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A B S T R A C T   

The key role of chiral small molecules in drug discovery programs has been deeply investigated throughout last 
decades. In this context, our previous studies highlighted the influence of the absolute configuration of different 
stereocenters on the pharmacokinetic, pharmacodynamic and functional properties of promising Sigma receptor 
(SR) modulators. Thus, starting from the racemic SR ligand RC752, we report herein the isolation of the en-
antiomers via enantioselective separation with both HPLC and SFC. After optimization of the eco-sustainable 
chiral SFC method, both enantiomers were obtained in sufficient amount (tens of mg) and purity (ee up to 
95%) to allow their characterization and initial biological investigation. Both enantiomers a) displayed a high 
affinity for the S1R subtype (Ki = 15.0 ± 1.7 and 6.0 ± 1.2 nM for the (S)- and (R)-enantiomer, respectively), but 
only negligible affinity toward the S2R (> 350 nM), and b) were rapidly metabolized when incubated with mouse 
and human hepatic microsomes. Furthermore, the activity on AQP-mediated water permeability indicated a 
different functional profile for the enantiomers in terms of modulatory effect on the peroxiporins gating.   

1. Introduction 

In the drug discovery and/or chemical biology scientific fields, re-
searchers are often focused on the investigation of new chiral small 
molecules endowed with biological activity. [1] In these contexts, be-
sides the interaction with biological targets, including transporters, 
membrane lipids, and enzymes, that shapes the ligand pharmacody-
namic profile, the pharmacokinetic features of the most promising iso-
mers should be carefully explored. Indeed, during the ADMET 
(Absorption-Distribution-Metabolism-Elimination-Toxicity) profiling 

step of drug discovery, putative differences in the pharmacokinetic 
properties among individual enantiomers/stereoisomers are routinely 
evaluated.[2]. 

In the last years, our research group has been studying in-depth 
Sigma receptors (SRs) and their modulation by chiral small molecules, 
which were characterized in terms of pharmacodynamic as well as 
pharmacokinetic properties. The two SR subtypes, Sigma 1 (S1R) and 
Sigma 2 (S2R), are involved in cell survival and control various critical 
functions in the human body. [3,4] S1Rs are expressed in the central 
nervous system (CNS), and their agonists or positive modulators are 
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potentially useful in the treatment of depression, schizophrenia, Par-
kinson’s and Alzheimer’s diseases, and acute/chronic neurodegenera-
tive diseases involved also in pain control.[5,6] On the other hand, S1R 
ligands with an antagonist profile showed promising activity in treating 
different tumor cell lines.[7] Indeed, S2Rs are overexpressed in tumor 
cells and tissues in proliferation and S2R ligands can promote toxic 
damages, which trigger autophagy or cell-cycle arrest phenomena.[8,9] 
Thus, compounds with a pan activity, i.e., a balanced S1R antagonist and 
S2R agonist profile, may counteract tumor diseases. On these premises, 
our ongoing interest in this research field aims at refining the properties 
of novel ligands, in particular chiral derivatives, to better define the 
therapeutic potential of SR modulators. In this respect, the previously 
identified hit compound (E)-RC106 was characterized by a relevant pan 
profile coupled with a promising activity in a panel of cancer cell lines 
(Fig. 1).[10–12] Conversely, a modification of the aromatic moiety and 
hydrogenation of the double bond resulting in a chiral ligand affected 
the ligand’s profile, as exemplified by compound ( ± )-RC33 that 
became an S1R agonist with a potential activity towards neurodegen-
erative diseases.[13] Furthermore, replacement of the methyl with the 
hydroxymethyl group at the stereogenic center imparted to the new 
ligand ( ± )-RC752 high selectivity towards the S1R subtype with a 
concomitant shift, from agonist to antagonist, of the pharmacological 
profile, thus engendering a specific activity against neuropathic pain. 
[14]. 

These chiral derivatives, and other related structurally modified 
analogues, proved that SRs are prone to discriminate between enantio-
mers. Moreover, a different behavior of the ADMET profile of enantio-
meric pairs was observed. However, enantiomers do not always have a 
different binding affinity towards SRs. For instance, the interaction of 
the two enantiomers of RC33 with SRs is non-stereoselective, as they 
display comparable affinities and equal effectiveness as S1R agonists 
without observable toxic effects. On the other hand, when hepatic 
metabolic stability assays were performed, (S)-RC33, at variance with 
its enantiomer, showed a preference for oxidative metabolic processes in 
the presence of NADPH in both rat and human microsomes, highlighting 
a degree of pharmacokinetic enantio-discrimination. [14–16]. 

Since predictions on the role of molecular chirality for this group of 
structurally related SR ligands are not easy to draw, we planned to 
isolate and characterize RC752 enantiomers to explore how chirality 
influences the biological profile. The known methods to prepare enan-
tiomerically pure compounds include chiral resolution of racemates, use 
of chiral pool building blocks, asymmetric synthesis, and enantiose-
lective high-performance liquid chromatography (HPLC) on chiral Sta-
tionary Phases (CSPs). In this work, we experimented the latter 
approach since it is suitable for achieving both enantiomers with high 
enantiomeric purity and in sufficient amounts for the initial biological 
screening. In addition to HPLC, we explored Supercritical Fluid Chro-
matography (SFC), which is a quite versatile technique, given also its 
intrinsic eco-sustainable properties. Indeed, in the last years, the appli-
cation of the SFC approach was extended also to industrial scale sepa-
rations of chiral ligands. [17,18]. 

Aquaporins (AQPs) are a transmembrane protein family facilitating 
the osmotically driven diffusion of water.[19] In addition to water, 
AQPs are permeable to small solutes as glycerol, urea, ammonia and 
hydrogen peroxide (H2O2). Recently, a subset of AQPs (AQP0, AQP1, 
AQP3, AQP5, AQP6, AQP8, AQP9, and AQP11) showed a marked 
permeability to H2O2 and for this reason they were named peroxiporins. 

[20,21] Due to their ability to facilitate H2O2 diffusion, peroxiporins 
may have a beneficial effect in oxidative stress through a ROS scav-
enging mechanism. We have screened the effect of some small molecules 
on the AQP-mediated water permeability of HeLa cells in the presence of 
oxidative stress conditions.[22] The results suggested that SRs may 
control the pore gating peroxiporins and their related physiological 
functions. 

The previous work extensively explored the potential of the racemate 
in addressing challenging pathological conditions such as neuropathic 
pain. This study aims at advancing further our biological characteriza-
tion by introducing an additional layer of investigation - i.e., evaluating 
the individual actions of the two enantiomers in comparison to the 
racemate. Therefore, we prepared the enantiomers of RC752, assigned 
their absolute configuration by means of chiroptical techniques, and 
evaluated their affinity at on SR subtypes and their activity in influ-
encing the AQP-mediated diffusional water permeability. This latter 
effect is an index of the H2O2 permeability, whose modulation by AQP 
may represent a valuable tool to control the cellular redox state. 

2. Materials and methods 

2.1. High-performance liquid chromatography 

Chromatographic resolution was carried out at room temperature on 
a Jasco (Tokyo, Japan) system consisting of a PU-1580 pump and MD- 
1510 photodiode array (PDA) detector. Chromatogram acquisitions 
and elaborations were performed using the ChromNAV software (Tokyo, 
Japan). The resolution factor was directly given by the software, while 
the selectivity factor (α) was calculated. 

The best enantiomeric resolution was achieved exploiting Chiralpak 
IC® column (4.6 × 250 mm, 5 µm); mobile phase: Heptane/EtOH/DEA/ 
TFA (90:10:0.1:0.3); flow rate: 1 mL min− 1; sample concentration: 
1 mg mL− 1; injection volume: 10 μL. A Hamilton (Reno, NV, USA) sy-
ringe (syringe volume: 2.5 mL; loop: 1 mL) was employed for (semi)- 
preparative chiral resolutions. In detail, the scale-up of the analytical 
conditions allowed us to set up the following method: Column: Chir-
alpak IC® (10 × 250 mm, 5 µm); mobile phase: Heptane/EtOH/DEA/ 
TFA (90:10:0.1:0.3); flow rate: 4 mL min-1; sample concentration: 
4 mg mL− 1; injection volume: 1 mL. Results are expressed as retention 
factors (k1 and k2), and selectivity (α) and resolution (RS) factors. 

2.2. Supercritical fluid chromatography 

A JASCO SFC-4000 Analytical SFC system was used, equipped with 
CO2 supercritical phase pump, a backpressure regulator and 
temperature-controlled column oven. The polar co-solvent was IPA. The 
HPLC system was provided with specific SFC-resistant enantiopure sta-
tionary phase columns (Chiralpak IA®,10 × 250 mm, 5 µm). 

2.3. Specific optical rotation 

Optical rotatory power values were measured on a Jasco photo-
electric polarimeter DIP 1000 (Tokyo, Japan). Analyses were conducted 
using a 0.5 dm cell, methanol (MeOH) as solvent, a 0.25% concentra-
tion, and a sodium lamp (λ = 589 nm). 

Fig. 1. Structural similarities and differences among three SRs ligands identified by our research group.[11,13,14].  
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2.4. Absolute configuration assignment 

Vibrational Circular Dichroism (VCD) measurements were conduct-
ed using a Jasco FVS 6000 FTIR instrument equipped with a ZnSe photo- 
elastic modulator (PEM), working at 50 kHz modulation, placed past a 
wire grid linear polarizer and with lock-in amplifier after detection, with 
an MCT liquid-N2 cooling device for the regions 850–2000 cm− 1. Solu-
tions of ( ± )-RC752 in deuterated chloroform with 0.09 M concentra-
tion were prepared and VCD spectra were recorded in a 200 µm BaF2 
cell. 5000 scans were acquired, and a similar spectrum was taken for the 
solvent and subtracted out. Electronic Circular Dichroism (ECD) mea-
surements were conducted with the use of a Jasco 815SE instrument 
with samples dissolved in acetonitrile at 0.0035 M concentration in 
0.1 mm quartz cuvette. 10 scans were acquired. ECD spectra of the 
solvent were recorded in the same conditions and subtracted thereafter 
from the sample ECD spectra. UV spectra were obtained from the same 
apparatus. DFT and TD-DFT calculations were performed by use of 
Gaussian16 program22 preceded by a conformational search performed 
with the CREST program17. The configuration was set to (R)- for all 
calculations. B3LYP/TZVP with an empirical dispersion (D3BJ) level of 
theory was employed for DFT and CAM-B3LYP/TZVP for TD-DFT cal-
culations. The polarizable continuum model (PCM) approximation was 
employed as solvent model for both chloroform and acetonitrile. 

2.5. Receptor binding studies 

Guinea pig brains are commercially available (Harlan-Winkelmann, 
Borchen, Germany). Homogenizers: Elvehjem Potter (B. Braun Biotech 
International, Melsungen, Germany) and Soniprep® 150 (MSE, London, 
UK). Centrifuges: cooling centrifuge model Eppendorf 5427 R (Eppen-
dorf, Hamburg, Germany) and high-speed cooling centrifuge model 
Sorvall® RC-5 C plus (Thermo Fisher Scientific, Langenselbold, Ger-
many). Multiplates: standard 96-well multiplates (Diagonal, Muenster, 
Germany). Shaker: self-made device with adjustable temperature and 
tumbling speed (scientific workshop of the Pharmazeutische und Med-
izinische Chemie Institute). Harvester: MicroBeta® FilterMate 96 
Harvester. Filter: Printed Filtermat Typ A and B. Scintillator: Meltilex® 
(Typ A or B) solid state scintillator. Scintillation analyzer: MicroBeta® 
Trilux (all Perkin Elmer LAS, Rodgau-Jügesheim, Germany). The prep-
aration of membrane homogenates from guinea pig brain and the S1R 
binding assay protocol adopted were already published.[14]. 

2.5.1. Sigma receptor assay 
The assay was performed with the radioligand [3H]-(+)-pentazocine 

(22.0 Ci/mmol; Perkin Elmer). The thawed membrane preparation of 
guinea pig brain (about 100 μg of the protein) was incubated with 
various concentrations of test compounds, 2 nM [3H]-(+)-pentazocine, 
and TRIS buffer (50 mM, pH 7.4) at 37 ◦C. The non-specific binding was 
determined with 10 μM unlabeled (+)-pentazocine. The Kd value of 
(+)-pentazocine is 2.9 nM. 

2.6. Liver microsomes metabolic stability 

Mouse (Sigma Aldrich, CD-1 male, pooled) and human microsomes 
(Sigma Aldrich, human, pooled) 0.5 mg mL− 1 were preincubated with 
both RC752 enantiomers dissolved in DMSO at 1 μM in phosphate 
buffer 50 mM, pH 7.4, and 3 mM MgCl2 for 10 min at 37 ◦C. The reac-
tion was then started by adding the cofactor mixture solution (NADP, 
glucose-6-phosphate, glucose-6-phosphate dehydrogenase in 2% 
NaHCO3). Samples were taken at 0, 10, 30, 45 and 60 min and added to 
acetonitrile to stop the reaction (n = 3). Samples were then centrifuged, 
and the supernatant was analyzed by LC-MS/MS to quantify the test 
item. The method to evaluate the in vitro metabolic stability and the 
description of the analytical method were already published.[14]. 

2.7. AQP-mediated water permeability measurements 

Osmotic water permeability was assessed in HeLa cells suspension by 
the stopped-flow light scattering method as previously described.[13] 
The experiments were performed at 21 ◦C by using the RX2000 stopped 
flow apparatus (Applied Photophysics, Leatherhead, UK) with a pneu-
matic drive accessory (DA.1, Applied Photophysics) coupled with a 
Varian Cary 50 spectrometer (Varian Australia Pty Ltd., Australia). 
Scattered light intensity with a dead time of 6 ms was recorded at a 
wavelength of 450 nm. Cells were exposed to the hypotonic gradient of 
150 mosm/L and the time course of cell swelling was measured for 60 s 
at the acquisition rate of one point/0.0125 s. The initial rate constant of 
cell volume changes (k) was obtained by setting the time course light 
scattering with a single exponential equation (GraphPad Prism 4.00, 
2003). 

To evaluate the antioxidant effect of the test compounds on water 
permeability, HeLa cells were divided into different groups: (1) controls, 
cells left at room temperature (21 ◦C) in the presence of MeOH at the 
same concentration than treated cells; (2) heat-stressed cells, cells heat- 
treated by placing them in a water thermostatic and shacking bath at 
42 ◦C for 3 h; (3) heat-stressed cells pre-treated, cells heat-stressed in the 
presence of RC752 (enantiomers and racemate) at 20 µM final concen-
tration (dissolved in MeOH). Moreover, to test the possible capacity of 
the molecules to affect the AQP gating in eustress condition, HeLa cells 
were incubated with or without the compounds at 21 ◦C for 3 h. 

3. Results and discussion 

3.1. Chiral resolution 

We selected enantioselective HPLC and SFC as viable strategies for 
rapid access to both RC752 enantiomers with high enantiomeric purity 
and in reasonable amounts. Four chiral stationary phases differing in the 
polysaccharide backbone (cellulose or amylose), the acyl moiety at the 
backbone, the nature of the CSP binding (coated or immobilized), and 
the elution mode were evaluated (Table SI-2). They are routinely used in 
both enantioselective HPLC and SFC applications, with SFC often being 
the most effective for chiral separations thanks to the higher flow rates 
adopted, able to reduce the elution time. The CSPs used in the present 
work are reported in Table1. 

Firstly, an HPLC screening elution protocol was applied on an 
analytical scale in both normal phase (NP) and reverse phase (RP) 
elution mode. For the NP elution, various combinations of n-heptane 
(Hept) and ethanol (EtOH) as polar modifier have been applied, 
whereas, in the RP elution mode, pure EtOH or methanol (MeOH) as 
eluents have been experimented. Moreover, diethylamine (DEA, 0.1%) 
was added to the mobile phase for the coated CSPs and a mixture of DEA 
(0.1%) and trifluoroacetic acid (TFA, 0.3%) for the immobilized CSPs. In 
such a way, the experimental conditions yielding the best enantio- 
discrimination, have been identified and then were properly tailored to 
the (semi)-preparative scale.[23–25]. 

Secondly, SFC elution conditions have been experimented. In this 
case, the mobile phase was prevalently composed by CO2 as the super-
critical fluid. CO2 has no toxic effect and has eluting properties com-
parable with those of n-hexane. [26] For the compound elution, CO2 was 
used with a co-solvent such as MeOH, EtOH, isopropyl alcohol (IPA) or 
ACN, with a maximum 3:2 ratio between supercritical fluid and polar 
modifiers. Moreover, different acids (HCOOH, CH3COOH and TFA) or 
bases (Diethylamine, DEA) additive could be added. The screening of 
mobile phases was reported in Table SI-1. 

Poor results in terms of peak separation were obtained with 
conventionally coated CSPs. On the other hand, immobilized columns 
gave satisfying outcomes concerning peak separation, peak shape and 
enantioselectivity. In general, immobilized columns exhibited favorable 
outcomes with high concentrations of non-polar mobile phases (n-hex-
ane and n-heptane showed comparable results) and low percentages of 
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polarity modifiers (such as ethanol or IPA), resulting in effective peak 
separations. However, as the alcohol percentage increased, the method 
efficiency decreased, and peak resolution was compromised. 

Interestingly, a different behavior was observed with amylose-based 
chiral columns and cellulose-based ones using HPLC and SFC. Regarding 
HPLC, with cellulose-based chiral columns we reached the best results 
for the separation of ( ± )-RC752. The most efficient enantio- 
discrimination, characterized by short retention times (tr1 = 16.7 min; 
tr2 = 19.2 min) and baseline separation (α = 1.18; RS = 2.61), was 
achieved with Chiralpak™ IC as CSP and eluting with n-Hex/EtOH/ 
DEA/TFA (90:10:0.1:0.3) (Fig. 2 and Table 1). 

Differently, with SFC the resolution obtained by amylose- based CSPs 
showed the most satisfying results. Initially, a rapid analytical method 
was developed with a screening of supercritical fluid (CO2) mixtures 
with different polar modifiers (co-solvents: MeOH, EtOH, IPA + 0.1% 
DEA) as mobile phases (Table SI-3). Therefore, explorative gradient 
analysis was performed, thus identifying the best experimental condi-
tions for an isocratic elution. Chiralpak™ IA was the best performing 
CSP for SFC eluting with 60% of CO2 and 40% of EtOH/Heptane/DEA 
(90:10:1). An optimal separation (α = 1.30; RS = 2.85) in short retention 
time (tr1 = 6.5 min; tr2 = 8.3 min) was achieved (Table 1). 

Both experimental conditions were then properly scaled up to a 
semipreparative separation. For HPLC, 77 mg of ( ± )-RC752 were 
processed in 20 cycles on Chiralpak IC™ column and properly frac-
tionated according to the UV trace (Figure SI-1), affording 19 mg of the 
first eluted enantiomer {[α]D = +17.9 (c 0.25, MeOH), ee = 98.9%}, and 
24 mg of the second eluted one {[α]D = –16.4 (c 0.25, MeOH), ee 
= 94.9%}, together with 31 mg of an intermediate fraction as a mixture 
of the two enantiomers. Regarding SFC, the already optimized condi-
tions were easily scaled-up, using a semipreparative Chiralpak™ IA 
column and enhancing the flow rate from 4 mL min− 1 to 10 mL min− 1. 

7 cycles on the Chiralpak IA™ column were performed to process 
25 mg of ( ± )-RC752. The racemate was properly fractionated in 8.8 
and 9.2 mg, the first and second eluted fractions, respectively. Thus, 
enantiomers were obtained in sufficient amount and with adequate 
enantiomeric excess (ee > 98%) for the following characterization, i.e., 
the optical rotatory power assessment and the preliminary biological 
evaluation of individual enantiomers (Figure SI-1). The [α]D values 
corresponded to those from the previous enantioselective HPLC analysis 
(Table 1). 

As expected, advantages over the HPLC procedure were experienced 
with the application of the SFC method to the same enantio-separation, 
since the overall time of analysis was about halved, and the amounts of 
hazardous solvents were significantly reduced. The advantages of SFC 
over HPLC were assessed by measuring the weight of enantiomers iso-
lated per unit of time and solvent consumption. The SFC method allowed 
to isolate 0.44 mg of first eluted enantiomer per minute, with a total 
consumption of 63.6 mL of solvent per mg of first isolated fraction. 

Conversely, the HPLC method provided 0.23 mg per minute of the first 
fraction and consumed 116.1 mL of solvents per mg of first isolated 
enantiomer. Moreover, a slight improvement of the enantiomeric pu-
rities was attained by applying the SFC technique. 

3.2. Absolute configuration assignment 

The absolute configuration (AC) of the HPLC separated fractions of 
( ± )-RC752 to either (R)-(–) or (S)-(+) was assigned by a combination 
of chiroptical spectroscopic methods: VCD and ECD. Theoretical spectra 
were simulated in the framework of the density functional theory (DFT) 
and its time-dependent extension (TD-DFT).[27–29] Experimental VCD 
and IR spectra of the two eluted fractions of ( ± )-RC752, namely 
(+)-RC752 and (–)-RC752, were recorded in deuterated chloroform 
(CDCl3) solutions at about 0.09 M concentration (see Figure SI-2). The 
conformational space of the (R)-enantiomer was explored through the 
CREST program.[30] The collected geometries were then re-optimized 
at the DFT level of theory, providing six conformers within a 
2 kcal/mol energy interval with respect to the global minimum (see 
Figure SI-2 and Table SI-4). The four most populated conformers 
(covering about 96% of the overall population) were then utilized to 
predict the VCD-IR spectra. In Fig. 3, we report the experimental spec-
trum of (–)-RC752 (obtained as the semi-difference of (–) and (+) 
experimental spectra) and the calculated (R)-RC752 spectrum. Despite 
some mismatching in the relative intensity evaluation of the doublets at 
ca. 1050 cm− 1 and 1350 cm− 1 and the slight overestimation of the in-
tensity of the band labeled 7 at ca. 1500 cm− 1, the calculated IR spec-
trum satisfactorily predicted the experimental one. 

For a better matching of experimental and calculated VCD spectra, 
we employed the similarity indices (namely, S.I. and SimNN) approach. 
[28,31] The harmonic approximation is known to overestimate the 
transition energies, thus, for a better comparison, the predicted VCD-IR 
spectra were shifted in energies employing “arbitrary” scaling factors. 
[32] Maximizing the S.I. allows to search for the best scaling factor to be 
applied to the computed spectra. These indices vary between 0 e 1 for IR 
(1 means perfect matching between experimental and calculated 
spectra) and between − 1 (reversed AC assignment should be made) and 
+ 1 (perfect AC assignment has been made) for VCD. In Table SI-5 we 
report S.I. and SimNN values, calculated applying different scaling fac-
tors, thus showing that using a single scaling factor does not provide a 
satisfactory matching. Therefore, VCD and IR spectra were examined 
separately in the two different ranges: from 950 to 1220 cm− 1 and from 
1220 to 1650 cm− 1. The best S.I. scaling factor was found to be 0.98 for 
950–1220 cm− 1 and 0.97 for the 1220–1650 cm− 1 range. The scaling 
factors optimized on the IR spectrum were then employed to compare 
experimental and calculated VCD spectra: S.I. is + 0.18 (SimNN is 
+0.09) for 0.98 scaling factor (950–1220 cm− 1 range) and + 0.26 
(SimNN is +0.14) for 0.97 (1220–1650 cm− 1 range). We also evaluated 

Fig. 2. On the left: analytical HPLC-UV trace (λ = 254 nm) of ( ± )-RC752. Column: Chiralpak™ IC (4.6 × 250 mm, 5 µm); mobile phase: n-Hex/EtOH/DEA/TFA 
(90:10:0.1:0.3); flow rate: 1 mL min− 1; sample concentration: 1 mg mL− 1; injection volume: 10 μL. On the right: chromatographic profile in analytical scale SFC-UV 
trace (λ = 254 nm) of ( ± )-RC752. Column: Chiralpak IA® (4.6 × 250 mm, 5 µm); mobile phase: Heptane/EtOH/DEA (10:90:1) at 40% concentration in CO2; 
temperature: 40 ◦C, flow rate: 4 mL min− 1; sample concentration: 1 mg mL− 1; injection volume: 10 μL. 
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S.I. between the (–)-RC752 experimental spectrum and the (S)-RC752 
enantiomer which, as expected, turned to negative values. Despite 
non-perfect experimental-computational matching, it can be noted 
(Figure SI-3) that the (R)- AC satisfactorily predicted the main experi-
mental (–)-RC752 VCD features, from low to high wavenumbers: the 
negative/positive doublet 1/2 at ca. 1050 cm− 1, the positive/negative 
bands 3 and 4, the negative/positive doublet 5a/5b, the negative band 6 
and the weak doublet 8/9 (Fig. 3). A thorough investigation of each 

conformer VCD-IR calculated spectrum (see Figure SI-5) allowed us to 
understand all contributions to the overall VCD-IR spectra and to further 
back up the proposed AC assignment. It is also worth noting that 
calculated similarity indices values increase, if related to the most 
populated conformer (R)-RC752, to + 0.56/+ 0.39 and to 
+ 0.49/+ 0.32 (S.I./SimNN) according to the 950–1220 cm− 1 and 
1220–1650 cm− 1 ranges, respectively (Table-SI2). The (–)-RC752 ECD 
spectrum shows very weak positive bands corresponding to the biphenyl 

Table 1 
Results of the selected elution protocol in HPLC and SFC for ( ± )-RC752.   

Eluted Column Eluent (v/v/v/v) k α Rs No of theoretical plates [α]D ee% 

HPLC First Chiralpak™ IC Hex/EtOH TFADEA 90:10:0.1:0.3 3.6 1.18 2.61 38376 + 17.9 98.9 
Second 4.3 34430 -16.4 94.9 

SFC First Chiralpak™ IA 60% CO2:40% Hep/EtOHDEA 10:90:1 5.8 1.30 2.85 2317 + 17.9 98.8 
Second 7.7 2608 -17.2 98.2  

Fig. 3. Comparison of calculated and experimental VCD-IR spectra of ( ± )-RC752. The experimental spectrum (in dark red) for (–)-RC752 and the calculated 
spectrum (in black) for (R)-RC752 are reported. The experimental spectrum was measured in CDCl3 solution at ca. 0.09 M concentration and is reported as semi- 
difference between the second eluted (–)-RC752 and the first eluted (+)-RC752 enantiomer (see Figure SI-2). Calculations were performed at the DFT/B3LYP/ 
TZVP/PCM level (chloroform) with empirical dispersion functions. Calculated spectra were reported as weighed average (according to ΔG free energies) over the first 
four most populated conformers (see Figure SI-2 and Table SI-4) with arbitrarily assigned (R)- AC. Vertical thick black bar at 1220 cm− 1 separates the two computed 
spectral ranges (950–1220 cm− 1 and 1220–1650 cm− 1), in which different scaling factors (vide infra) were applied (0.98 and 0.97, respectively). 
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A band at 250 nm and a negative centered one at ca. 200 nm (see 
Figure SI-4). Biphenyl torsion angle drives 250 nm ECD band sign and, 
according to Superchi et al.[33], a positive CD band corresponds to a 
preferential M torsion. TD-DFT calculations confirmed this trend 
showing that all P-oriented biphenyl ( ± )-RC752 conformers possess 
positive 250 nm CD and vice-versa for the M-oriented biphenyl con-
formers. Weighed ECD does not correctly predict the experimental one 
because of free rotation of biphenyl which provided a low chiroptical 
response (Figure SI-6). 

3.3. Biological profile 

As a first step, the binding affinity of (R)-RC752 and (S)-RC752 to 
both SRs was evaluated. Both enantiomers displayed a high affinity for 
the S1R subtype (Ki = 15.0 ± 1.7 and 6.0 ± 1.2 nM for the (S)- and (R)- 
enantiomer, respectively), but only negligible affinity toward the S2R (>
350 nM). Therefore, in terms of affinity, a poor enantioselectivity was 
observed with a slight enantio-preference for the (R)-configured RC752. 
The hepatic metabolic stability, of both enantiomers was determined 
using mouse and human hepatic microsomal fractions. Incubation of the 
enantiomers with these preparations represents a suitable test to eval-
uate their metabolic stability to phase I oxidative metabolism. RC752 
and its enantiomers were highly metabolized when incubated with 
mouse and human hepatic microsomes. However, the (R)-configured 
enantiomer showed a tendency to be slightly less metabolized in the 
human species than (S)-RC752 (10.9 min, 6.1 min). 

Next, the functional profile of racemic and enantiomeric RC752 on 
aquaporin (AQP)-mediated water permeability was studied. AQPs 
include a channel-forming protein family that facilitates the diffusion of 

water and other small molecules through cell membranes. Some of these 
proteins were found to transport H2O2 and, for that reason, were named 
peroxiporins. AQP functions are thus critical to ensure reactive oxygen 
species (ROS) scavenging properties and cell survival.[13,34] Our 
research group has recently reported that S1R agonists, but not antag-
onists, can restore or protect AQP-mediated water and H2O2 perme-
ability in heat-stressed HeLa cells, thus counteracting oxidative stress. 
[20] Moreover, the osmotic water permeability of AQPs was shown to be 
indicative of H2O2 permeability.[34] Heat treatment was used as a cell 
stressor and decreased water permeability. Water permeability was 
measured in heat-stressed cells incubated with or without racemic and 
enantiomeric RC752, and the values were compared to those of control 
cells incubated at room temperature. The stopped-flow light scattering 
was used to measure the osmotic water permeability of HeLa cells, and 
was expressed as a percent of the exponential rate constant k. 

The effects of racemic and enantiomeric RC752 were evaluated in 
both heat-stressed cells and in the absence of oxidative stress (Fig. 4). 
The racemate was unable to prevent the reduction of water permeability 
in both heated stressed and eustress cells conditions. The (R)-RC752 was 
ineffective in restoring water permeability in heat-stressed cells, as well 
as ( ± )-RC752 (Fig. 4A), according to the S1R antagonist profile, pre-
viously demonstrated by us.[13,14] Curiously, the water permeability 
experiments performed in HeLa cells incubated in the absence of 
oxidative stress at room temperature showed that the (S)-configured 
enantiomer acted as the racemate, inhibiting the water permeability 
(Fig. 4B). Therefore, the (R)-RC752 enantiomer showed an opposite 
behavior in stressed and eustress conditions. 

Fig. 4. A) Effect of (+)-(S)-RC752, (–)-(R)-RC752, and the racemate ( ± )-RC752 on water permeability of Hela cells in normal and heat-stress conditions. Three 
different conditions were considered: (1) untreated cells incubated at r.t. (Controls, Ctr); (2) cells treated at 42 ◦C for 3 h (heat-stressed, Heat); (3) heat-stressed cells 
pre-treated with the enantiomers and racemate at 20 μM final concentration. (B) The effect of the compounds on water permeability independently on their anti-
oxidant properties was measured in HeLa cells treated at 21 ◦C for 3 h with single compounds at 20 μM final concentration. Bars represent the osmotic water 
permeability of HeLa cells expressed as a percent of the exponential rate constant k. Values are means ± SEM of 4–15 single shots (time course curves) for each of 4–6 
different experiments. A) * , P < 0.05 vs. Heat, (–)-(R)-RC752, ( ± )-RC752 (ANOVA, followed by Newman-Keuls’s Q test). B) * , P < 0.05 vs. (+)-(S)-RC752 and 
( ± )-RC752 (ANOVA, followed by Newman-Keuls’s Q test). 
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4. Conclusions 

As a continuation of our efforts in investigating SRs and their ligands, 
in this study we report on the isolation of the enantiomeric pair of de-
rivative RC752, whose racemate had been previously characterized as 
an SR antagonist by our research group. The two enantiomers were 
obtained in very high enantiomeric purity (ee ≥ 95%) through enan-
tioselective HPLC and SFC. Due to the shorter analysis times, the overall 
greener procedure, and the slightly better results in terms of enantio-
meric purity of the analytes, SFC was found to be the most convenient 
method. 

With respect to S1R binding and the metabolic stability, a slight 
enantio-preference for (R)-RC752 enantiomer was detected. Unexpect-
edly, preliminary results showed that the two enantiomers exert 
different modulatory effects on the peroxiporins gating, depending on 
eustress and stress conditions. It has been hypothesized that oxidative 
stress conditions may lead to the oxidation of cysteine residues of the 
AQPs thus inducing a conformational change.[35] Our hypothesis is that 
these different conformations of AQP may influence the interaction with 
the protein, causing a different activity of the two enantiomers. These 
data on the effect of RC752 enantiomers on AQP should be considered as 
preliminary results, and their interaction of these SR1 ligands will be 
clarified by further studies. Thus, even when enantiomers seem to 
behave similarly, a deeper exploration reveals a distinct behavior, 
providing the foundation for subsequent, more in-depth investigations. 
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