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A B S T R A C T   

Protein phosphatase 2A (PP2A) is an important Ser/Thr phosphatase that participates in the regulation of 
multiple cellular processes. This implies that any deficient activity of PP2A is the responsible of severe pathol
ogies. For instance, one of the main histopathological features of Alzheimer’s disease is neurofibrillary tangles, 
which are mainly comprised by hyperphosphorylated forms of tau protein. This altered rate of tau phosphory
lation has been correlated with PP2A depression AD patients. With the goal of preventing PP2A inactivation in 
neurodegeneration scenarios, we have aimed to design, synthesize and evaluate new ligands of PP2A capable of 
preventing its inhibition. To achieve this goal, the new PP2A ligands present structural similarities with the 
central fragment C19–C27 of the well-established PP2A inhibitor okadaic acid (OA). Indeed, this central moiety 
of OA does not exert inhibitory actions. Hence, these compounds lack PP2A-inhibiting structural motifs but, in 
contrast, compete with PP2A inhibitors, thus recovering phosphatase activity. Proving this hypothesis, most 
compounds showed a good neuroprotective profile in neurodegeneration models related to PP2A impairment, 
highlighting derivative 10, named ITH12711, as the most promising one. This compound (1) restored in vitro and 
cellular PP2A catalytic activity, measured on a phospho-peptide substrate and by western-blot analyses, (2) 
proved good brain penetration measured by PAMPA, and (3) prevented LPS-induced memory impairment of 
mice in the object recognition test. Thus, the promising outcomes of the compound 10 validate our rational 
approach to design new PP2A-activating drugs based on OA central fragment.   

1. Introduction 

Phosphoprotein phosphatase 2A (PP2A) is a key family of cellular 
enzymes catalyzing the hydrolysis of phosphate esters at phospho-Ser 
and phospho-Thr residues. It is implicated in the fine regulation of the 
phosphorylation/dephosphorylation balance of a myriad of cellular 
proteins (its substrates) [1], underscoring its essential role in a plethora 
of physiological processes of eukaryotes [2], including cell cycle control 

[3], cell proliferation and death [4,5], metabolism [6] and cytoskeleton 
dynamics [7]. Structurally, PP2A enzymes are heterotrimeric complexes 
formed by a dimeric core composed of a scaffolding subunit (PP2A-A), a 
catalytic subunit (PP2A-C), and a variable regulatory subunit (PP2A-B), 
the latter being responsible for the substrate specificity and organ 
localization [8,9]. Indeed, there are nearly 100 heterotrimeric holoen
zymes, as result of the combination of different isoforms expressed for 
each subunit [8,9]. PP2A activity is further regulated by 
post-translational mechanisms, including reversible PP2A-C 
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carboxymethylation [10,11], and PP2A-C or B subunit phosphorylation 
[9,12]. In addition, several endogenous polypeptides inhibit PP2A by 
direct interaction [13]. Amongst these, I2PP2A/SET [14] and CIP2A [15] 
stand out, because their hyperactivity, cell translocation or aberrant 
overexpression appear pathogenic, causing several types of cancer or 
various neurodegenerative diseases [15,16]. 

Gathering all this knowledge, the early simplified view considering 
protein phosphatases such as PP2A, as promiscuous and unspecific en
zymes without pharmacological interest, is fully overcome [17]. 
Nowadays, PP2A and other protein phosphatases are taken as very 
promising therapeutic targets for many human diseases [18]. In 
particular, PP2A has received vast attention in the latest years because 
of two main reasons. Firstly, by its widely recognized role as tumor 
suppressor [8,19,20] and its decreased activity in many cancer types, 
including lung [21], colorectal [22], breast [23], hepatic cancers [24], 
and leukemias [25,26]. Secondly, by its key role in the dephosphory
lation of the microtubule-stabilizing tau protein [27,28], thereby pre
venting tauopathies such as Alzheimer’s disease (AD). One of the 
morphological hallmarks of AD is the presence of the so-called neuro
fibrillary tangles (NFT), aberrant aggregates formed by hyper
phosphorylated tau protein [29]. The tauopathy-modulating behavior of 

PP2A does not only involve its ability to directly dephosphorylate tau 
[28], but also dephosphorylates several tau kinases, such as GSK-3β, 
ERK1/2 and JNK, regulating their action [30,31]. Furthermore, PP2A 
dephosphorylates amyloid β (Aβ) precursor protein (APP) at Thr668 
[32], thus hindering the APP proteolytic processing and Aβ synthesis 
[33]. Finally, PP2A dephosphorylates several kinases controlling in
flammatory or stress signaling pathways to dissipate inflammation [34, 
35] and promote the viability of neuroprotective M2 microglia [36], or 
p47phox, whose dephosphorylation inactivates the whole NADPH oxi
dase complex to reduce oxidative stress [37]. Another stress kinase is 
MAP3K dual leucine zipper (DLK), overexpressed in AD brains [38], 
which is inhibited by PP2A in neurons [39]. Corroborating its relevance 
in protection against neurodegeneration, PP2A appears depressed, 
inhibited or inactivated in AD patients’ brains [40] and inhibition of its 
function in animal models results in neurodegenerative phenotypes 
[40]. For all of these reasons, pharmacological activation or 
re-activation of PP2A has become a valuable strategy for drug devel
opment in AD [41]. 

In the last decade, various approaches have been undertaken to reach 
these goals [17]. The majority of examples have been addressed to 
indirectly (re)activate PP2A, by inhibiting its cellular inhibitors, 

Abbreviations 

AD Alzheimer’s disease 
Aβ Amyloid β 
APP Aβ precursor protein 
BBB blood-brain barrier 
C caffeine 
CNS central nerve system 
FBS fetal bovine serum 
GFP green fluorescent protein 
LPS lipopolysaccharide 
Mem memantine 
NFT neurofibrillary tangles 

NMDAr N-methyl-D-aspartate-sensitive glutamate receptors 
OA okadaic acid 
PAD PP2A-activating drug 
PAMPA parallel artificial membrane permeation assays 
PME-1 protein phosphatase methyl esterase 1 
pNPP para-nitrophenol phosphate 
PP2A protein phosphatase 2A 
ppm parts per million 
PPP phosphoprotein phosphatases 
R/O rotenone plus oligomycin A 
SAR structure-activity relationships 
SMAP small molecule activator of PP2A 
T testosterone  

 

Fig. 1. Selected recent PP2A-activating drugs studied for neurodegenerative diseases. (1.5 COLUMN FITTING FIGURE).  
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including I2/SET [42], CIP2A [43] and PME-1 [44] (Fig. 1). More recent 
contributions have focused on directly potentiating PP2A activity [45], 
highlighting phenothiazine derivatives and tricyclic sulfonamides, 
discovered from chemical library screenings [46], as small molecule 
activators of PP2A (SMAPs) [47] (Fig. 1). In addition, complex natural 
products have also been suggested to activate PP2A, such as polyphyllin 
I [43] (Fig. 1), cornel iridoid glycosides [48], Gingko Biloba extract [49] 
or pseudoginsenoside-F11 [50]. Overall, the direct PP2A-activating drug 
(PAD) that has reached the highest level of clinical trial up to date has 
been sodium selenate, known as VEL-015 [51]. 

For more than a decade, our research group has been interested in 
developing new direct PADs through rational drug design-based meth
odologies, backed up by computational docking [52]. Like that, we re
ported a 1,8-naphthyridine derivative (Fig. 2) [53] and a family of 
3-aminomethylindoles [54] and azaindoles [55], showing both PP2A 
recovery capabilities and interesting neuroprotective profiles in several 
in vitro and in vivo models of AD. To obtain more potent and selective 
PADs, we recently focused on the chemical structure of okadaic acid 
(OA), the best-known PP2A selective inhibitor [56] (Fig. 2). 

This toxin has been the object of deep structure-activity relationship 
(SAR) studies [57], showing that the central cyclic fragment (C19–C27) 
and the one at the spiroketal edge (C30–C38) (Fig. 2) do not participate 
in the inhibitory effect of OA, as they interact with amino acids far from 
the PP2A-C catalytic triad. Instead, they increase the affinity of OA for 
the PP2A-C subunit [58,59]. Hence, we hypothesized that small mole
cules mimicking these two cyclic fragments might still bind, but no 
longer inhibit PP2A-C. In addition, this particular interaction might also 
prevent PP2A inhibitors, either endogenous ones or toxins, could get 
close to PP2A; or that toxin- or cellular inhibitor-inhibited PP2A enzy
matic activity could be restored. This hypothesis was recently under
scored by the chemotherapeutic potential of a C-glycoside small 
analogue to OA C19–C27 fragment, named ITH12680 (1) (Fig. 2), which 
resensitized non-small cells lung cancer cells to cisplatin treatment in a 
model of chemoresistance, via a mechanism that restored PP2A activity 
[60]. In the current study, we report improved C-glycoside analogues of 
the OA C19–C27 fragment, and their neuroprotective potential in neu
rodegeneration models related to pathologic tau hyperphosphorylation. 

2. Results and discussion 

2.1. Chemistry 

The design of C-glycosides with potential PAD ability was based on 
the OA central fragment C19–C27, maintaining the absolute configu
ration of analogous stereocenters (Fig. 2). In some examples, we pursued 
increasing structural rigidity by tightening the exocyclic oxygen atoms 
through cyclic acetals. The drugability of designed compounds was 
maintained according to physicochemical properties related to Lip
inski’s rule of five (Table S1, supplementary material). To furnish the 
desired entities, we have taken advantage of the Organic Chemistry 
literature centered on pursuing the total synthesis of OA [61–63] and 
other dinophysistoxins [64], where the contributions of Forsyth’s group 
have been crucial. 

Compound 1, prepared following the Hosomi-Sakurai reaction [60], 
was subjected to basic hydrolysis with sodium methoxide to afford diol 2 
in quantitative yield (Scheme 1). Classical methods recruiting milder 
hydrolyses such as the use of TEA [61] were less efficient. As discussed 
above, rigidity was achieved by the generation of cyclic acetals, which 
also dissipated the high hydrophilicity of 2 (clog P = 0.3). First, the 
reaction of 2 with benzaldehyde dimethylacetal according to Isobe’s 
conditions yielded compound 3 in medium yields (Scheme 1). Despite 
the fact that acetal 3 showed sensibility to aqueous acid media, the use 
of neutralized solvents sorted out its potential instability. The acetal 4, 
which presents an acetonide structure, was obtained from reaction of 2 
with 2-methoxypropene under mild acid catalysis in quantitative yield 
(Scheme 1), which exhibited increased stability. 

Then, with the purpose of resembling the oxygen at C19 of OA 
(Fig. 2), compounds 3 and 4 were hydroxylated under hydroboration/ 
oxidation conditions. Unlike what was reported in the literature, treat
ment with diborane was unsuccessful in any of the experimental con
ditions tested. Better outcomes were achieved with 9-BBN, as its 
reaction with the benzylidene derivative 3 provided alcohol 5 (Scheme 
2), although chromatographic purification was rather complicated. Only 
the use of a preparative TLC allowed to isolate alcohol 5 in low yields. 
The more stable acetonide 4 yielded alcohol 6 in good yields (82%, 
Scheme 2) after regular automatized chromatography. Noteworthy, 
beyond the left side of the OA C19–C27 fragment, the own C19 shows a 
diol substructure. Hence, we wondered whether a non-classical isosteres 

 

Fig. 2. PADs described by our research group and design of the new family based on the OA central fragment. (FIGURE IN COLOR, 1.5 COLUMN FITTING FIGURE).  
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strategy to build a 1,2-diol moiety could furnish bioactive compounds. 
For that purpose, Sharpless asymmetric dihydroxylation [65] allowed us 
to obtain derivatives possessing vicinal diols with high stereoselectivity 
from alkenes 3 and 4. 

The reaction of alkenes 3 (R1 = Ph, R2 = H) and 4 (R1, R2 = Me) with 
AD-mix-β resulted in the formation of 1,2-diols 7 and 8, respectively, 
possessing R configuration at C2 with high stereoselectivity and very 
good yields. Under similar experimental conditions, the commercial 
reagent AD-mix-α afforded the (2S)-alkenes 9 and 10 with good yields 
and very good stereoselectivity. AD-mix reagents α and β oppositely 
exert syn-dihydroxylations asymmetrically ruled by the cis-trans isom
erism of the olefinic substrate. However, the stereoselective discrimi
nation between both pro-chiral faces is not so obvious in 
monosubstituted alkenes such as 3 and 4. For this reason, we have 
confirmed the stereoselectivity of AD-mix reagents by X-Ray diffraction 
(Fig. S1, supplementary material) using compound 10 as a model. 

During the pharmacological evaluation of target compounds and 
subsequent computational docking studies, we considered of interest the 
benzoylation of mono-alcohols 5 and 6. Treatment with BzCl in pyridine 
generated benzoates 11 and 12 with very low yields (Scheme 3). Trends 
with stronger bases were unsuccessful. For instance, the use of K2CO3 as 
a base led to the diacetal 6 deprotection along benzoylation, yielding 
compound 13 (Table 1). 

2.2. Analogues to OA central fragment 1–13 mitigated OA and 
cytostatin-induced protein phosphatases inhibition in SH-SY5Y cells 

The SH-SY5Y neuroblastoma cell line is a well-described model to 
estimate the effect of potential PADs, as it draws a readable phosphatase 
activity that is sensitive to the presence of PP2A selective inhibitors: 
exposure of SH-SY5Y cells to the selective inhibitor OA at 15 nM for 18 h 
indeed diminished the para-nitrophenyl phosphate (pNPP)-measured 
phosphatase activity by 29% (Fig. 3). 

As shown in Fig. 3, most of the C-glycosides tested, administered at a 
concentration of 1 μM to SH-SY5Y cells, counteracted the OA-induced 
drop of phosphatase activity by 50% or more (Fig. 3 and Table S1, 
supplementary material). In general, rigidified compounds with benzy
lidene moiety outperformed their acetonide analogues, except for 
compound 10, which was the best PAD, together with benzylidene de
rivative 7. Only diol 13, which bears a long benzoyl group, was unable 
to antagonize OA inhibitory actions. Similarly, the incorporation of a 
benzoyl in 11 and 12 was unfruitful for PP2A recovery activity, 
compared with the corresponding free alcohol analogues 5 and 6. The 
AD drug memantine was used as standard in these experiments, 
considering its pro-activating profile of PP2A [66] independent of the 
blockade of N-methyl-D-aspartate-sensitive glutamate receptors 
(NMDAr). 

Although the cellular manifestations caused by nanomolar concen
trations of OA are generally ascribed to its inhibitory effect on PP2A 
[67], a possibility exists that it could affect other PPP with a less 

Scheme 1. Strategies of annulation of the alcoholic groups at C-glycosides analogues to OA C19–C27 fragment. Reagents and conditions: (a) MeONa/MeOH, rt, 16 h; 
(b) benzaldehyde dimethyl acetal, CSA, 1,2-DCE, rt, 16 h; (c) 2-methoxypropene, PPTS, DCM, 0 ◦C to rt, 5 h (1.5 COLUMN FITTING SCHEME). 

Scheme 2. Strategies of hydroxylation of the rigid C-glycosides analogues to OA C19–C27 fragment. Reagents and conditions: (a) i. 9-BBN, THF, rt, 1 h. ii. H2O2/ 
NaOHaq, rt, 0.5 h; (b) AD-mix-β, tBuOH/H2O, 0 ◦C, 6 h; (c) AD-mix-α, tBuOH/H2O, 0 ◦C, 6 h (SINGLE COLUMN FITTING SCHEME). 

Scheme 3. Benzoylation of alcohols 5 and 6. Reagents and conditions: (a) BzCl, Py, rt, 18 h (SINGLE COLUMN FITTING SCHEME).  
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physiological role in the central nervous system, such as PP1, PP4 or PP5 
[56,68]. To corroborate that activity of compounds 1–13 was directly 
related to a PP2A restoring profile, we repeated pNPP-based experi
ments using the toxin cytostatin, which is a less potent but much more 
selective PP2A inhibitor [68]. SH-SY5Y cells treated with cytostatin at 2 
μM diminished their p-NPP-probed phosphatase activity by 28% (Fig. 4). 
In a quite similar fashion to that observed in the previous experiment 
with OA, most of the assayed C-glycosides dissipated the inhibitory ef
fects of cytostatin on SH-SY5Y cells by around 50%. The best antagonist 
compound against cytostatin was diol 2. Again, the incorporation of 
benzoyl was detrimental for PAD activity. In some cases, acetonides 
worsened recovery of phosphatase activity compared with benzylidene 
analogues, but this was not so obvious in diols 7–10. Indeed, these 
C-glycosides presenting a 1,2-diol group from Sharpless’ dihydrox
ylation presented a very robust PAD capacity (Figs. 3 and 4). 

2.3. Analogues to OA central fragment 1–13 protected in vitro neuronal 
models against several toxic stimuli related to neurodegeneration 

Prior to assessing the neuroprotective effects of the compounds 1–13 
at in vitro models of neurodegeneration, we confirmed that C-glycosides 
per se lacked toxicity in a wide range of concentrations, measured with 
the method of MTT reduction (Fig. S2, supplementary material). A tiny 
reduction of cell viability is only observed upon the use of compound 2 
at a concentration of 30 μM (Fig. S2, supplementary material). Next, we 
evaluated whether the PAD activity of compounds 1–13 exerted neu
roprotection in neuronal in vitro models damaged with several toxic 
stimuli related to neurodegeneration. Because of its high inhibitory ca
pacity of PPP, mainly of PP2A, OA has been widely used to resemble AD 
manifestations in particular, but tauopathies in general, in both in vitro 
and in vivo models [54–56,67]. For instance, it has been described that 
SH-SY5Y neuroblastoma cultures show a loss of cell viability when 
challenged with OA at nanomolar concentrations during several hours of 
incubation [69]. A 20 h-exposition of SH-SY5Y cells to OA 20 nM indeed 
provoked a loss of about 30% in cell viability, measured by the MTT 
colorimetric dye, of about 30%. In this situation, compounds 1–13, 
pre-incubated (24 h) and co-incubated at 1 μM with OA 20 nM, pro
tected SH-SY5Y cells from OA-induced cell death in a statistically sig
nificant fashion, except 7, 8 and 13 (Table 1). Stereochemistry at C2 
dramatically influenced neuroprotection vs OA. The reference drug 
memantine was used as standard in the PP2A inhibition-derived neu
roprotection experiments [66]. 

On the other hand, cytostatin has not been object of extensive 
research as an inducer model of neuronal death. Nevertheless, we found 
that it was a very reliable and straightforward tool to support and 
reinforce that the neuroprotective properties of the target compounds 
1–13 are directly related to PP2A restoring activity. Thus, cytostatin, 
added to SH-SY5Y cells at 2.5 μM for 20 h, provoked a 35% drop of cell 
viability, monitored by the MTT assay. Again, most C-glycosides tested 
mitigated the neuronal damage induced by cytostatin (Table 1), as only 
compounds 7 and 13 failed, while the 1,2-diol acetonide derivative 10 
provided the best neuroprotection. 

One of the most relevant features of PP2A is the control of neuro
inflammation and oxidative stress, as it down-regulates several 
neurodegeneration-leading inflammatory mediators, by dephosphory
lation [34,37]. For this reason, we found of interest to test the neuro
protective profile of compounds 1–13 in an in vitro model of oxidative 
stress, induced by 30 μM rotenone/10 μM oligomycin A (R/O). Rotenone 
and oligomycin A inhibit complexes I and V of the mitochondrial 

Table 1 
Percentage of neuroprotection offered by C-glycosides 1–13 administered to cell 
cultures at the concentration of 1 μM on cell viability measured by the MTT 
assay in various in vitro models of neurodegeneration.   

Okadaic acida Cytostatinb R/Oc Glutamated 

Memantine 60 ± 2*** 57 ± 5** – 22 ± 2** 
Melatonin – – 28 ± 2*** – 
1 84 ± 2*** 47 ± 4** 23 ± 4* 19 ± 2** 
2 72 ± 6* 45 ± 5* 30 ± 5* 15 ± 2* 
3 80 ± 4*** 49 ± 5* 26 ± 1** 15 ± 2* 
4 50 ± 1*** 50 ± 5* 63 ± 3*** 8 ± 6 
5 82 ± 3*** 52 ± 7* 29 ± 4* 12 ± 3 
6 81 ± 6** 45 ± 5* 5 ± 3 6 ± 2 
7 40 ± 8 21 ± 7 10 ± 3 29 ± 6* 
8 45 ± 8 56 ± 6* 24 ± 2** 15 ± 1* 
9 73 ± 2*** 54 ± 5** 27 ± 2** 13 ± 1* 
10 72 ± 5** 64 ± 5** 16 ± 2* 20 ± 4* 
11 72 ± 5** 47 ± 5* 7 ± 1 8 ± 2 
12 69 ± 5** 37 ± 3* 15 ± 5 17 ± 3* 
13 20 ± 8 1 ± 6 3 ± 4 17 ± 3* 

***P < 0.001, **p < 0.01, *p < 0.05, compared with percentage of viability of 
the corresponding toxic stimulus in absence of compounds. Data are expressed as 
mean of %protection ± SEM of at least 4 independent experiments. 

a SH-SY5Y neuroblastoma cells stimulated with okadaic acid 20 nM. 
b SH-SY5Y neuroblastoma cells stimulated with cytostatin 2.5 μM. 
c SH-SY5Y neuroblastoma cells stimulated with rotenone 30 μM plus oligo

mycin 10 μM (R/O). 
d Embryonic rat cortical neurons subjected to glutamate 50 μM. (SINGLE 

COLUMN FITTING TABLE). 
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Fig. 3. Percentage of phosphatase activity, measured 
by the pNPP method, in SH-SY5Y cells. After 24 h of 
incubation with the compounds, SH-SY5Y cells were 
exposed to OA 15 nM and 1 μM of compounds for 18 
h. Memantine (Mem), used as standard, was admin
istered at 10 nM. Data are expressed as mean ± SEM 
of at least 4 independent experiments, normalized 
versus phosphatase activity of control (Ctrl, white 
bar), i.e. SH-SY5Y cells non-treated with OA in 
absence of compounds (Ctrl). ###P < 0.001, relative 
to Ctrl; ***p < 0.001, relative to SH-SY5Y cells 
exposed to OA in absence of compounds (black bar). 
(1.5 COLUMN FITTING FIGURE).   
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electron transport chain, respectively, triggering reactive oxygen species 
generation, mitochondrial dysfunction, and ATP synthesis lockout [70]. 
Application of the R/O cocktail to SH-SY5Y cells for 24 h resulted in a 
cell viability decay of 40%. The pre- and co-incubation with the C-gly
cosides at 1 μM protected the neuroblastoma cultures against cell 
damage by R/O in 8 out of the 13 compounds probed, with the largest 
effect seen for alkene 4 (Table 1). Although they have not been designed 
as antioxidants, the fact that this family of PADs exhibited a neuro
protective profile against oxidative stress underlines the important role 
of PP2A in the regulation of the cellular redox state. In this respect, the 
incorporation of a benzoyl moiety in compounds 11–13 impaired the 
antioxidant properties of this series, while the presence of a pending 
vinyl group promoted this, presumably because of the scavenging 
character of accessible double bonds. 

The last cell model we used to test our compounds was based on the 
excitotoxicity suffered by neuronal cultures exposed to high and sus
tained concentrations of glutamate, i.e. 50 μM, which can be found in the 
cerebrospinal fluid of patients with neurodegenerative disorders [66], 
leading to overstimulation of NMDAr and neuronal cell death [71]. The 
value of this experimental model lies in the fact that PP2A regulates 
NMDAr signaling [72], for instance, by dephosphorylation of its NR1 
subunit, thereby desensitizing it. So, a potential PP2A activator should 
hinder the neurotoxic events derived from glutamate exposure. Since 
SH-SY5Y neuroblastoma cells lack functional NMDAr [73], we used 
embryonic rat cortical neurons to evaluate potential neuroprotective 
effects exerted by C-glycosides 1–13 against glutamate excitotoxicity. 
First, the compounds were incubated with cortical neurons in the 
absence of glutamate to monitor any per se toxicity in this model (Fig. S3, 
supplementary material). Only 11 and 8, with no-significance in this 
case, slightly diminished neuronal viability at 30 μM. Next, we repeated 
these experiments in the presence of glutamate. While glutamate 
decreased cell viability by 48%, two thirds of the compounds protected 
cortical neurons against this toxic stimulus in a statistically significant 
fashion (Table 1). Again, the family of 1,2-diols 7–10 showed the best 
protective effect, as they increased glutamate-challenged cortical 
neuron viability by about 20%, similarly to the NMDAr antagonist 
memantine. 

In conclusion, most of the C-glycosides analogues to the OA central 
fragment studied herein, showed a wide-spectrum neuroprotective 
profile and a good ability to restore or increase PP2A enzymatic activity. 
Among all derivatives examined, the C-glycosides 1, 3, 9 and 10 
outstood, for (1) developing neuroprotection in all the models tested, for 

(2) preventing the OA or cytostatin-induced PP2A inhibition, and for (3) 
lacking toxicity per se in a wide range of concentrations. Of these four 
compounds, compound 10 was further selected for additional follow-up 
studies that aimed to deepen its pharmacological and safety profile and 
its mechanism of action, since it resulted in the highest restoration of 
OA-inhibited PP2A activity (Fig. 3), and the best protective effect 
against cytostatin-induced neurotoxicity (Table 1). 

2.4. Rigid analog to OA central fragment 10 reduced the OA-induced 
inhibition of PP2A- B55α and PP2A- B56α isolated from transfected HEK- 
293T cells 

We further confirmed the PP2A-recovering capability of compound 
10 by carrying out in vitro phosphatase activity measurements on puri
fied PP2A complexes using a canonical phospho-peptide substrate (K-R- 
pT-I-R-R) through the Malachite Green method (Fig. 5). Two different 
PP2A trimeric complexes were analyzed, one harboring the B55α (or Bα) 
isoform, which is the chief regulatory enzyme of tau dephosphorylation 
[74], and one encompassing the B56α (or B’α) subunit, which 
down-regulates major tau kinases, such as ERK1/2 [75]. Both PP2A 
trimers were isolated by GFP-trapping from HEK-293T cells transfected 
with GFP-tagged B-type subunits, as described [60]. Since these trimers 
manifested a slightly different sensitivity to OA, the transfected cells 
were subjected to a slightly different concentration of the toxin, which 
resulted in both cases in a detectable and significant reduction of 
phosphatase activity. As shown in Fig. 5, PP2A-B55α and PP2A-B56α 
showed a time-dependent inhibition of about 20–30% when isolated 
from cells challenged with 15 and 20 nM OA, respectively. Noticeably, 
the rigid C-glycoside 10, administered at 1 μM, partially recovered 
OA-inhibited PP2A enzymatic activities (Fig. 5), with a higher efficiency 
towards PP2A-B55α than over PP2A-B56α. 

2.5. Compound 10 prevented the OA-induced increase of tau and GSK-3β 
phosphorylation in SH-SY5Y cells 

We next wondered whether the rigid glycoside 10 would also be able 
to modulate the phosphorylation levels of two phosphoprotein sub
strates of PP2A in SH-SY5Y cells: tau and GSK-3β. Western-blot experi
ments corroborated increased tau phosphorylation at amino acids 
Ser202 and Thr205 upon 20 h of OA treatment (Fig. 6A). Increased 
phosphorylation at these sites is commonly found in NFT [28]. The 
presence of the C-glycoside 10 prevented OA-induced tau 
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Fig. 4. Percentage of phosphatase activity, measured 
by pNPP method, in SH-SY5Y cells. Effect of de
rivatives 1–13 on PP2A phosphatase activity. After 
24 h of incubation with compounds, the SH-SY5Y cells 
were exposed to 2 μM cytostatin and 1 μM of com
pounds for 18 h. Memantine (Mem), used as a stan
dard, was administered at 10 nM. Data are expressed 
as mean ± SEM of at least 3 independent experiments, 
normalized versus phosphatase activity of control 
(Ctrl, white bar), i.e. SH-SY5Y cells non-treated with 
OA in absence of compounds (Ctrl). ###P < 0.001, 
relative to Ctrl; ***p < 0.001, relative to SH-SY5Y 
cells exposed to OA in absence of compounds (black 
bar). (1.5 COLUMN FITTING FIGURE).   
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hyperphosphorylation by half (Fig. 6A). Since it is well-known that 
PP2A dephosphorylates these pro-aggregating amino acids in tau [76], 
we might speculate that the administration of PADs like C-glycoside 10, 
by up-regulating PP2A, might prevent NFT formation, thereby coun
teracting tauopathy progression. In addition, PP2A regulates the enzy
matic activity of several tau kinases. We found that C-glycoside 10 may 
also intervene with this regulation mechanism, since it also inhibited 
OA-induced GSK-3β hyperphosphorylation at Ser9 (Fig. 6B). 

2.6. Computational docking of 10 on PP2A catalytic subunit 

Backed by the promising PAD profile of 10, and with the aim of 
figuring the structural clues of its interaction to PP2A, we ran docking 
studies on the catalytic subunit PP2A-C. PP2A crystal structure was 
obtained from the Protein Data Bank (www.rcsb.org, 2IE4) [57]. Under 
its lowest energy conformation, compound 10 is posed at a binding 
pocket formed by amino acids Gln122, Ile123, Val 189, Pro190 and 
His191 (Fig. 7A). The OA fragments C19–C27 and C30–C38 also present 
high affinity for these amino acids [57]. Electrostatic view (Fig. 7B) 
shows that alcohols at C1 and C2 of 10 are accommodated at a 
positive-charged area, whilst methyl groups are projected to a neutral 
area formed by Ile123, Gln122 and Val126. Fig. 7C illustrates possible 

interactions of 10 with this binding pocket. Methyl groups face to a 
neutral area, generating hydrophobic interactions with Ile123 and the 
hydrocarbon skeleton of Gln122. Several H-bonds (Fig. 7C, dashed green 
lines) can be detected, where the strongest is that between C1(S)–OH as 
a donor and the carbonyl of Pro190 (1.91 Å). This OH also H-bonds as a 
donor with the Cys196 sulfur (2.86 Å) and, as an acceptor, with the 
Trp200 indole NH (2.80 Å). These interactions could explain the good 
results of the dihydroxylated derivatives 7–10, but also the slightly 
better behavior of 10 compared with 8. In addition, the electronically 
dense glycosidic oxygen H-bonds the positively charged His191 (3.12 
Å). A weak but intramolecular (therefore favored) H-bond appears be
tween C1–OH and one of the dioxin oxygen atoms (3.81 Å). This 
intramolecular interaction could be the driving force for the shape of the 
hydrocarbon chain of 10, placed behind the C-glycoside cycle, influ
encing pharmacological properties. To probe this hypothesis, com
pounds 11–13 were synthesized. Since they proved to be the worst PAD 
of the family, such hypothesis would prevail. 

2.7. Compound 10 shows a high probability of CNS penetration 

Based on its pharmacological properties, compound 10 seems an 
appropriate drug for further in vivo studies and preclinical assays. 

Fig. 5. Percentage of PP2A inhibition measured by 
the Malachite Green method. PP2A-Bα and PP2A-B’α 
were purified by pull-down from HEK-293T cells 
transfected with either GFP-B55α (Bα) or GFP-B56α 
(B’α), where the GFP was used as a bait and the 
subunits trapped endogenous PP2A A and C subunits, 
to assemble into active PP2A trimers. PP2A Bα 
expressing cells and B’α expressing cells were treated 
with OA 15 and 20 nM, respectively, and compound 
10 at 1 μM. PP2A trimer-induced phosphohydrolysis 
of the K-R-pT-I-R-R phosphopeptide was monitored 
for 15 and 30 min. Bars show %inhibition ±SEM 
relative to PP2A activity of trimers isolated from 
vehicle-treated cells only, and of five independent 
experiments. *P < 0.05. (SINGLE COLUMN FITTING 
FIGURE, FIGURE IN COLOR).   

Fig. 6. Protein expression analyses of pTau (Ser202, 
Thr205) and pGSK-3β (Ser9) in SH-SY5Y cells. After 
24 h preincubation of compound 10 at 0.1 μM, SH- 
SY5Y cells were incubated with OA 20 nM or OA 
20 nM plus 10 for 20 h more. Top of the graphs, 
representative immunoblots. Quantitative analysis of 
the tau phosphorylation (panel A) with anti-pTau AT8 
that recognizes phosphoepitopes pSer202 and 
pThr205 of Tau, and of GSK-3β phosphorylation 
(panel B) with phospho-GSK-3β antibody that recog
nizes the phosphoepitope pSer9 of GSK-3β. Bars 
represent means ± SEM of at least 3 independent 
experiments. ###P < 0.001, ##p < 0.01 relative to 
non-treated SH-SY5Y cells (white bars); **p < 0.01, 
*p < 0.05, relative to SH-SY5Y exposed only to 20 nM 
OA alone (black bars). (1.5 COLUMN FITTING 
FIGURE).   
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However, even the most suitable pharmacodynamic properties of a drug 
are worthless unless it can reach its site of action. Since the entire family 
of designed compounds, including 10, fulfill the Lipinski’s rule of five, 
we expect them to show an appropriate bioavailability. However, as 
these compounds need to be able to exert their pharmacological activity 
within the central nervous system (CNS) and therefore, to cross the 
highly lipophilic blood-brain barrier (BBB), we carried out parallel 
artificial membrane permeation assays (PAMPA) [77] in the presence of 
a lipid extract of porcine brains (Fig. 8). The results show that compound 
10 proves a high probability of brain penetration, similar to that offered 
by the positive control testosterone (T) (Fig. 8). 

2.8. In silico testing of compound 10 safety profile 

As compound 10 demonstrated the best pharmacological profile, we 
decide to assess its toxicity profile and metabolism in silico with Toxtree 
software v. 3.1.0 [78]. Compound 10 showed an acceptable safety 
profile (Table S2, supplementary material), no structural alerts were 
found for in vitro mutagenicity, genotoxic or non-genotoxic carcinoge
nicity, and no DNA binding alerts were detected. Further in vivo testing is 
needed to assess the heterocyclic rings and the hydrogen bond-accepting 
structure safety, which cannot permit a strong initial presumption of 
safety. 

We additionally used the Toxtree Cytochrome P450-mediated 
metabolism module to predict the more plausible metabolites of com
pound 10 (Table S3, supplementary material). The four predicted me
tabolites displayed similar safety results to the parent compound 
(Table S4-to S6, supplementary material). Therefore, the obtained re
sults made the molecule suitable to continue with the in vivo tests. 

2.9. Compound 10 rescued the memory deficit of mice subjected to LPS in 
the object recognition test 

Backed by the BBB permeability data, we next performed the first in 
vivo studies with the lead compound 10. To this end, we assessed 
whether this compound could abrogate the cognitive impairment in a 
classical in vivo model of neurodegeneration, i.e. the object recognition 
test in mice subjected to lipopolysaccharide (LPS) (Fig. 9). In this test, 
the short-term memory of mice is measured, by comparing the explo
ration time between an object previously shown in a training phase (see 
experimental part), and another one introduced in the test phase. Mice 
with normal short-term memory are expected to explore the novel object 
for a longer time compared with animals subjected to a neurotoxicant 
such as LPS that induced neurodegeneration and memory loss [79]. The 
neurodegenerative effects of LPS have been comprehensively reviewed 
[80], and include the development of tauopathy and reduced short-term 
memory [81]. 

Fig. 7. (A) Ribbon-like view of PP2A (PDB: 2IE4) backbone (α-helixes in red 
and β-sheets in blue); compound 10 represented as CPK-colored space-filled 
ligand. (B) Representation of the electrostatic interactions of compound 10 
(CPK-colored sticks) at its binding pocket (red color: negative-charged areas; 
blue color: positive-charged areas). (C) Residues (colored by amino acid type) 
defining the binding pocket of compound 10. Hydrogen bonds are shown as 
dashed green lines along their length. PP2A 3D structure (PDB ID: 2IE4) was 
obtained from the protein data bank (www.rcsb.org). (DOUBLE COLUMN 
FITTING FIGURE, FIGURE IN COLOR). 

Fig. 8. Brain permeability of compound 10 evaluated by PAMPA. Permeability 
(Pe) is expressed as mean ± SEM of three independent assays by triplicate. 
Caffeine (C) and Testosterone (T) were used as internal standards [77], defining 
either compromised or guaranteed permeability, respectively. A value of Pe > 5 
would indicate a high probability of blood-brain barrier crossing. (SINGLE 
COLUMN FITTING FIGURE). 
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Fig. 9. Percentage of exploration time of mice submitted to the object recog
nition test. According to the protocol (experimental part), all mice were first 
familiarized with the experimental arena. In the training phase, mice were 
allowed to freely explore two equal objects in the box. In the test phase, one of 
those is replaced by a different object, and the time exploring each object is 
compared. The bars show the exploration times of the old versus the new object 
in untreated mice, mice treated with LPS, and mice treated with compound 10 
and LPS, in the test phase. Data represent mean ± SEM of at least three inde
pendent experiments. ***P < 0.001, *p < 0.05, comparing time exploring new 
and old objects. (1.5 COLUMN FITTING FIGURE). 
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As expected, i.p. injection of LPS 1 mg/mL provoked mice to lose 
interest for the novel object, as no significant difference was observed 
between the exploration time of the old versus the new object in the test 
phase (Fig. 9), inferring that their memory was compromised. However, 
co-injection of compound 10 at a 10 mg/mL i.p. dose, impeded such loss 
of memory, as LPS-subjected mice treated with compound 10 now 
invested significantly more time (2.4-fold) exploring the new object 
versus the old one (Fig. 9). 

3. Conclusions 

In summary, the rigid analog of the OA central fragment 10, emerged 
as the lead compound of a family of unsaturated C-glycosides with a 
potential profile as PADs. The restoration of inhibited PP2A phosphatase 
activity, sustained by in vitro, cellular and in vivo assays, reset the 
phosphorylation/dephosphorylation balance in cells, and elicited neu
roprotection in several in vitro models of neurodegeneration, e.g. pro
moted by oxidative stress or excitotoxicity inducers. We also confirmed 
that compound 10 had the ability to pass through the BBB and to rescue 
the cognitive impairment of LPS-injected mice. Thus, our current study 
has clearly validated the principle of using OA as a starting point for the 
rational design of new drugs acting as PP2A re-activators. Since the 80s, 
OA has been the object of extensive studies by organic chemists taking it 
as a synthetic challenge, due to its highly complex structure. However, 
these contributions merely focused on reaching the final polyketide 
structure and, in scarce examples, probed their PP2A inhibitory action, 
without realizing that small fragments lacking the C1–C15 moiety might 
exert an allosteric activation. Recently, Aponick and co-workers 
described the synthesis of Spirastrellolide A analogues with high struc
tural similarity to OA fragments [82]. Besides the extensive synthetic 
work, these authors reported maximal PP2A inhibitory activities of 
several derivatives of about 20% when tested at concentrations as high 
as 30 μM. However, we would hypothesize that those derivatives might 
actually behave as PADs at much lower concentrations under a protocol 
specifically designed to monitor enzymatic activators. 

Overall, the therapeutic interest of PP2A activation in neurodegen
erative diseases is not limited to AD, as its activity has been found 
compromised in vascular dementia [83], Parkinson’s disease and de
mentia with Lewy bodies [84] and traumatic brain injury [85], among 
others [86–88], where several PADs have been investigated [89–92]. 
Future experiments are needed to deeper characterize the compound 10 
as a new PAD in a pre-clinical stage, and ultimately, in clinic trials, 
testing its applicability to treat neurodegenerative diseases, and poten
tially, other PP2A signaling diseases. 

4. Experimental section 

4.1. Reagents and general procedures 

Most of the reagents for synthesis and biological assays were pur
chased from Merck (Darmstadt, Germany). Sodium methoxide was ob
tained from Alfa Aesar (Haverhill, MA, USA). Oligomycin A and 
cytostatin were purchased from Santa Cruz Biotechnology (Dallas, TX, 
USA). Inorganic salts and solvents with analytical grade, used for re
actions, work-ups and chromatographic purifications, as well as 
deuterated solvents for NMR, were purchased from Avantor (Radnor, 
PA, USA). Chlorinated solvents were neutralized before use by basic 
alumina 90 (Merck) to remove HCl traces. For cell culturing, minimum 
essential medium Eagle (MEM) and Ham’s F12 nutrient were acquired 
from Merck. Non-essential amino acids, fetal bovine serum (FBS) that 
was heat-inactivated for 30 min before use, and neurobasal medium 
were acquired from Gibco (Madrid, Spain). BCA Protein Assay kit was 
purchased from Thermo Fisher Scientific (Waltham, MA, USA). Phos
phatase Assay kit (pNPP method) was purchased from G-Biosciences (St 
Louis, MO, USA). The ECL Select Western Blotting Detection Reagent 
was supplied by GE Healthcare (Amersham, UK). Polyclonal anti-p-GSK- 

3β (Ser9) and monoclonal anti-GSK-3β and anti-β-actin (rabbit, 1:1000) 
were purchased from Cell Signaling Technology (Danvers, Ma, USA). 
Monoclonal anti-GFP (mouse, 1:3000) was generously donated by Dr. P. 
Parker (Francis Crick Institute, London, UK). The IgG-HRP (goat, mouse 
and rabbit, 1:5000) was purchased from Santa Cruz Biotechnology. 
Monoclonal anti-p-tau AT8 (Ser202, Thr205)(mouse, 1:1000) was pur
chased from Thermo Fisher Scientific. Sterile plasticware was obtained 
from Corning (Madrid, Spain). All reactions have been executed under 
Schlenk conditions, i.e. heating-flamed systems purged by vacuum/ 
argon filling cycles, then reactions under argon atmosphere and the 
selected solvents freshly distilled. Reactions were monitored by silica gel 
60 mesh on TLC foils having 254 nm fluorescent indicator and, in some 
cases, developed with iodine (Merck) or PMA stains (Acros Organics, 
Geel, Belgium). Chromatographic purifications were carried out with an 
automatized flash chromatography station Isolera One (Biotage, 
Uppsala, Sweden) using pre-charged columns ZIP, SNAP and Sfär from 
the same manufacturer. Mobile phases were based on hexane/ethyl 
acetate mixtures. Compounds were characterized by 1H y13C NMR 
spectra, acquired in a Bruker Avance 300 (Billerica, MA, USA) internally 
referenced with the residual signal of 1H presented in the selected 
deuterated solvents. NMR signals are depicted according to their parts 
per million (ppm), coupling constants (J) in Hz and the relative integral. 
High resolution mass spectra (HRMS) were obtained under the electro
spray technique in the positive mode in a VG AutoSpec Waters/QSTAR 
station (Applied Biosystems, Waltham, MA, USA). Melting points were 
obtained from a SMP-10 apparatus (Stuart, Staffordshire, UK) and are 
uncorrected. Optical rotary deviations ([α]d) of compounds were ob
tained at 25 ◦C from a polarimeter PerkinElmer 241 (Waltham, MA, 
USA), provided of a Na lamp (glass cell 2 × 10 cm), and calculated with 
the formula [α]d = α/l × c, where α is the specific rotation acquired, l is 
the cell length in dm, c is the concentration as g/mL and D is the 
wavelength, corresponding to 589 nm (line D of Na lamp). All com
pounds described and evaluated presented purity >95%, as confirmed 
by elemental analyses performed in a LECO CHNS-932 apparatus (an
alyses indicated by the symbols of the elements were within ±0.4% of 
the theoretical value). 

4.2. Synthesis of (2R,3S,6R)-6-alyl-3,6-dihydro-2-(hydroxymethyl)-2H- 
pyran-3-ol (2) 

To a solution of 1 [60] (2.5 g, 9.83 mmol) in MeOH (3.25 mL/mmol 
1), MeONa (2 eq, 19.66 mmol, 1.06 g) was added portion-wise, and the 
reaction mixture was stirred at rt for 16 h until it was completed (TLC). 
Solvent was evaporated and a saturated solution of NH4Cl was poured 
up to mixture reached pH 7. Then, the mixture was extracted with DCM 
(3 × 50 mL) and the combined organic layer dried over anhydrous 
Na2SO4, filtered and the solvent evaporated, yielding 2 as a yellow oil 
(1.67 g, >99%) that did not require further purification, having spectral 
and analytical (C, H) characteristics according to the literature [93]. 
[α]D = − 15.5 (c 1.22, DCM); lit. − 23.8 (c 0.88, CHCl3) [93]. 

4.3. Synthesis of (4aR,6R,8aS)-6-alyl-2-phenyl-4,4a,6,8a- 
tetrahydropyrane[3,2-d][1,3]dioxin (3) 

To a solution of 2 (345 mg, 2.03 mmol) in 1,2-DCE (1,6 mL/mmol 2), 
camphorsulfonic acid (CSA, 2 eq, 943 mg, 4,06 mmol) and dimethox
ymethylbenzene (1 eq, 2.03 mmol, 305 μL) were added. Reaction was 
stirred at rt for 16 h, and then interrupted by addition of a saturated 
solution NaHCO3 (20 mL). The mixture was extracted with DCM (3 × 20 
mL) and the combined organic layer was dried over anhydrous Na2SO4, 
filtered and the solvent evaporated. The crude was purified by autom
atized flash chromatography using hexane/ethyl acetate mixtures as 
eluent, furnishing 3 (310 mg, 59%) as a white solid, with spectral and 
analytical (C, H) characteristics according to the literature [61]. Mp 
60–62 ◦C; lit. 63 ◦C [61]. [α]D = +36.0 (c 1.11, DCM); lit. +26.7 (c 1.25, 
CHCl3) [61]. 
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4.4. Synthesis of (4aR,6R,8aS)-6-alyl-2,2-dimethyl-4,4a,6,8a- 
tetrahydropyran[3,2-d][1,3]dioxin (4) 

Following the protocol described by Nicolau et al. [94] with slight 
modifications, to a solution of 2 (1.24 g, 7.29 mmol) in DCM (4 
mL/mmol 2) at 0 ◦C, pyridinium p-toluenesulfonate (0.05 eq, 0.36 
mmol, 90 mg) was added. Then, 2-methoxypropene (1.5 eq, 10.93 
mmol, 1.05 mL) was injected dropwise for 15 min, and the mixture 
stirred at 0 ◦C for 2 h. Then, reaction was allowed to warm up to rt and 1 
eq more of 2-methoxypropene was injected (7.29 mmol, 0.7 mL), 
allowing 3 h more of stirring. Once completed (TLC), reaction was 
diluted with diethyl ether, washed with water (2 × 20 mL) and brine (20 
mL), dried over MgSO4, filtered and the solvent evaporated. Compound 
4 was obtained as yellowish oil (1.53 g, >99%) that did not need further 
purification, showing spectral and analytical (C, H) characteristics ac
cording to the literature [94]. [α]D = − 25.6 (c 1.06, DCM); lit. − 19.9 (c 
2.02, CHCl3) [94]. 

4.5. General procedure for the hydroboration/oxidation reaction of 3 and 
4 

To a solution of alkenes 3 or 4 (1 eq) in THF (1.35 mL/mmol), 9-BBN 
(0.5 M in THF, 1 eq) was added slowly, and the reaction was stirred at rt 
for 1 h. Then, it was cooled down to 0 ◦C and NaOH (3 M, 1 mL/mmol) 
and H2O2 (30% vol., 1 mL/mmol) were successively injected. When 
addition was completed, the mixture was allowed to warm up to rt and 
stirred for 30 min. Finally, the mixture was extracted with DCM (3 × 10 
mL), the combined organic layer dried with anhydrous Na2SO4, filtered 
and the solvent evaporated. The crude was purified by flash chroma
tography or preparative TLC, using hexane/ethyl acetate mixtures as 
eluent. 

4.5.1. 3-[(4aR,6R,8aS)-2-phenyl-4,4a,6,8a-tetrahydropyran[3,2-d][1,3] 
dioxin-6-yl]propan-1-ol (5) 

According to the general method 4.5, compound 3 (421 mg, 1.63 
mmol) [9-BBN (1.63 mmol, 3.26 mL), NaOH (1.6 mL), H2O2 (1.6 mL)] 
yielded, after chromatographic purification (preparative TLC), 5 as a 
white solid (99 mg, 22%), showing spectral and analytical (C, H) char
acteristics according to the literature [61]. Mp 81–83 ◦C; lit. 81 ◦C [61]. 
[α]D = +15.1 (c 1.00, DCM); lit. +31.0 (c 1.05, CHCl3) [61]. 

4.5.2. 3-[(4aR,6R,8aS)-2,2-dimethyl-4,4a,6,8a-tetrahydropyran[3,2-d] 
[1,3]dioxin-6-yl]propan-1-ol (6) 

According to the general method 4.5, compound 4 (1.24 g, 5.08 
mmol) [9-BBN (5.08 mmol, 10.1 mL), NaOH (5.1 mL), H2O2 (5.1 mL)] 
yielded, after chromatographic purification, 6 as a colorless oil (1.1 g, 
82%), showing spectral and analytical (C, H) characteristics according 
to the literature [94]. [α]D = − 14.7 (c 1.16, DCM); lit. − 18.0 (c 1.20, 
CHCl3) [94]. 

4.6. General procedure for the Sharpless’ dihydroxylations of 3 and 4 

To a solution of 3 or 4 (1 eq) in a t-BuOH/H2O (1:1) mixture (20 mL/ 
mmol) at 0 ◦C, AD-mix α or β reagent (1.8 eq) was added. The reaction 
was stirred at 0 ◦C for 6 h. Once completed (TLC), it was quenched with 
saturated NaHSO3 (10 mL). The mixture was concentrated to remove 
tert-butanol, and the resulting aqueous crude was extracted with ethyl 
acetate (3 × 10 mL). The combined organic layer was dried over 
anhydrous Na2SO4, filtered and the solvent evaporated, yielding pure 
compound that did not need further chromatographic purification. 

4.6.1. (2R)-3-[(4aR,6R,8aS)-2-phenyl-4,4a,6,8a-tetrahydropyran[3,2-d] 
[1,3]dioxin-6-yl]propan-1,2-diol (7) 

According to the general method 4.6, compound 3 (89 mg, 0.34 
mmol) [AD-mix-β (477 mg, 0.61 mmol)] yielded 7 as a white solid (101 
mg, >99%). Mp 129–131 ◦C. [α]D = +38.4 (c 1.20, DCM). 1H NMR (300 

MHz, CDCl3) δ 7.49 (m, 2H, Ar), 7.36 (m, 3H, Ar), 6.01 (m, 1H, H8), 5.70 
(m, 1H, H7), 5.59 (s, 1H, H2), 4.59 (m, 1H, H6), 4.26 (dd, J = 10.5, 4.5 
Hz, 1H, H8a), 4.15 (m, 1H, H4), 3.96 (m, 1H, H2′), 3.78 (t, J = 10.2 Hz, 
1H, H4), 3.66 (m, 1H, H1′), 3.56 (m, 1H, H1′), 3.48 (m, 1H, H4a), 2.64 
(bs, 2H, OH), 1.81 (ddd, J = 14.7, 11.1, 3.3 Hz, 1H, H3′), 1.60–1.47 (m, 
1H, H3’). 13C NMR (75.4 MHz, CDCl3) δ 137.5, 130.9, 129.3, 128.5, 
126.8, 126.3, 102.1,75.4, 71.1, 69.8, 69.2, 67.0, 65.3, 36.0. HRMS 
(ESI+) mass calcd for C16H20O5Na (m/z) 315.1203 (M + Na+); found, 
315.1198. Anal. C16H20O5 (C, H). 

4.6.2. (2R)-3-[(4aR,6R,8aS)-2,2-dimethyl-4,4a,6,8a-tetrahydropyran 
[3,2-d][1,3]dioxin-6-yl]propan-1,2-diol (8) 

According to the general method 4.6, compound 4 (80 mg, 0.38 
mmol) [AD-mix-β (534 mg, 0.68 mmol)] yielded 8 as a yellowish oil (80 
mg, 82%). [α]D = − 13.7 (c 1.10, DCM). 1H NMR (300 MHz, CDCl3) δ 
5.81 (m, 1H, H8), 5.63 (m, 1H, H7), 4.50 (m, 1H, H6), 4.17 (m, 1H, 
H8a), 3.94–3.78 (m, 2H, H2′, H4), 3.72 (t, J = 9.0 Hz, 1H, H4), 3.59 (dd, 
J = 11.2, 3.2 Hz, 1H, H1′), 3.46–3.27 (m, 2H, H1′, H4a), 3.25 (bs, 2H, 
OH), 1.79–1.63 (m, 1H, H3′), 1.49 (s, 3H, CH3), 1.46 (m, 1H, H3’), 1.40 
(s, 3H, CH3). 13C NMR (75.4 MHz, CDCl3) δ 130.7, 127.4, 99.9, 70.9, 
69.1, 67.7, 67.0, 66.3, 63.3, 36.1, 29.3, 19.1. HRMS (ESI+) mass calcd 
for C12H20O5Na (m/z) 267.1203 (M + Na+); found, 267.1203. Anal. 
C12H20O5 (C, H). 

4.6.3. (2S)-3-[(4aR,6R,8aS)-2-phenyl-4,4a,6,8a-tetrahydropyran[3,2-d] 
[1,3]dioxin-6-yl]propan-1,2-diol (9) 

According to the general method 4.6, compound 3 (120 mg, 0.46 
mmol) [AD-mix-α (645 mg, 0.83 mmol)] yielded 9 as a white solid (112 
mg, 82%). Mp 120–122 ◦C. [α]D = +50.4 (c 1.11, DCM). 1H NMR (300 
MHz, CDCl3) δ 7.52–7.46 (m, 2H, Ar), 7.40–7.34 (m, 3H, Ar), 6.00 (m, 
1H, H8), 5,69 (m, 1H, H7), 5.58 (s, 1H, H2), 4.53 (m, 1H, H6), 4.26 (dd, 
J = 10.2, 4.5 Hz, 1H, H8a), 4.15 (bd, J = 8.1 Hz, 1H, H4), 3.94 (m, 1H, 
H2′), 3.77 (t, J = 10.2 Hz, 1H, H4), 3.67–3.57 (m, 2H, H1′), 3.56–3.45 
(m, 1H, H4a), 2.90 (bs, 2H, OH), 2.00–1.84 (m, 1H, H3′), 1.70–1.57 (m, 
1H, H3’). 13C NMR (75.4 MHz, CDCl3) δ 137.4, 130.1, 129.3, 128.5, 
127.1, 126.3, 102.1, 75.0, 74.0, 71.6, 69.5, 66.3, 65.4, 35.7. HRMS 
(ESI+) mass calcd for C16H20O5Na (m/z) 315.1203 (M + Na+); found, 
315.1204. Anal. C16H20O5 (C, H). 

4.6.4. (2S)-3-[(4aR,6R,8aS)-2,2-dimethyl-4,4a,6,8a-tetrahydropyran 
[3,2-d][1,3]dioxin-6-yl]propan-1,2-diol (10) 

According to the general method 4.6, compound 4 (95 mg, 0.45 
mmol) [AD-mix-α (631 mg, 0.81 mmol)] yielded 10 as a yellowish oil 
(73 mg, 63%). [α]D =+16.5 (c 1.01, DCM). 1H NMR (300 MHz, CDCl3) δ 
5.83 (m, 1H, H8), 5.63 (dt, J = 10.5, 2.4 Hz, 1H, H7), 4.49 (m, 1H, H6), 
4.18 (bd, J = 8.1 Hz, 1H, H8a), 3.92 (m, 1H, H2′), 3.84 (dd, J = 10.5, 5.1 
Hz, 1H, H4), 3.74 (t, J = 10.5 Hz, 1H, H4), 3.61 (ddd, J = 11.1, 3.6, 0.6 
Hz, 1H, H1′), 3.55–3.38 (m, 2H, H1′, H4a), 3.10 (bs, 2H, OH), 1.98–1.83 
(m, 1H, H3′), 1.59 (dt, J = 14.7, 3.3 Hz, 1H, H3’), 1.50 (s, 3H, CH3), 1.42 
(s, 3H, CH3). 13C NMR (75.4 MHz, CDCl3) δ 129.8, 127.9, 100.0, 74.2, 
71.7, 67.4, 66.5, 66.4, 63.2, 35.8, 29.3, 19.1. HRMS (ESI+) mass calcd 
for C12H20O5Na (m/z) 267.1203 (M + Na+); found, 267.1201. Anal. 
C12H20O5 (C,H). 

4.7. General procedure for the benzoylation of 5 and 6 

To a solution of 5 or 6 (1 eq) in pyridine (3 mL/mmol), benzoyl 
chloride (1.1 eq) was added dropwise at rt. The reaction was stirred for 
18 h and then interrupted by dilution with 10 mL of CHCl3. The mixture 
was washed with water (10 mL) and NH4Cl (2 × 10 mL), and the organic 
layer dried over anhydrous Na2SO4, filtered, and evaporated. The crude 
was purified by automatized flash chromatography using hexane/ethyl 
acetate mixtures as eluent. 
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4.7.1. 3-[(4aR,6R,8aS)-2-phenyl-4,4a,6,8a-tetrahydropyran[3,2-d][1,3] 
dioxin-6-yl]propyl benzoate (11) 

According to the general method 4.7, compound 5 (94 mg, 0.34 
mmol) [benzoyl chloride (0.37 mmol, 43 μL)] yielded, after chromato
graphic purification, 11 as a white solid (19 mg, 15%), showing spectral 
and analytical (C, H) characteristics according to the literature [61]. Mp 
86–88 ◦C; lit. 84 ◦C [61]. [α]D = +10.0 (c 0.99, DCM); lit. +11.7 (c 1.58, 
CHCl3) [61]. 

4.7.2. 3-[(4aR,6R,8aS)-2,2-dimethyl-4,4a,6,8a-tetrahydropyran[3,2-d] 
[1,3]dioxin-6-yl]propyl benzoate (12) 

According to the general method 4.7, compound 6 (60 mg, 0.26 
mmol) [benzoyl chloride (0.28 mmol, 33 μL)] yielded, after chromato
graphic purification, 12 as a white solid (7 mg, 8%). Mp 80–84 ◦C. [α]D 

= − 21.0 (c 1.00, DCM). 1H NMR (300 MHz, CDCl3) δ 8.04 (d, J = 7.8 Hz, 
2H, Ar), 7.56 (m, 1H, Ar), 7.44 (m, 2H, Ar), 5.85 (bd, J = 10.5 Hz, 1H, 
H8), 5.70 (dt, J = 10.5, 2.4 Hz, 1H, H7), 4.36 (m, 2H, H1′), 4.26 (m, 1H, 
H6), 4.20 (d, J = 8.7 Hz, 1H, H8a), 3.89 (dd, J = 10.5, 5.1 Hz, 1H, H4), 
3.76 (t, J = 10.5 Hz, 1H, H4), 3.41 (ddd, J = 10.2, 8.7, 5.1 Hz, 1H, H4a), 
2.04–1.76 (m, 3H, H2′, H3′), 1.71–1.50 (m, 1H, H3’), 1.53 (s, 1H, CH3), 
1.44 (s, 1H, CH3). 13C NMR (75.4 MHz, CDCl3) δ 166.8, 133.1, 131.0, 
130.4, 129.7, 128.5, 100.1, 73.3, 72.2, 64.8, 64.3, 63.1, 31.1, 29.6, 25.8. 
HRMS (ESI+) mass calcd for C19H24O5Na (m/z) 355.1516 (M + Na+); 
found, 355.1520. Anal. C19H24O5 (C, H). 

4.8. Synthesis of 3-[(2R,5S,6R)-5,6-dihydro-5-hydroxy-6-(hydroxy
methyl)-2H-pyran-2-yl]propyl benzoate (13) 

To solution of 6 (109 mg, 0.48 mmol) in DCM (2 mL), K2CO3 (2.5 eq, 
1.2 mmol, 165 mmol) and benzoyl chloride (1.1. eq, 0.53 mmol, 61 μL) 
were added. The reaction was stirred at rt for 18 h and then interrupted 
by addition of 2 mL of water. The mixture was extracted with DCM (3 ×
10 mL), and the combined organic layer was dried over anhydrous 
Na2SO4, filtered, and evaporated. The crude was purified by automa
tized flash chromatography using hexane/ethyl acetate mixtures as 
eluent, yielding 13 as a white solid (37 mg, 26%), showing spectral and 
analytical (C, H) characteristics according to the literature [61]. Mp 
96–98 ◦C; lit. 99 ◦C [61]. [α]D = − 15.0 (c 1.11, DCM); lit. − 23.5 (c 1.04, 
CHCl3) [61]. 

4.9. Experimental use of animals 

Animals used for experimentation were bred in cages within the 
animal house of the School of Medicine at Universidad Autónoma de 
Madrid (UAM), under adequate temperature and lighting. Animals were 
provided water and food ad libitum. Maintenance and use of animals 
fulfilled the ethical guidelines according to the EU Council Directive 
(2010/63/EU) and the Spanish laws (RD 1201/2005 and 53/2013). 
Experiments were approved by the Ethics Committee of the UAM. 
Maximal effort has been made to avoid suffering to animals and reduce 
the number of animals sacrificed, according to the journal’s guidelines, 
thus, animal studies were limited to validate the best compound of the 
family, with demonstrated interest on preceding in vitro work, and were 
therefore not used as for general screening purposes. 

4.10. Cell cultures 

SH-SY5Y neuroblastoma and human embryonic kidney HEK293T 
cell lines were acquired from American Type Culture Collection (ATCC, 
Manassas, VA, USA). SH-SY5Y cells were cultured in a 1:1 mixture of 
MEM and F12 enriched with FBS 10% and supplemented with a peni
cillin/streptomycin cocktail (100 UI/mL and 100 μg/mL, respectively), 
non-essential amino acids (0.1 mM), NaHCO3 (23 mM) and sodium 
pyruvate (1 mM). HEK-293T cells were maintained in DMEM supple
mented with 10% FBS. Cell lines were maintained in an incubator at 
37 ◦C under moistened air atmosphere with 5% CO2 and used in a low 

cell passage (8–20). 
Rat cortical neuron cultures were obtained from 18 to 19 days-old 

embryos of pregnant rats, which were decapitated, and brains extrac
ted. After removing meninges, the brain cortex was dissected and sub
merged in PBS buffer composed of (mM): NaCl 137, KCl 3, Na2HPO4 10, 
KH2PO4 2, bovine serum albumin (BSA) and glucose 1.5; pH 7.4. All 
cortices were collected and mechanically disaggregated, and cells were 
seeded according to a protocol previously described [95]. The number of 
cells was counted by Trypan Blue. 

4.11. pNPP and MTT assays 

SH-SY5Y cells were seeded in 48-well plates at 70000 cells/well 
density. The phosphatase activity of cells was measured by the pNPP 
method and the ability of compounds to protect cells against OA, 
cytostatin and the R/O cocktail, as well as their per se toxicity, were 
measured by the MTT reduction method, according to what has recently 
been described [55]. For the evaluation of neuroprotection against 
glutamate excitotoxicity and per se toxicity by compounds, rat cortical 
embryonic neurons were seeded in 48-well plates at 40000 cells/well 
density and subjected to the MTT reduction method according to what 
has recently been described [95]. 

4.12. PP2A activity experiments and protein expression determination by 
western-blot 

PP2A activity was probed by the Malachite green method on the K-R- 
pT-I-R-R phosphopeptide (Synpeptide) using PP2A isoforms immuno
precipitated by GFP pull-down (GFP-trapping beads®, ChromoTek), 
according to what has recently been described [60]. Western-blot ana
lyses of PP2A phosphoprotein substrates were conducted similarly to 
what has recently been described [55]. 

4.13. Computational docking 

Compound 10 3D conformation was generated with Spartan 20 
software (Wavefunction, Inc.; Irvine, CA, USA), optimized by the ab 
initio base 6-31G* based on the Hartree-Fock method. The ligand was 
docked into the PP2A-AC dimer, deposited in the protein data bank 
(www.rcsb.com) with the PDB ID: 2IE4 [57], after removal of the 
co-crystalized OA and water molecules. Docking was performed using 
Molegro Virtual docker 3.2.1. and represented using its viewing tools. 
Pose selected for compound 10 was the best ranked in the MolDock 
Score algorithm [96]. 

4.14. Estimation of brain permeability by PAMPA 

PAMPA allows to estimate the passive diffusion of potential CNS 
drugs through the BBB [77]. It was conducted and obtained Pe by a 
procedure recently described [97], with slight modifications. Measure
ments of absorbance of the acceptor (both initial and final) and donor 
plates, necessary for calculating compound concentrations at both sides 
of the artificial membrane, were acquired in a spectrophotometric 
reader Shimadzu UV2401PC, capable of detecting UV bands up to 200 
nm, using quartz cuvettes with 1 cm path length. Caffeine (C) and 
testosterone (T) were used as standards to define low and high rates of 
passive brain diffusion [77]. 

4.15. New object recognition test 

This test comprises three stages executed on consecutive days. First, 
mice were introduced into the test cage for 10 min for them to famil
iarize themselves with the habitat. On the second day, two equal objects 
were put in the cage at a certain place and distance between them, 
allowing mice to freely explore them. Finally, on the third day, keeping 
place and distance, one of the objects was replaced by one different in 
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shape and size. Exploratory movements of mice in the cage were 
recorded for 10 min. Recordings were analyzed with the Fiji program 
under the MouBeat extension. Time exploring each object was registered 
as a percentage of object exploration time, according to the formula: 

% Object exploration time=
Time (s)

Time new (s) + Time old (s)
× 100  

4.16. Data analysis 

Statistically significant differences between testing groups were 
analyzed by one tail Student’s t-test or one-way analysis of variance, 
followed by Newman-Keuls post hoc test., using GraphPad Prism 5.0 
software for Mac OS X, and considering statistical difference when p <
0.05. 
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