependent dielectric 
(default) 2.0). The best pose for a given ligand is determined by the 
composite Glide G-score. Default van der Waals scaling was used (1.0 for 
the receptor and 0.8 for the ligand). The Glide G-score using this re-
ceptor conformations were better (down to −5.0) compared with the 
initial protein conformation in the crystal structure. 

4.16. Statistical analysis 

All data are expressed as mean ± SD. The data analysis was per-
formed by GraphPad Prism 8.4.3 software (La Jolla, USA). A Student t- 
test was used for analysis of data from differentiation experiment. A one- 
way analysis of variance (ANOVA) with Tukey’s multiple comparisons 
post hoc test was used in remaining experiments in in vitro models of 
neurodegeneration. A value of P < 0.05 was considered significant. 
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Aims and scope 

 

Various natural and synthetic compounds display promising activities in Parkinson’s 

disease-modifying therapy based on neuroprotection. Human in vitro models of PD, especially 

those induced by natural metabolites of dopamine known to possess some neurotoxicity, serve 

as a suitable tool for identification of new neuroprotective agents. Up to now natural plant 

hormones cytokinins have demonstrated promising protective activities in several stress-

induced models and some Parkinson’s disease-related models. However, no systematic study 

of cytokinins on idiopathic PD model has been published. Similarly, in the case of triterpenes, 

especially betulines, only few publications demonstrated neuroprotective effect in in vitro PD 

models. The new natural compounds and their synthetic analogues bring a new possibility to 

find suitable neuroprotective drug candidates as disease-modifying medications for PD. 

 

The main aims of this doctoral thesis are:  

 Testing and searching new neuroprotective agents in in vitro salsolinol-, glutamate- and 

3-nitropropionic acid-induced models of PD, oxidative damage and Huntington’s 

disease/mitochondrial damage on human dopaminergic neuron-like SH-SY5Y cells. 

 

 The systematic evaluation of potential neuroprotective effects of natural cytokinins and 

their metabolites. 

 

 Screening of neuroprotective effects of novel synthetic pentacyclic triterpenes with a 

deeper study of processes involved in the neuroprotection.  

 

 Testing of novel kinetin bioisosteres in a glutamate-induced model of oxidative damage 

focusing on oxidative stress and the caspase-3/7 activity. 

 

 Identification of new protective agents in a series of steroids isolated from soft coral 

Sinularia polydactyla using 3-nitropropionic acid-induced model of Huntington’s 

disease/mitochondrial damage. 
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Introduction 

 

Nowadays, the neurodegenerative diseases have experienced a dramatic rise in the number 

of newly diagnosed patients. Additionally, the well-known motor-related neurodegeneration 

such as Parkinson’s disease is limited to symptomatic treatment, and thus the call for disease-

modifying agents is even more urgent now. Currently the field of drug discovery of new 

disease-modifying drug candidates expanded from FDA-drug repurposing over natural 

compounds towards novel designed synthetic compounds. Within the doctoral thesis, the main 

focus was dedicated towards the establishing and usage of in vitro models associated with the 

disorder related to dopaminergic neurons such as Parkinson’s disease by the cell death inducers 

such as salsolinol, glutamate and 3-nitropropionic acid on human SH-SY5Y cells differentiated 

by all-trans retinoic acid into neuronal dopaminergic and cholinergic phenotype. 

In vitro models served as a tool for measurement of neuroprotective activity of several drug 

candidates. During the evaluation of neuroprotection in vitro, the main part of my work was to 

screen the drug candidates of natural origin: the plant hormones cytokinins and their metabolites 

and steroids isolated from the Red Sea Soft Coral; and to those synthetically prepared such as 

novel synthetic pentacyclic triterpenes and kinetin bioisosteric derivatives. 

The neuroprotective effect of the most active derivatives was subsequently validated by 

orthogonal cytotoxicity tests (lactate dehydrogenase (LDH) release assay and propidium iodide 

(PI) test), followed by measurement of superoxide radical formation as a marker of oxidative 

stress (dihydroethidium (DHE) assay), and finalised by a caspase-3,7 activation assay. In the 

case of active triterpenes, their neuroprotective effect was evaluated using mitochondria by 

either mitochondrial membrane potential (MMP) measurement (JC10 assay) or by 

mitochondrial permeability transition pore (mPTP) opening assay (Calcein AM/CoCl2 assay). 
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Materials and methods 

 

SH-SY5Y cell culture 

The SH-SY5Y human neuroblastoma cell line obtained from ATCC (American Type 

Culture Collection, Manassas, VA, USA) and ECACC (European Collection of Authenticated 

Cell Culture, Salisbury, UK) was cultivated in Dulbecco’s modified Eagle’s Medium and Ham's 

F12 Nutrient Mixture (DMEM:F-12, 1:1), supplemented with 10% fetal bovine serum (FBS) 

and 1 % penicillin and streptomycin at 37 °C in a humidified atmosphere of 5 % CO2. The cell 

culture was used for all experiments until it reached passage 20. For each experiment, SH-

SY5Y cells were seeded at a density according to the type of assay (5000, 7000, 10000 and 

20000 cells/well) in 96-multiwell plates in 100 μl total volume of medium. The next day, all-

trans retinoic acid in 1 % FBS DMEM/F12 medium was added to the SH-SY5Y cells at a final 

concentration of 10 µM. The cells were kept under differentiated conditions for 48 h to achieve 

longer neurites and reduced proliferation.  

 

Microscopy  

Neuron-like SH-SY5Y cells were observed under a Leica DM IL LED (Leica Microsystems, 

Germany) fluorescence microscope with different excitation filters according to the type of 

assay or a brightfield setup. Images were captured using an Olympus DP73 high-performance 

digital camera (Olympus, Tokyo, Japan) and processed by ImageJ software (Fiji). Since the 

signal-to-noise ratio for staining was moderate the contrast was slightly adjusted in ImageJ 

software (Fiji) without affecting the resulting observation.  

 

Cell membrane staining (neurite outgrowth kit, Invitrogen™) 

SH-SY5Y cells (5000 cells/well) after 48 h of the differentiation procedure were stained by 

a neurite outgrowth kit (Invitrogen™) according to the manufacturer’s protocol with small 

modifications. Briefly, cells were washed by PBS and stained with a solution of membrane 

staining dye (protocol for 96 multiwell plates) in PBS for 20 min at 37 °C. After 20 min, the 

dye in PBS was aspirated and replaced by fresh PBS. Microphotographs of the cells were 

recorded under the fluorescence microscope. 
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Cell treatment 

Before treatment 3-nitropropropionic acid (3-NPA) was properly dissolved in distilled water 

and neutralized by fresh NaOH solution to obtain 1M solution, which was subsequently filtered 

using 0.2 µm syringe filter. Glutamate (Glu) monosodium salt was dissolved in media to reach 

160 mM solution. After 48 h differentiation, the old differentiation medium was replaced by 

fresh 1 % DMEM/F12 medium containing the tested compounds at 0.1, 1 and 10 μM 

concentration (7 000 cells/well – cytotoxicity) as a co-treatment with 500 µm salsolinol (SAL) 

and 3-NPA (7000 – 10000 and 20000 cells/well) or 160 mM Glu (20 000 cells/well) for a 

duration according to the assay type. Control cells were treated by medium containing ≤ 0.1 % 

of DMSO. 

 

Cell viability and cell death 

After 24 h of treatment, the cell viability of neuron-like SH-SY5Y cells growing in 96-well 

plates (7000 cells/well) was evaluated by the calcein AM assay [1]. Calcein AM solution 

(Invitrogen™) was added to a final concentration of 0.75 µM, and cells were incubated for 50 

min. The fluorescence of free intracellular calcein was measured at 495/517 nm 

(excitation/emission) using an Infinite M200 Pro (Tecan, Austria) microplate reader. The cell 

viability was calculated as a percentage of control (DMSO control cells). Cell death of the 

neuron-like cells (salsolinol (SAL) model: 10 000 cells/well; glutamate (Glu) and 3-

nitropropionic acid (3-NP) model: 20 000 cells/well) was determined by the PI assay according 

to Stone et al. 2003[2]. Briefly, PI was diluted to a 1 mg/mL solution in DMSO. Basic solution 

was diluted in PBS and then added to cell medium to reach concentration 1 µg/mL (Glu- or 3-

NP model). In the SAL model, the old medium was replaced with a PBS solution of PI (1 

µg/ml). The cells were incubated for 15 - 25 min. at r.t. PI stained cells were quantified at 

535/617 nm (excitation/emission) using an Infinite M200 Pro reader (Tecan, Austria). The 

fluorescence after treatment with the toxins was considered to correspond to 100 % cell death. 

 

Measurement of oxidative stress by dihydroethidium (DHE) assay 

The superoxide radical formation as marker of oxidative stress was evaluated using DHE 

assay as used in [3]. Cells were left to differentiate and subjected to treatment protocols 

according to the model of study for 24 h (SAL, 10 000 cells/well) or 4 h (Glu, 20 000 cells/well) 

in a 96-well plate, as described above. Then, cells were centrifuged at 500 g for 5 min and 30 s, 
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followed by replacement of the old medium with PBS solution containing 10 μM 

dihydroethidium (DHE). Afterwards, the plate with cells was kept in the dark at r.t. for 30 min, 

and then superoxide radical formation (DHE signal) was quantified at 500/580 nm 

(excitation/emission) using an Infinite M200 Pro (Tecan, Austria) microplate reader. The 

resulting fluorescence intensity of DHE after toxin treatment was considered to be 100 % 

superoxide radical formation, relative to which the individual percentages for the co-treatments 

were calculated. For visualization, cell images were observed using fluorescence microscopy. 

 

Measurement of caspase 3/7 activity  

A one-step caspase 3/7 assay was performed according to Carrasco et al. 2003[4] with small 

modifications. Neuron-like SH-SY5Y cells were co-treated by toxins and the tested compounds 

and then incubated for 24 h (SAL model) or 1 h (Glu model). Afterwards, a solution of 3x 

caspase-3,7 assay buffer (containing 150 mM HEPES pH 7.4, 450 mM NaCl, 150 mM KCl, 30 

mM MgCl2, 1.2 mM EGTA, 1.5 % Nonidet P40, 0.3 % CHAPS, 30 % sucrose) with DTT (30 

mM), PMSF (3 mM) and 75 µM Ac-DEVD-AMC (Enzo Life Sciences) was added to each well 

of a 96-well plate, and the plate was incubated at 37 °C. Caspase-3,7 activity was measured 

using an Infinite M200 Pro (Tecan, Austria) microplate reader at 346 nm/438 nm 

(excitation/emission) after 2 h (SAL model) and 3 h (Glu model). The fluorescence after 

treatment with the toxins was considered to correspond to 100 % caspase 3/7 activity. 

 

Measurement of mitochondrial membrane potential by JC10 assay  

SH-SY5Y cells (20 000 cells/well) were subjected to the co-treatment procedure for 24 h 

(SAL model) and 1 h (Glu model). After incubation, neuron-like cells were evaluated by the 

JC10 assay according to the manufacturer’s procedure (mitochondrial membrane potential kit 

MAK-159, Sigma Aldrich, Merck).  

 

Measurement of mitochondrial permeability transition pore opening  

by Calcein AM/CoCl2 assay 

Mitochondrial permeability transition pore opening was estimated by the Calcein AM/CoCl2 

assay with modifications as described in another study [5]. Briefly, neuron-like SH-SY5Y cells 

(20 000 cells/well) intoxicated by SAL or its combination with the tested compounds for 24 h 
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were centrifuged at 500 g for 5 min 30 s. Then, the medium was aspirated and a solution of 

1 µM Calcein AM and 2 mM CoCl2 in Hank’s balanced salt solution (HBSS) was added and 

incubated at 37 °C for 20 min in a 5 % CO2 atmosphere. After incubation, the fluorescence 

intensity was measured by an Infinite M200 Pro (Tecan, Austria) microplate reader at 488 

nm/517 nm (excitation/emission). The resulting signals were calculated as percentages of the 

DMSO control. Images of the cells were observed using a fluorescence microscope with 

subsequent processing in ImageJ software. For detailed observation the region of interests was 

taken.  

 

In vitro models of cell death – acridine orange (AO) / propidium iodide (PI) double staining 

Neuron-like SH-SY5Y cells (10 000 cells/well) were treated according to the SAL model, 

and the cells were kept with toxin for 24 h. The next day, the cells were centrifuged at 500 g 

for 5.5 min and the medium was replaced by AO (0.5 µM)/PI (1 µg/mL) PBS solution. The 

cells were kept at room temperature for 25 min, and then representative fluorescence 

microphotographs were obtained. 

 

Statistical analysis 

All data are expressed as mean ± SEM calculated and visualized by GraphPad Prism 8.4.3 

software (La Jolla, USA). For statistical analysis of publications I-IV [6-9], the PAST (ver. 

1.97) software package [10] and in case of publication V [11] GraphPad Prism 8.4.3 software 

(La Jolla, USA) were used. The statistical significance was determined by Student t test (used 

for differentiation experiment see publication I. [6]), ANOVA or non-parametric Kruskal-

Wallis followed by Tukey post hoc or Mann-Whitney post hoc test with sequential Bonferroni 

correction of p-values. A P<0.05 value was considered as significant. 
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Survey of published results 

 

Publication I 

Gonzalez, G.; Grúz, J.; D’Acunto, C.W.; Kaňovský, P.; Strnad, M. Cytokinin Plant 
Hormones Have Neuroprotective Activity in In Vitro Models of Parkinson’s 

Disease. Molecules 2021, 26, 361. 

 

Cytokinins are adenine-based phytohormones that regulate key processes in plants, such as 

cell division and differentiation, root and shoot growth, apical dominance, branching and seed 

germination. In preliminary, studies they have also shown protective activities against human 

neurodegenerative diseases. To extend knowledge of the protection (protective activity) they 

offer, we investigated activities of natural cytokinins against salsolinol (SAL)-induced toxicity 

(a Parkinson’s disease model) and glutamate (Glu)-induced death of neuron-like dopaminergic 

SH-SY5Y cells. Therefore, this study was undertaken to examine neuroprotective (anti-

parkinsonian) activities of almost all known naturally occurring CKs in the selected SAL- and 

Glu-induced models of neurodegeneration. First, we evaluated each of the CKs’ oxygen radical 

absorbance capacity (ORAC) and (in safety tests) cytotoxicity towards neuron-like SH-SY5Y 

cells. Then we evaluated the compounds’ neuroprotective effects and influence on oxidative 

stress levels by measuring superoxide (O2
. -) production (dihydroethidium, DHE assay) and 

apoptotic caspase-3,7 activities. The results provide the first reported systematic indications of 

the relationships between natural CKs’ structures and neuroprotective activities. We found that 

kinetin-3-glucoside, cis-zeatin riboside and N6-isopentenyladenosine were active in the SAL-

induced PD model. In addition, trans-, cis-zeatin and kinetin along with the iron chelator 

deferoxamine (DFO) and the necroptosis inhibitor necrostatin 1 (NEC-1) significantly reduced 

cell death rates in the Glu-induced model. Lactate dehydrogenase assays revealed that the 

cytokinins provided lower neuroprotective activity than DFO and NEC-1. Moreover, they 

reduced apoptotic caspase-3/7 activities less strongly than DFO. However, the cytokinins had 

very similar effects to DFO and NEC-1 on superoxide radical production. Overall, they showed 

protective activity in the SAL-induced model of parkinsonian neuronal cell death and Glu-

induced model of oxidative damage mainly by reduction of oxidative stress [6]. 
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Publication II 

Gonzalez, G.; Hodoň, J.; Kazakova, A.; D’Acunto, C. W.; Kaňovský, P.; Urban, M.; 

Strnad, M., Novel pentacyclic triterpenes exhibiting strong neuroprotective activity in 

SH-SY5Y cells in salsolinol- and glutamate-induced neurodegeneration models. European 

Journal of Medicinal Chemistry 2021, 213, 113168 

 

Next class of compounds which was selected to the evaluation of neuroprotective activity in 

two models of neurodegeneration on human neuron-like SH-SY5Y cells were pentacyclic 

triterpenes synthetized by Dr. Milan Urban and his group from the Department of Organic 

Chemistry and Instituted of Molecular and Translational Medicine, Palacký University 

Olomouc. In the present work, a series of pentacyclic triterpenes was prepared and evaluated in 

in vitro models of neurodegeneration in neuron-like SH-SY5Y cells [12-14]. The primary aim 

was to investigate the protective effect of new triterpenes in salsolinol- and glutamate-induced 

models of cell death mimicking aspects of PD. Novel triterpene derivatives were prepared and 

evaluated on neuron-like SH-SY5Y cells. Among the tested compounds, betulin triazole 4 

bearing a tetraacetyl-β-D-glucose substituent showed a highly potent neuroprotective effect. 

Further studies revealed that removal of tetraacetyl-β-D-glucose part (free triazole derivative 

10) resulted in strong neuroprotection in the SAL model at 1 µM, but this derivative suffered 

from cytotoxicity at higher concentrations. Both compounds modulated oxidative stress and 

caspase-3,7 activity, but 10 showed a superior effect comparable to the Ac-DEVD-CHO 

caspase-3,7 inhibitor. Interestingly, while both 4 and 10 outperformed the positive controls in 

blocking mitochondrial permeability transition pore opening, only 4 demonstrated potent 

restoration of the mitochondrial membrane potential (MMP) in the model. Derivatives 4 and 10 

also showed neuroprotection in the Glu model, with 10 exhibiting the strongest oxidative stress 

reducing effect among the tested compounds, while the neuroprotective activity of 4 was 

probably due recovery of the MMP [7] .  
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Publication III 

Maková, B.; Mik, V.; Lišková, B.; Gonzalez, G.; Vítek, D.; Medvedíková, M.; Monfort, 

B.; Ručilová, V.; Kadlecová, A.; Khirsariya, P.; Gándara Barreiro, Z.; Havlíček, L.; 
Zatloukal, M.; Soural, M.; Paruch, K.; D'Autréaux, B.; Hajdúch, M.; Strnad, M.; 
Voller, J., Cytoprotective activities of kinetin purine isosteres. Biorganic Medicinal 

Chemistry 2021, 33, 115993. 

 

A panel of kinetin bioisosteres was purchased or synthetized and accurately characterised by 

analytical methods such as 1H NMR, 13C NMR, purity was determined by HPLC, by high 

resolution mass (HRMS) and C, H, N analysis. Their biological activity was evaluated on the 

in vitro model of GSH depletion induced by buthionine sulphoximine (BSO) on the 

Friedrieich’s ataxia (FA) patient-derived fibroblasts and glutamate-induced (Glu-) model of 

oxidative damage on human neuron-like SH-SY5Y cells. From the panel of compounds, 

selected derivative 6 was identified as highly active against BSO-induced toxicity to FA 

fibroblasts. In addition, kinetin bioisosteres have been proved to be effective in correcting 

aberrant splicing of the ELP1 gene in FA patient fibroblasts. In the Glu-model, the most 

promising scaffolds 6, 10 and 22 were identified as active, decreasing Glu toxicity to neuron-

like SH-SY5Y from both cellular banks (ATCC and ECACC). These derivatives also showed 

the protective effect against oxidative stress, and the selected derivative 6 reduced caspase-3/7 

activity in the Glu-model. Finally, kinetin bioisosteres also displayed suitable parameters of  

absorption, distribution, metabolism and excretion (ADME) [8]. 

 

Publication IV 

Tammam, M. A.; Rárová, L.; Kvasnicová, M.; Gonzalez, G.; Emam, A. M.; Mahdy, A.; 
Strnad, M.; Ioannou, E.; Roussis, V., Bioactive Steroids from the Red Sea Soft Coral 

Sinularia polydactyla. Marine Drugs 2020, 18 (12), 632. 

 

Six new and twenty already isolated steroids from soft coral Sinularia polydactyla collected 

from the Hurghada reef in the Red Sea were characterized by NMR and HPLC-MS. 

Furthermore, biological activities such as cytotoxicity, anti-inflammatory, anti-angiogenic, 

androgen receptor-regulated transcription and neuroprotective activity on 3-nitriopropionic 

acid-induced (3-NPA) model of Huntington’s disease or mitochondrial damage of compounds 

3-7, 9-12, 14-20 and 22-26 were studied. The steroids demonstrated the cytotoxic effect on 

HeLa and MCF7 cancer cell lines (22 and 23), inhibition of migration of endothelial cells (11, 
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12, 22 and 23), and inhibition of androgen receptor (11, 10, 16, 20). Steroids 11 and 23 at 10 

µM did not show cytotoxic activity for neuron-like SH-SY5Y cells, while likely to increase 

viability and reduce cell death comparable to 100 µM N-acetylcysteine in the 3-NPA model on 

neuron-like SH-SY5Y cells [9]. 

 

Publication V 

Kiełczewska, U.; Jorda, R.; Gonzalez, G.; Morzycki, J. W.; Ajani, H.; Svrčková, K.; 
Štěpánková, Š.; Wojtkielewicz, A., The synthesis and cholinesterase inhibitory activities 
of solasodine analogues with seven-membered F ring. The Journal of Steroid Biochemistry 

and Molecular Biology 2021, 205, 105776. 

 

Thirteen derivatives with solasodine scaffold bearing seven-membered F ring with nitrogen 

placed at position 22a were synthetized. These compounds were evaluated for their ability to 

inhibit acetylcholinesterase (AChE) and butyrylcholinesterase (BChE). The inhibitory activity 

was found in micromolar concentrations, especially derivative 8 showed non-competitive 

inhibition with IC50eeAChE = 8.51 μM and IC50eqBChE= 7.05 μM. Further molecular docking 

study of derivative 8 with AChE revealed following interactions: hydrogen bonds with S293, 

stabilization of rings by hydrophobic interaction of the ring A (compound 8) or the side chain 

amino acids Y341 and W286 in case of the ring B and C. Finally, the biological tests 

demonstrated no toxic effects of compounds on differentiated SH-SY5Y cells. Moreover, the 

derivatives 13, 14 and 17 showed a strong neuroprotective effect against glutamate-induced 

oxidative damage outperforming positive controls galantamine and lipoic acid [11].  
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Conclusions and Perspectives 

 

All three in vitro models were successfully used as tools for identification of several lead 

structures within all candidate groups. In addition, the protective activities of the positive 

controls observed in the models used are consistent with previously published results. In several 

cases, such as cytokinins and betuline derivatives, not much known in the literature in the field 

of PD research, the newly identified neuroprotective activity of these compounds opened the 

way to study their mechanism of actions but also design and develop new more potent 

analogues. 

 

 All neuroprotective cell models have been successfully used according to published 

literature data. 

 

 A large panel of cytokinins was evaluated in the salsolinol-induced (SAL-) model of 

PD and the glutamate-induced (Glu-) model of oxidative damage on neuron-like SH-

SY5Y cells. The identified compounds with neuroprotective activities were kinetin-3-

glucoside, cis-zeatin riboside and N6-isopentenyladenosine (SAL-model), and cis-

/trans-zeatin and kinetin (Glu-model). 

 

 The new pentacyclic triterpenes were evaluated in the salsolinol and glutamate model, 

from which the two most promising compounds were selected for a further study. This 

research revealed that the effects caused by compound 4 was due to the protection of 

mitochondria, while derivative 10 showed a strong effect on caspase-3/7 activity and on 

the reduction of oxidative stress. Both compounds have undergone the structure-activity 

relationship study (SAR) and can serve as a tool for the development of the next 

generation of compounds. 

 

 Among the prepared bioisosteres of kinetin, three derivatives (6, 10 and 22) showed a 

promising neuroprotective activity in Glu-model by reducing oxidative stress. In 

addition, substance 6 contributed to its significant neuroprotection by reducing the 

caspase-3/7 activity in the Glu-model. 
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 Interestingly, two steroids isolated from Red Sea soft coral Sinularia polydactyla 

increased viability and reduced cell death of neuron-like SH-SY5Y cells after 3-

nitropropionic acid intoxication. 

 

Together, the primary goal of this thesis, the identification of several neuroprotective agents 

within our PD models, was achieved. In addition, the selection of active compounds gave us 

the opportunity to study their mechanism of action in subsequent molecular biological studies. 

In the case of active cytokinins in particular, mechanistic studies have focused on their effects 

on oxidative stress in both models.  As astrocytes are the primary defence against oxidative 

stress for neurons, our goal in the future is to study the effects of cytokinins on astrocytes and 

to evaluate their mechanism of action. In the case of triterpenes, the published study gave us 

two leading structures, which will be studied in detail in the following works. More specifically, 

the following can be selected as future aims: i) reduction of undesired cytotoxicity at higher 

concentration (more suitable heterocycles and removal of Michael acceptor moiety), ii) 

modification of betulines by various sugar substitutions to make compounds more soluble and 

iii) the study of their mechanism of action in oxidative stress (Glu-model) and on mitochondria 

(Sal- and Glu-model to identify the molecular target). Finally, our in vitro models and several 

new toxin-induced models are in development: for example, the 3-nitropropinoic-induced 

model of death of glial A172 cells or the scopolamine-induced cognitive impairment model on 

U87MG-derived cholinergic neurons and on neuron-like SH-SY5Y cells, and oligomers-

induced models (synuclein/amyloid-beta fragment 25-35) of PD (or Alzheimer disease) on 

neuron-like SH-SY5Y or U87MG-derived cholinergic neurons, respectively. We also hope that 

the newly discovered active substances will also be tested on more complex 3D in vitro models, 

for example on cerebral organoids also known as “minibrains”. 
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Souhrn (in Czech) 

 

Název disertační práce: Heterocyklické sloučeniny cílené proti neurodegenerativním 
onemocněním 
 

Předložená dizertační práce je zaměřena na zavedení in vitro modelů Parkinsonovy choroby 

a souvisejících patologií, jako nástrojů pro identifikaci a studium účinků neuroprotektivních 

sloučenin. V rámci této práce se podařilo zavést tři klíčové in vitro modely neurodenegerace na 

lidských neuronálních SH-SY5Y buňkách pro účely screeningu a hlubší molekulárně-

biologické studie aktivit kandidátních sloučenin.  Těmito in vitro modely jsou salsolinolem-

(Sal-)indukovaný model Parkinsonovy choroby (PD), glutamátový-(Glu-)model oxidativního 

poškození a model poškození mitochondrií indukovaný kyselinou 3-nitropropinovou.  

Mezi kandidátní skupiny těchto látek patřily i) přírodní cytokininy a jejich metabolity, ii) 

nové pentacyklické triterpeny nasyntetizované skupinou doc. Milana Urbana (Katedra 

organické chemie a Ústav translační medicíny, přírodovědecké a lékařské fakulty Univerzity 

Palackého v Olomouci), iii) bioisosterické deriváty kinetinu (cytokinin) a iv) izolované steroidy 

z korálu Sinularia polydactyla. 

V prvním případě se podařilo identifikovat cytokininy kinetin-3-glukosid, cis-zeatin ribosid 

a N6-isopentenyladenosin jako látky chránící před toxicitou salsolinolu. Účinek těchto látek byl 

způsoben snížením oxidativního stresu, který vedl i ke snížení aktivity kaspáz-3/7, jakožto 

markerů apoptózy. Zvláště aktivita cis-zeatin ribosidu byla pozorována v nízkých 

submikromolárních koncentracích.  Na druhé straně cytokininové báze cis- a trans-zeatin a 

kinetin jako jediné vykazovaly protektivní účinky proti Glu-indukovanému oxidativnímu 

poškození neuronálních SH-SY5Y buněk. I přes nižší protektivní účinek cytokininových bází 

oproti pozitivním kontrolám deferoxaminu a nekrostatinu-1, byly prokázané účinné 

koncentrace na submikromolární úrovni, speciálně u cis-zeatinu. Dále byly cytokininy schopny 

snížit oxidativní stres ve stejné míře jako tyto kontrolní sloučeniny, ale rovněž v nižších 

koncentracích.  

V rámci studia aktivit pentacyklických triterpenů byly objeveny dva velmi aktivní deriváty, 

sloučeniny 4 a 10, a to i v Sal- a Glu-modelu. Tyto sloučeniny i přes strukturní podobnost 

vykazovaly odlišné účinky. Zatímco derivát 4 indukoval neuroprotektivní účinek především 

udržením či obnovou membránového potenciálu mitochondrií, aktivita sloučeniny 10 byla 

zprostředkována velmi silnou inhibicí kaspázy-3/7 a účinnou redukcí oxidativního stresu. 

Mechanismus účinku těchto derivátů bude předmětem budoucí práce, spolu s přípravou 
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sloučenin nové generace a jejich evaluací v těchto in vitro modelech PD, ale i na jiných typech 

neurodegenerací. 

V neposlední řadě byly v rámci dizertační práce studovány vybrané bioisosterické deriváty 

kinetinu, které vykazovaly neuroprotektivní aktivitu cestou snížení buněčné smrti, oxidativního 

stresu a v případě derivátu 6 i snížením kaspázové aktivity v Glu-indukovaném modelu 

degenerace. Na závěr byly otestovány a identifikovány nové steroidní látky izolované z korálu 

Sinularia polydactyla v modelu degenerace indukované kyselinou 3-nitropropionovou. Do 

budoucna budou studované toxiny využity i pro jiné astrocytální linie či cholinergní neurony 

odvozené z linie U87MG. Budoucí výzkum bude zahrnovat i testování aktivních sloučenin v 

3D in vitro modelu cerebrálních organoidů známých též jako „minimozky“. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



20 

 

References 

[1]  Rárová, L.; Steigerová, J.; Kvasnica, M.; Bartůněk, P.; Křížová, K.; Chodounská, H.; 
Kolář, Z.; Sedlák, D.; Oklestkova, J.; Strnad, M., Structure activity relationship studies 
on cytotoxicity and the effects on steroid receptors of AB-functionalized cholestanes. J. 

Steroid Biochem. Mol. Biol. 2016, 159, 154-169. 

[2]  Stone, W. L.; Qui, M.; Smith, M., Lipopolysaccharide enhances the cytotoxicity of 2-

chloroethyl ethyl sulfide. BMC Cell Biol. 2003, 4, 1-1. 

[3]  Kim, M. S.; Seo, J. Y.; Oh, J.; Jang, Y. K.; Lee, C. H.; Kim, J. S., Neuroprotective Effect 

of Halophyte Salicornia herbacea L. Is Mediated by Activation of Heme Oxygenase-1 

in Mouse Hippocampal HT22 Cells. J. Med. Food 2017, 20, (2), 140-151. 

[4]  Carrasco, R. A.; Stamm, N. B.; Patel, B. K. R., One-step cellular caspase-3/7 assay. 

BioTechniques 2003, 34, (5), 1064-1067. 

[5]  Riley, J. S.; Quarato, G.; Lopez, J.; O’Prey, J.; Pearson, M.; Chapman, J.; Sesaki, H.; 
Carlin, L. M.; Passos, J. F.; Wheeler, A. P.; Oberst, A.; Ryan, K. M.; Tait, S. W. G., 

Activated BAX/BAK enable mitochondrial inner membrane permeabilisation and 

mtDNA release during cell death. EMBO J. 2018, 272104. 

[6]  Gonzalez, G.; Grúz, J.; D'Acunto, C. W.; Kaňovský, P.; Strnad, M., Cytokinin Plant 

Hormones Have Neuroprotective Activity in In Vitro Models of Parkinson's Disease. 

Molecules 2021, 26, (2). 

[7]  Gonzalez, G.; Hodoň, J.; Kazakova, A.; D’Acunto, C. W.; Kaňovský, P.; Urban, M.; 
Strnad, M., Novel pentacyclic triterpenes exhibiting strong neuroprotective activity in 

SH-SY5Y cells in salsolinol- and glutamate-induced neurodegeneration models. Eur. J. 

Med. Chem. 2021, 213, 113168. 

[8]  Maková, B.; Mik, V.; Lišková, B.; Gonzalez, G.; Vítek, D.; Medvedíková, M.; Monfort, 
B.; Ručilová, V.; Kadlecová, A.; Khirsariya, P.; Gándara Barreiro, Z.; Havlíček, L.; 
Zatloukal, M.; Soural, M.; Paruch, K.; D'Autréaux, B.; Hajdúch, M.; Strnad, M.; Voller, 
J., Cytoprotective activities of kinetin purine isosteres. Biorg. Med. Chem. 2021, 33, 

115993. 

[9]  Tammam, M. A.; Rárová, L.; Kvasnicová, M.; Gonzalez, G.; Emam, A. M.; Mahdy, A.; 
Strnad, M.; Ioannou, E.; Roussis, V., Bioactive Steroids from the Red Sea Soft Coral 

Sinularia polydactyla. Mar. Drugs 2020, 18, (12), 632. 

[10]  Hammer, O.; Harper, D.; Ryan, P., PAST: Paleontological Statistics Software Package 

for Education and Data Analysis. Palaeontol. Electron. 2001, 4, 1-9. 

[11]  Kiełczewska, U.; Jorda, R.; Gonzalez, G.; Morzycki, J. W.; Ajani, H.; Svrčková, K.; 
Štěpánková, Š.; Wojtkielewicz, A., The synthesis and cholinesterase inhibitory 

activities of solasodine analogues with seven-membered F ring. J. Steroid Biochem. 

Mol. Biol. 2021, 205, 105776. 

[12]  Kurnik-Łucka, M.; Panula, P.; Bugajski, A.; Gil, K., Salsolinol: an Unintelligible and 
Double-Faced Molecule-Lessons Learned from In Vivo and In Vitro Experiments. 

Neurotox. Res. 2018, 33, (2), 485-514. 

[13]  Wanpen, S.; Govitrapong, P.; Shavali, S.; Sangchot, P.; Ebadi, M., Salsolinol, a 

dopamine-derived tetrahydroisoquinoline, induces cell death by causing oxidative stress 

in dopaminergic SH-SY5Y cells, and the said effect is attenuated by metallothionein. 

Brain Res. 2004, 1005, (1), 67-76. 

[14]  Kritis, A. A.; Stamoula, E. G.; Paniskaki, K. A.; Vavilis, T. D., Researching glutamate 

- induced cytotoxicity in different cell lines: a comparative/collective analysis/study. 

Front. Cell. Neurosci. 2015, 9, 91-91. 

 


	Introduction 
	Results and Discussion 
	Cytokinins’ Oxygen Radical Absorbance Capacity (ORAC) 
	Differentiation of SH-SY5Y Cells 
	Cytotoxicity of Cytokinins towards Neuron-like SH-SY5Y Cells 
	Identification of Neuroprotective Cytokinins in the SAL-induced Model of PD 
	Cytokinins Decrease SAL-induced Superoxide Radical Formation 
	Anti-Apoptotic Effects of Cytokinins Determined by Caspase-3/7 Activity Measurements 
	Identification of Cytokinin Neuroprotective Activity in the Glutamate-induced Cell Death Model 
	Effects of Cytokinins on Glu-induced Oxidative Stress in SH-SY5Y cells 
	Effects of Cytokinins on Caspase-3/7 Activity in the Glu-induced Cell Death Model 

	Conclusions 
	Materials and Methods 
	Chemicals and Reagents 
	ORAC Radical Scavenging Activity Assays 
	SH-SY5Y Cell Culture 
	Microscopy 
	Cell Membrane Staining (Neurite Outgrowth kit, Invitrogen™) 
	Cell Treatment 
	Cell Viability and Cell Death 
	Measurement of Oxidative Stress by the Dihydroethidium (DHE) assay 
	Measurement of Caspase-3/7 Activity 
	Statistical Analysis 

	References
	Novel pentacyclic triterpenes exhibiting strong neuroprotective activity in SH-SY5Y cells in salsolinol- and glutamate-indu ...
	1. Introduction
	2. Results and discussion
	2.1. Chemistry
	2.2. Biology
	2.2.1. In vitro neuroprotective and cytotoxic activity in neuron-like SH-SY5Y
	2.2.2. Neuroprotective activity of pentacyclic triterpenes in salsolinol-induced model of PD
	2.2.3. Effects of triterpene derivatives 4 and 10 on oxidative stress and caspase-3,7
	2.2.4. Triterpenes regulate caspase-3,7 activity upon SAL intoxication of neuron-like SH-SY5Y cells
	2.2.5. Triterpenes modulate mitochondria in the SAL-induced model of PD
	2.2.6. Effect of triterpenes 4 and 10 on cell morphology after SAL intoxication
	2.2.7. Triterpenes 4 and 10 display a protective effect against the Glu-induced model of oxidative injury on neuron-like SH-SY5Y c ...
	2.2.8. Differential effects of triterpenoids in the regulation of apoptosis and mitochondrial depolarization after Glu intoxication
	2.2.8.1. Conclusion



	3. Experimental procedures
	3.1. Chemistry
	3.1.1. Instruments and methods
	3.1.2. Conjugate with peracetylated galactose (3)
	3.1.3. Conjugate with peracetyl glucose (4)
	3.1.4. Allobetulon-2β-carbonitrile 6
	3.1.5. 3,28-Diacetoxylup-20(29)-en-30-oic acid (12)
	3.1.6. Propargyl 3,28-diacetoxylup-20(29)-ene-30-oate (9)
	3.1.7. 1H-1,2,3-triazol-4-ylmethyl 3β,28-diacetyloxylup-20(29)-en-30-oate (10)
	3.1.8. [1-(2′,3′,4′,6′-tetra-O-acetyl-β-d-galactopyranosyl)-1H-1,2,3-triazol-4-yl]-methanol

	3.2. Biological evaluation
	3.2.1. Drugs and reagents
	3.2.2. SH-SY5Y cell culture
	3.2.3. Microscopy
	3.2.4. Cell membrane staining (neurite outgrowth kit, Invitrogen™)
	3.2.5. Cell treatment
	3.2.6. Cell viability and cell death
	3.2.7. Measurement of oxidative stress by dihydroethidium (DHE) assay
	3.2.8. Measurement of caspase 3/7 activity
	3.2.9. Measurement of mitochondrial membrane potential by JC10 assay
	3.2.10. Measurement of mitochondrial permeability transition pore opening by calcein AM/CoCl2 assay
	3.2.11. In vitro models of cell death – acridine orange (AO)/propidium iodide (PI) double staining
	3.2.12. Statistical analysis


	Authors’ contributions
	Declaration of competing interest
	Acknowledgment
	Appendix A. Supplementary data
	References

	Cytoprotective activities of kinetin purine isosteres
	1 Introduction
	2 Material and methods
	2.1 Synthesis
	2.1.1 Synthesis of 3H-imidazo[4,5-b]pyridine (1-deazapurine) derivatives (I-VII, 3, 4)
	2.1.1.1 N-(furan-2-ylmethyl)-3H-imidazo[4,5-b]pyridin-7-amine (3)
	2.1.1.2 5-chloro-N-(furan-2-ylmethyl)-3H-imidazo[4,5-b]pyridin-7-amine (4)

	2.1.2 Synthesis of 1H-imidazo[4,5-c]pyridine (3-deazapurine) derivatives (VIII-X, 5, 6)
	2.1.2.1 N-(furan-2-ylmethyl)-1H-imidazo[4,5-c]pyridin-4-amine (5)
	2.1.2.2 6-chloro-N-(furan-2-ylmethyl)-1H-imidazo[4,5-c]pyridin-4-amine (6)

	2.1.3 Synthesis of 7H-pyrrolo[2,3-d]pyrimidine (7-deazapurine) derivatives (7, 8)
	2.1.3.1 N-(furan-2-ylmethyl)-7H-pyrrolo[2,3-d]pyrimidin-4-amine (7)
	2.1.3.2 2-chloro-N-(furan-2-ylmethyl)-7H-pyrrolo[2,3-d]pyrimidin-4-amine (8)

	2.1.4 Synthesis of 5H-pyrrolo[3,2-d]pyrimidine (9-deazapurine) derivatives (9, 10)
	2.1.4.1 N-(furan-2-ylmethyl)-5H-pyrrolo[3,2-d]pyrimidin-4-amine (9)
	2.1.4.2 2-chloro-N-(furan-2-ylmethyl)-5H-pyrrolo[3,2-d]pyrimidin-4-amine (10)

	2.1.5 Synthesis of N-(furan-2-ylmethyl)-3H-[1,2,3]triazolo[4,5-d]pyrimidin-7-amine (XI-XV, 11)
	2.1.5.1 Benzyl azide (XI)
	2.1.5.2 5-amino-1-benzyl-1H-1,2,3-triazole-4-carboxamide (XII)
	2.1.5.3 3-Benzyl-3,6-dihydro-7H-[1,2,3]triazolo[4,5-d]pyrimidin-7-one (XIII)
	2.1.5.4 3-Benzyl-7-chloro-3H-[1,2,3]triazolo[4,5-d]pyrimidine (XIV)
	2.1.5.5 3-Benzyl-N-(furan-2-ylmethyl)-3H-[1,2,3]triazolo[4,5-d]pyrimidin-7-amine (XV)
	2.1.5.6 N-(furan-2-ylmethyl)-3H-[1,2,3]triazolo[4,5-d]pyrimidin-7-amine (11)

	2.1.6 Synthesis of N-(furan-2-ylmethyl)pyrazolo[1,5-a]pyrimidin-7-amine (12)
	2.1.7 Synthesis of 1H-pyrazolo[4,3-d]pyrimidine derivative (XVI, XVII, 13)
	2.1.7.1 1H-pyrazolo[4,3-d]pyrimidine-7-thiol (XVI)
	2.1.7.2 7-(methylthio)-1H-pyrazolo[4,3-d]pyrimidine (XVII)
	2.1.7.3 N-(furan-2-ylmethyl)-1H-pyrazolo[4,3-d]pyrimidin-7-amine (13)


	2.2 Fibroblast cell culture
	2.3 Fibroblast culture stress assays
	2.4 Reduced glutathione measurements
	2.5 Frataxin assay
	2.6 SH-SY5Y cultivation and differentiation
	2.7 Evaluation of compounds’ cytoprotective activity toward differentiated SH-SY5Y cells
	2.8 Measurement of caspase 3/7 activity
	2.9 Measurement of oxidative stress
	2.10 Evaluation of compounds’ effects on alternative splicing of ELP1 transcripts
	2.11 Western blotting and immunodetection of frataxin
	2.12 In vitro permeability assays
	2.12.1 Quantification of test compounds in the permeability assays
	2.12.2 Studies of transport across Caco-2 and MDCK-MDR1 cell monolayers

	2.13 Data analysis

	3 Results and discussion
	3.1 Chemistry
	3.2 Protection of fibroblasts derived from Friedreich ataxia patients against oxidative stress
	3.3 The effect on oxidative stress injury in SH-SY5Y cells
	3.4 Effect of compounds on aberrant splicing of ELP1
	3.5 In vitro ADME assays
	3.6 Conclusion

	Declaration of Competing Interest
	Acknowledgement
	Appendix A Supplementary material
	References

	Introduction 
	Results and Discussion 
	Structure Elucidation of the Isolated Metabolites 
	Evaluation of the Biological Activity of the Isolated Metabolites 

	Materials and Methods 
	General Experimental Procedures 
	Biological Material 
	Extraction and Isolation 
	Cell Culture 
	Evaluation of Cytotoxicity 
	Cell-Surface ELISA CD62E (E-Selectin, ELAM) 
	Migration Scratch Assay 
	AR-Transcriptional Reporter Assay 
	SH-SY5Y Cell Treatments and Evaluation of Cell Viability/Cytotoxicity 
	Statistical Analysis 

	Conclusions 
	References
	The synthesis and cholinesterase inhibitory activities of solasodine analogues with seven-membered F ring
	1 Introduction
	2 Results and discussion
	2.1 Chemistry
	2.2 Inhibition of cholinesterases: the SAR study
	2.3 Molecular docking studies
	2.4 Cell viability assay
	2.5 Neuroprotective effect of novel compounds on glutamate-induced cytotoxicity

	3 Conclusion
	4 Material and methods
	4.1 General information
	4.2 (22R,25R)-3β-benzoyloxy-22-cyanofurost-5-en-26-ol (2)
	4.3 (22R,25R)-3β-benzoyloxy-22-cyanofurost-5-en-26-yl mesylate (4)
	4.4 (22R,25R)-3β-benzoyloxy-22-aminomethylfurost-5-en-26-ol (5)
	4.5 (22R,25R)-3β-benzoyloxy-22-aminomethylfurost-5-en-26-yl mesylate (6)
	4.6 (22R,25R)-22a(N)-homospirosol-5-en-3β-yl benzoate (7)
	4.7 (22R,25R)-22a(N)-homospirosol-5-en-3β-ol (8)
	4.8 (22R,25R)-N-(p-nitrobenzyloxycarbonyl)-22a(N)-homospirosol-5-en-3β-yl benzoate (9)
	4.9 (22R,25R)-N-(p-nitrobenzoyl)-22a(N)-homospirosol-5-en-3β-yl benzoate (10)
	4.10 (22R,25R)-N-acetyl-22a(N)-homospirosol-5-en-3β-yl acetate (11)
	4.11 AChE and BChE inhibition studies
	4.12 Kinetic studies
	4.13 Cell viability assay
	4.14 Neuroprotection assay
	4.15 Molecular docking
	4.16 Statistical analysis

	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgements
	Appendix A Supplementary data
	References


