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ARTICLE INFO ABSTRACT

Keywords: New natural analgesic compounds that act in KORs are important alternatives for potential therapeutical use in
Baccharis medicine. In this work, we report and compare here the antinociceptive activity displayed by cyclic and linear
Neoclerodane

diterpenes, obtained from the genus Baccharis. The antinociceptive activities determined were relatively strong,
in comparison whit morphine. The antinociceptive mechanism of action was made through naloxone adminis-
tration (a non-selective antagonist of opioid receptors). The more active compounds were vehiculized success-
fully in niosomes at nanometric scale. The observed antinociceptive activity for Bartemidiolide oxide (BARTO),
obtain from Baccharis artemisioides, was greater than Flabeloic acid dimer (DACD), the first compound isolated
from Baccharis flabellata that was reported possessing antinociceptive effects. We also conducted docking cal-
culations and molecular dynamics simulations, which suggested that the newly identified diterpenes might share
the molecular action mechanism reported for Salvinorin A (SalA). Molecular simulations have allowed us to
appreciate some subtle differences between molecular interactions of these ligands stabilizing their respective
complexes; such information might be useful for designing and searching for new inhibitors of KORs.

Antinociceptive
KOR
Niosomes

1. Introduction it is expected to reach >115.5 billion by 2032 [1]. The management of
pain encompasses a variety of physiological mechanisms, such as tar-
Global Pain Drugs Market reached $78.41 billion in 2022, however, geting the nociceptors. Based on drug classes, the market is categorized
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Fig. 1. A) neoclerodane diterpene compounds of different Baccharis genus. B) First natural whit high antinociceptive effect, specific for KOR.

into nonsteroidal anti-inflammatory drugs (NSAIDs), anesthetics, anti-
convulsants, antimigraine agents, antidepressants, opioids, and non-
narcotic analgesics. Opioids are further classified into tramadol,
hydrocodone, oxycodone, and others (opioids include fentanyl,
morphine, meperidine, codeine, and methadone). Opioids in the treat-
ment of chronic pain are also influenced by the fact that these potent
analgesics are associated with a significant number of side effects and
complications. Common side effects of opioid administration include
sedation, dizziness, nausea, vomiting, constipation, physical depen-
dence, tolerance, and respiratory depression [2].

Opioid medications that mimic endogenous opioid peptides
(dynorphins, endorphins, and enkephalins) typically bind to subtypes of
opioid receptors (KOR, MOR, and/or DOR) to suppress pain [3]. The
KOR ligands are important research tools and promising molecules for
the safer treatment of pain [4]. To address this issue, medicinal chem-
istry provided different approaches. The pioneering tactic consisted of
synthesizing selective KOR and DOR agonists to overcome the adverse
effects of MOR agonists [5].

In 2002, opioid receptors were implicated in the actions of the psy-
choactive mint Salvia divinorum. The main active constituent isolated
from the leaves of S. divinorum is the neoclerodane diterpene SalA
(Fig. 1A) [6]. This molecule is interesting to pharmacologists because it
is a non-serotonergic hallucinogen that lacks basic nitrogen and is a
potent and selective agonist for KOR. Synthetic organic chemists also
found it an attractive target because of its unique structure containing
seven chiral centers and a diterpene scaffold. Opioid agonists based on
SalA have the potential to treat pain, cough, diarrhea, stimulant
dependence, and mood disorders [7]. Thus, antagonists derived from
this compound have potential use in treating several medical conditions,
including drug dependence, depression, opioid-induced constipation,
and obesity. From such characteristics, analogs of SalA may prove to be
excellent research tools and provide greater insight into opioid receptor-
mediated phenomena.

Previously, researchers at the University of San Luis reported several
clerodanes and neoclerodanes obtained from Baccharis (Asteraceae,
Astereae) genus possessing different biological effects [8-14]. Among
them are, Flabeloic acid (DAC) and his dimer (DACD), as well as,
Diepoxy-neoclerodane (DiENC), which were extracted from Baccharis
flabellata [8-10]. Bartemidiolide oxide (BARTO) was obtained from
Baccharis artemisioides [11]; and Hautriwaic acid (HAW) was obtained
from Baccharis crispa, [12,13]. The lineal terpenoid Thymifodioic acid
(THYM) was extracted from Baccharis thymifolia [14].

Significant antifeedant activities have been reported for some of
these compounds [15-18] and more recently we reported

antinociceptive effects for extracts obtained from Baccharis flabellata
[19]. Our results suggest that this activity is mainly due to the presence
of DAC and its dimer (DACD). We demonstrated that both compounds
act on opioid receptors, being the antinociceptive effect of DACD
stronger than DAC. We also conducted a molecular modeling study
analyzing the molecular interactions of DAC and DACD complexes with
the KORs.

Our results suggest interactions for both compounds with GIn115,
Vall18, Tyr119, Asn122, and Tyr313, which are stabilizing their com-
plexes. In addition, our results indicate that these neoclerodanes would
have a molecular mechanism of action similar to that of SalA; such in-
formation can be very useful for the design of new inhibitors of KORs.
Based on our previous results and taking advantage of such data, in this
work we have studied with more detail the antinociceptive activity of
compounds DAC and DACD, but in this study, we have also included
compounds structurally related to DAC (BARTO, DiENC, HAW, and
THYM), to look for new molecules possessing this biological effect.

To better understand our experimental data, we have also performed
a molecular modeling study by using docking calculations and molec-
ular dynamics simulations for all the compounds reported here. In
addition, considering that most of the anti-inflammatory clerodane
diterpenoids have poor water solubility [20] and this property can be
reduced for molecular aggregation, it is interesting to evaluate possible
vehiculization of the compounds to improve pharmacodynamics as-
pects. We studied the incorporation of the most active compounds in
nanovesicles formed by non-ionic surfactants (niosomes), looking for
improving the bioavailability of these compounds.

2. Materials and methods
2.1. General experimental procedures

NMR spectra were measured at 400 MHz (*H) and 100 MHz (*3C);
chemical shifts are reported relative to internal Me4Si (§ = 0). NMR
assignments were determined using 2D experiments (COSY, DEPT,
HETCOR, HMBC, HSQC). Optical rotations were determined in CHCl3.
Column chromatography (CC) was performed on silica gel 60 A
(400-500 mesh), using increasing polarity n-hexane-EtOAc mixtures as
solvent. Gel chromatography was carried out employing Sephadex LH-
20 with MeOH as solvent. TLC was carried out on silica gel 60 F254
(0.2 mm thick plates) using a mixture of n-hexane-EtOAc (1:1) as sol-
vent. Compounds were visualized using UV light and H,SO4-AcOH-H,0
(4:20:1) as chromogenic reagents. Neo-clerodanes were purified by
Centrifugal thin layer chromatography (CTLC) on a Chromatotron
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(Model 7924 T Harrison Research, Palo Alto, CA, USA). HPLC chroma-
tography was carried out using a binary pump Waters® 1525 HPLC
system (Milford, Massachusetts., USA) attached to a Waters® 2998 UV
photodiode array detector. The column employed in all determinations
was a C18 Chrompack® (packing material: Chromspher® C18 150 x
4.6 mm diameter, Santa Clara, California, USA). All solvents were pu-
rified by standard techniques.

2.2. Plant material and isolation of diterpenes

Aerial parts of Baccharis artemisioides (1 Kg) were collected in El
Durazno Alto, San Luis, Argentina (33°07'35.2"S 66°08'37.9"W) at 1049
m AMSL (Del Vitto LA & EM Petenatti # 5301 UNSL). Baccharis flabellata
aerial parts (2.3 Kg) were collected in Potrero de los Funes town, San
Luis hills, Argentina (33° 11’ 90.88" S, 66° 15 42.63" W) at 1270 m
AMSL. (Del Vitto LA & EM Petenatti 10520 UNSL). Baccharis crispa
aerial parts (1.8 Kg) were collected in Rio Grande, El Trapiche, San Luis,
Argentina. (33°04'26S, 66°09'56"0) at 1107 AMSL (UNSL 376). Aerial
parts (2.8 kg) of Baccharis thymifolia were collected in Villavicencio,
Mendoza, Argentina (32°31'37'S 69°01'06’0) at 2700 m AMSL (Del
Vitto LA & EM Petenatti 9367 UNSL). All specimens were authenticated
by Prof. Dr. Elisa Petenatti and each batch was deposited at the Her-
barium of the Universidad Nacional de San Luis (L.A. Del Vitto & E.M.
Petenatti). Leaves and stems were extracted with methanol in portions of
200 ml each, immediately after being cut from the plant at room tem-
perature. The vacuum concentrate methanol extracts were subjected to a
novel flash chromatography procedure using a combined stationary
phase constituting successive layers of alumina (upper layer), activated
charcoal (middle layer), and silica gel 60 (lower layer) (150 g each), to
retain chlorophylls, flavonoids, and waxes, in a single procedure.
Elution was performed with EA. The organic eluate, enriched in terpene
compounds, was dried under vacuum yielding 185.30 mg of Baccharis
artemisioides, 220.40 mg of Baccharis flabellata, 250.65 mg of Baccharis
crispa, 210.13 mg, and 310.85 mg for Baccharis thymifolia. Solid mate-
rials obtained were resuspended in 10 ml of MeOH each and further
separated by preparative CTLC. The CTLC plates were coated with a 2
mm thick layer of silica gel GF254 (Merck). The mobile phases used
were increasing polarity mixtures of n-hexane (100%) to EA (100%) that
were pumped at a flow rate of 1 ml min — 1. UV detection was carried
out at 254 nm and 2 ml fractions were collected. Neo-clerodanes ob-
tained were BARTO (50.10 mg) from Baccharis artemisioides, DACD
(30.20 mg), DAC (39.20 mg), and DiENC (41.50 mg) from Baccharis
flabellata, HAW (22.61 mg) from Baccharis crispa and THYM (17.34 mg)
from Baccharis thymifolia.

2.3. Spectroscopic and spectrophotometric determinations

For all the compounds studied in this work, spectrometric and
spectrophotometric data were in total agreement with those published
lately by Tonn et al. for BARTO [11], Funes et al. for DACD, and DAC
[9], Gianello and Giordano, for DiENC [10], Simirgiotis et al. for HAW
[12], and Saad et al. for THYM [14].

More information is provided in supplementary data SI, Table S1 to
S6, and Fig. S1 to S34. To assure solubility in CDCls, neoclerodanes whit
acid substituents were derivatized with Ac20/Py/DMAP, getting a pale-
yellow oil.

2.4. HPLC-DAD characterization

2.4.1. For neoclerodanes determinations the photodiode array detector was
working at the range of 200 nm to 750 nm

Standard solutions for every compound were made in methanol (10
mg ml™!) and filtered through a Durapore® syringe membrane (Merck
Millipore, Darmstadt, Germany) of 13 mm diameter and 0.22 pm pore
size before the injection of 10 pl into the HPLC-DAD system. The C18
column was used at room temperature. The mobile phase consisting of
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Fig. 2. HPLC-DAD profiles of purified neoclerodanes obtain from different
species of Baccharis genus. The purity of each compound was >98%.

MeOH 0.1% p/v aqueous acetic acid solution, in a proportion of 7:3 v/v,
was used for isocratic elution at a flow rate of 1 ml min~!. The total run
time was 30 min and the detector was set at 296 nm (Fig. 2). For com-
plete data, see HPLC conditions, chromatograms, and UV spectrums in
SI, Fig.: S6, S12, S18, S24, S28, and S34.

2.5. Bioassays

2.5.1. Animals

The experiments were performed on Rockland mice of either sex
(25-30 g) with free access to standard food and water, in a 12 h day—
night cycle (lights on from 07:00 to 19:00 h), at a constant temperature
of (22 + 3)°C (with periodic cycles of air changes) and relative humidity
of about 50-60%. Acclimatization of animals was done for two days
before the beginning of the experiment. The animals were randomly
assigned to the different groups. All the animals were obtained from the
Bioterium of the Facultad de Quimica, Bioquimica y Farmacia of Uni-
versidad Nacional de San Luis (Argentina) and the experiments com-
plied with the ANMAT No. 64/96 [21]. Animal care guidelines were also
authorized by Institutional Committee for the Care and Use of Labora-
tory Animals (Acronym: CICUA) of our institution (protocol No. F-206/
15 in Resolution 324-16).

2.5.2. Antinociceptive activity

The hot-plate test was used to measure response latencies according
to the method described by Eddy and Leimbach, with minor modifica-
tions [22]. Each mouse was placed on a hot plate kept at (56 + 1) °C,
after 30 min of animal injections. The latency in seconds was recorded
using a stopwatch as the time between adjusting the animal on the hot
plate and the appearance of symptoms of discomfort as licking of the
hind paws, shaking, or jumping off from the surface. The reaction time
was recorded before (0) and 0.5, 1, and 1.5 h after the treatments. The
cutoff time of 60 s was selected according to Woolfe and MacDonald
[23]. Mice with baseline latencies higher than 10 s were eliminated from
the study. A significant increase in latency was considered indicative of
analgesic activity. One group of animals was treated with BARTO,
DACD, DiENC, DAC, HAW, and THYM at two doses (50 and 100 mg/kg,
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i.p.), another group was given morphine (10 mg/kg, s.c.); while control
animals received the same volume of saline solution (10 ml/kg i.p.). To
assess the possible participation of opioid receptors, mice were pre-
treated with naloxone (100 mg/kg i.p.), a non-selective antagonist of
opioid receptors.

2.5.3. Statistical analysis

Statistical analysis was performed using GraphPad Prism version
5.00 for Windows and GraphPad InStat version 3.00 for Windows
(GraphPad Software, San Diego, CA, USA, www.graphpad.com). Data
were indicated as the mean =+ standard error of the mean (SEM). The
statistical significance of differences between groups was assessed uti-
lizing analysis of variance (ANOVA) and posterior comparison by Tukey.
A probability of p < 0.05 was considered significant (section 4 of sup-
plementary data).

2.5.4. KOR in vitro

Every cell line and experiment were utilized as previously delineated
[24]. In summary, CHO-K1 cells that had a permanent expression of the
human k-opioid receptor were procured from Discoverx Corp. (Fremont,
CA, USA; OPRK]1 catalog no. 95-0088C2). Cells were implemented in the
DiscoverX HitHunter cAMP analysis for small-molecule experimenta-
tion, following the instructions of the manufacturer, as thoroughly
delineated [24].

2.6. Molecular modeling

2.6.1. Automated docking setup

The receptor structure corresponds to the following PDB code: 4DJH
[25]. Missing residues Thr302, Ser303, His304, Ser305, and Thr306
have been included in the structure with Modeller 9.19 [26]. AutoDock
Vina 1.1.2 [27] was used to dock each compound to the KOR and all
graphic manipulations and visualizations were performed using Auto-
Dock Tools 1.5.6 [28]. The receptor was defined as rigid and all torsions
of the ligands were allowed to rotate during docking. The grid di-
mensions were 40, 40, and 40 for the X, Y, and Z axes, respectively, in
the active site region with a resolution of 0.375 A. Nonpolar hydrogen
atoms were merged and Gasteiger charges were assigned for all the
compounds. The value for the exhaustiveness of the search was 400,
whereas the number of poses collected was 20.

2.6.2. MD simulations

MD simulations were performed using the AMBER16 software
package [29]. For each complex, the three lowest energy conformations
from docking calculations were considered to carry out the MD simu-
lations using periodic boundary conditions and cubic simulation cells
with explicit water, employing the TIP3P model [30]. Around 44,100
water molecules were added to the box, and chlorine ions were included
to neutralize the system. The MD simulations were performed using the
all-atom force field ff99SB [31] to describe the receptor, whereas the
general Amber force field [32] was used to handle ligands and the force
field parameters of the ligands were produced by the antechamber
program in Amber. The particle mesh Ewald method (PME) [33] was
applied using a grid spacing of 1.2 A, a spline interpolation order of 4,
and a real space direct sum cutoff of 10 A. The SHAKE algorithm [34]
was applied allowing for an integration time step of 2 fs. MD simulations
were carried out at 310 K, and all alpha carbons from the protein
backbone were kept almost fixed with a harmonic force constant of 500
keal/mol A~2. Three MD simulations of 5 ns were conducted for each
system under different starting velocity distribution functions; thus, in
total 15 ns were simulated for each complex. The NPT ensemble was
employed using Berendsen coupling to a baro/thermostat (target pres-
sure 1 atm, relaxation time 0.1 ps). Post MD analysis was carried out
with the program CPPTRAJ [35]. Spatial views shown in Figs. 4 and 6
were constructed using the UCSF Chimera program as a graphic inter-
face [36].
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2.6.3. MM-GBSA free energy decomposition

Interaction energy histograms were used to determine which KOR
residues were involved in the interactions with the ligands. For this
purpose, we have employed MM-GBSA free energy decomposition using
the mm_pbsa program [37] in AMBER16. This calculation allowed
decomposing the interaction energies to each residue considering mo-
lecular mechanics and solvation energies [38]. Four energy terms were
included for each ligand-residue pair: van der Waals contribution
(AEyqw), electrostatic contribution (AEg), polar desolvation term
(AGgg), and nonpolar desolvation term (AGga), which can be summa-
rized as the following equation:

AGiigand—residue = AEvaw +AE e +AGgp +AGsp m

For MM-GBSA methodology, snapshots were taken at 10 ps time
intervals from the corresponding last 2000 ps MD trajectories, and the
explicit water molecules were removed from the snapshots.

2.7. Incorporation of neoclerodanes in niosomes

Because BARTO and DACD are the most active compounds, were
vehiculated in soft materials as a particular type of vesicles, called
niosomes, obtained from non-ionic surfactants derived from renewable
sources, and approved for use in food and pharmaceutical applications.
Niosomes were prepared in an equimolar mixture of tween 80 (Tw80)
and span 80 (Sp80) in water (total working concentration = 10 mM)
using the thin film hydration method followed by extrusion through a
100 nm membrane as was previously described [39]. Briefly, stock so-
lutions of Tw80, Sp80, and these most active neoclerodanes in EtOH
were prepared. Appropriate aliquots of non-ionic surfactants and active
neoclerodanes solutions (to obtain a final concentration of 10 mM and
0.22 mM respectively) were added in a round bottom flask. Then, EtOH
was completely removed under reduced pressure in a Biichi R-200
equipment, until a thin film was formed on the flask walls. After that,
MilliQ water (10 ml) was added and the suspension was shaken at 116
spm at 60 °C in a shaker water bath for 30 min (OLS200 Grant). The
dispersion was left to equilibrate at room temperature overnight. The
final suspension was extruded 21 times through a 100 nm pore size
polycarbonate membrane using a manual mini extruder from Avanti
Polar Lipids, Inc. Subsequently, BARTO-niosomes and DACD-niosomes
were separated from free active neoclerodanes using size exclusion gel
chromatography (14.5 x 50 mm Disposable Desalting Column with
Sephadex G-25 resin, GE Healthcare Life Sciences). Extruded vehicu-
lated active neoclerodanes were used for further analysis. To quantify
the amount of NCD inside the niosomes, a sample (0.1 ml) was diluted in
MeOH (1 ml), and the absorbance at 305 nm was recorded on Waters
HPLC-DAD chromatographer. The NCD concentration was determined
via interpolation from a separate calibration curve.

Encapsulation efficiency (EE) was determined as the percentual ratio
between the quantity of encapsulated neoclerodane (remaining after
purification using exclusion gel chromatography) and the total com-
pound added during niosome preparation as the following equation (Eq.
(2)):

[neo — clerodanes|
EE =

encapsulated % 100 (2)

[neo — clerodanes),,.; wiiea

Release experiments were performed under simulated gastrointes-
tinal conditions at 37 °C using Franz diffusion cells. To achieve gastric
conditions, a buffer solution at pH 1.2 was prepared with HCl/KCl,
0.085 M/0.050 M, and to imitate intestinal conditions, a buffer at pH 6.8
was prepared with NaOH/KH,PO4, 0.022 M/0.050 M, as was previously
described [40]. The donor compartment of the cell was filled with
neoclerodanes loaded niosomes whereas the receptor compartment was
filled with the corresponding buffer solution. Both compartments were
separated with a dialysis benzoylated membrane (Sigma Aldrich, cutoff
2 kDa MW). At specific time intervals (for 2 h at pH 1.2 and 6 h at pH
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Table 1

The effect of cyclic and linear diterpenes and morphine by intraperitoneal (i.p.)
or subcutaneous (s.c.) route of administration in the hot plate test. The latency
for the nociceptive behavior was recorded before 0, 15, 30, 60, and 90 min after
the treatments. All values were expressed as mean =+ standard error of the mean
(SEM). Asterisks denote significant differences from the control: ***p < 0.001 vs.
control (ANOVA and posterior comparison by Tukey test).

Treatment Dose 0 15 min. 30 min. 60 min. 90 min.
(mg/kg) min.
BARTO 25 ip. 7.45 8.27 + 16.25 + 19.02 + 28.74 +
+ 0.85 1.21%%* 1.36%** 2.12%**
0.62
50 ip. 7.98 18.16 + 27.08 + 35.22 + 44.27 +
+ 1.23%%* 1.88%*x* 2.02%* 2.02%**
0.54
100 i.p. 7.84 25.01 + 39.07 + 50.03 + 52.20 +
+ 1.14%%* 0.99%** 1.39%%* 1.02%%*
1.21
DACD 25ip. 6.83 6.47 + 9.01 + 12.17 + 19.14 +
+ 0.97 1.24 2.20 1.27 ***
0.36
50 i.p. 7.61 11.43 + 22.14 + 28.41 + 35.21 +
+ 1.13 1.42%%* 2.34%* 1.02 ***
0.36
100 ip. 7.64 22.86 + 36.38 + 44.81 + 49.43 +
j: 2.264#(4« 2.94fr>'<1‘: 3.68:’c>'<+ 2.08*7‘:9(
1.09
DiENC 25 ip. 6.02 7.71 + 7.98 + 13.65 + 15.82 +
+ 1.49 o 1.75 g
0.12
50 i.p. 5.98 9.65 + 16.77 + 27.28 + 36.27 +
+ 1.97 3.16%** 1.20%**
0.08
100 ip. 7.98 18.65 + 26.77 + 37.28 + 46.27 +
+ 2.97%%* 5.16%** 2.75%%* 2.20%**
1.08
DAC 25 ip. 7.45 7.65 + 8.01 + 9.27 + 12.17 +
+ 0.08 0.52 0.34 1.65
0.04
50 i.p. 7.97 9.34 + 10.03 + 15.30 + 20.12 +
+ 0.13 0.33 0.24 2.12%**
0.08
100 i.p. 7.77 16.68 + 21.09 + 24.60 + 36.14 +
+ 1.36%** 0.99%** 1.39%%* 3.23%**
1.27
HWA 25 ip. 7.11 7.98 + 8.33 + 9.74 + 12.72 +
+ 0.63 0.84 1.28 1.56
0.76
50 ip. 7.15 8.35 + 10.53 + 15.64 + 19.64 +
+ 0.63 0.68 1.12 1.12%**
0.66
100 ip. 7.52 17.99 + 20.21 + 2233 + 37.33 +
j: 2.104#(4« 1.73fr>'<1‘: 2.59:’:*4: 1.86*7‘:9(
1.39
THYM 25ip. 4.21 3.76 + 9.01 + 5.48 + 4.32 +
+ 0.46 0.75 0.41 0.11
0.22
50 i.p. 3.99 5.88 + 10.36 + 7.26 + 6.52 +
+ 0.63 0.68 0.56 0.24
0.25
100 ip. 8.17 18.78 + 22.27 + 19,37 + 14.45 +
+ 0.66** 1.06*** 0.50%** 0.53
1.32
Morphine 10 s.c. 8.09 35.00 + 41.85 + 52.12 + 54.71 +
+ 1.63%** 1.21%%* 2.20%** 1.25%%*
0.92
Control Saline 7.96 8.20 + 8.78 + 8.43 + 7.83 +
phys. + 0.36 0.25 0.32 0.41

Sol. i.p. 0.37

6.8), an aliquot was carefully removed for subsequent HPLC-DAD
analysis to evaluate the clerodane concentration. The removed volume
was replaced with a fresh buffer solution. The compound concentration
was determined from a calibration curve and the cumulative release was
obtained by calculating the total amount detected in the aliquots.
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3. Results and discussion
3.1. Antinociceptive activities

Based on our previous information about the structural requirements
for these compounds to produce antinociceptive activity, we have
selected for this study the compounds shown in Fig. 1B.

Compounds DACD and DAC were taken as starting structures due to
their structural resemblance with SalA and their antinociceptive activ-
ities were previously reported [19]. In the same way, BARTO, DiENC,
and HAW were chosen and their antinociceptive activities were
compared with DACD. In addition, in this study, we wanted to evaluate
one compound possessing a higher molecular flexibility, and therefore,
THYM (a linear diterpene) was also included.

Antinociceptive activities of cyclic and linear diterpenes are shown
in Table 1. In this series, it is clear that BARTO is markedly more active
than DACD at 50 and 100 mg/kg applied i.p. DAC and HWA have shown
weaker activity than BARTO, but their activities are still significant.
DiENC presents higher activity compared whit DAC and HWA, espe-
cially at 100 mg/kg applied ip. Linear diterpene, a very flexible com-
pound, presents a similar activity at both concentrations, closer to that
of DAC 50 mg/kg applied i.p.

This type of compound could contribute to a new perspective on the
antinociceptive activity of diterpenes and could be applied to cases of
moderate sedation [41]. In this work, we continued with the study of the
antinociceptive activity mechanism applied for other diterpenes (neo-
clerodanes) similar to SalA as BARTO and linear diterpenes as THYM.

Antinociceptive mechanism of BARTO, DiENC, HWA, and THYM
was reversed by prior administration of naloxone (1 mg/kg, i.p.), a non-
selective antagonist of opioid receptors (Fig. 3), suggesting that the
opioidergic mechanism is involved in the antinociceptive action of DAC
and DACD [19].

At this point of our study, we considered it very important to
determine the possible mechanism of action at the molecular level of
these compounds. Thus, considering the structural resemblance between
BARTO and DiENC with SalA, as well as, the activities previously re-
ported for several neoclerodanes on the KOR, it is reasonable to think
that these neoclerodanes could be acting against the same molecular
target and through the same mechanism of action. To better understand
these results, we simulated the interaction of cyclic and linear diterpenes
at the active site of KOR. Thus, we carried out a molecular modeling
study for these compounds and such results are discussed in the next
section.

3.2. KOR in vitro activity

We perform an in vitro functional assay to assess the inhibition of
forskolin-induced cAMP accumulation in CHO cells to stably express the
hKOR for neoclerodane diterpene compounds of different Baccharis
genus. SalA is a full KOR agonist with a potency of 0.042 + 0.005 nM
[42], therefore, THYM, HAW, and DAC do not demonstrate KOR ac-
tivity at 50 pM. (Table 2). The most promising compounds should be
those that presented greater antinociceptive activity shown in Table 1.
However, according to the Table 2, BARTO, DiENC, and DACD did not
approach the potency of SalA, with their potency values are 19.0 + 0.6
pM, 27.0 &+ 0.6 pM, and 33.0 + 0.6 uM respectively. Although activities
obtained for compounds reported here are significantly weaker than that
of SalA, our results confirm that the most potent neoclerdanos as anti-
nociceptives, express in good proportion the hKOR, effect: being BARTO
the most active as KOR inhibitor.

3.3. Molecular modeling
To perform this study, we used combined techniques of docking and

MD simulations, which allowed us to determine the molecular in-
teractions of these compounds at the molecular target (the KORs). In this
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Fig. 3. Effect of cyclic and linear neoclerodanes on hot plate test at 30, 60, and 90 min (n = 7) and pretreatment with naloxone (1 mg/kg, i.p.). Values are expressed
as mean + SEM, where ***p < 0.001 vs. BARTO, DACD, DiENC, DAC, HWA, and THYM alone and ###p < 0.001 vs. control, according to ANOVA, followed by

Tukey’s test.

Table 2
In Vitro KOR Activity results.

Compound potency EC50 +
SEM®" (uM)

BARTO 19.0 £ 0.6
DACD 27.0£1.5
DiENC 33.0+21

DAC >50°

HWA >50°

THYM >50°

SalA EC50 = 0.042 + 0.005 nM and Emax =100%.
means + standard error of the mean; n > 2 individual

experiments run in triplicate

[42].

b KOR Emax = 100% unless otherwise noted.
¢ KOR Emax = 0% up to 50 pM.

study, we have also included SalA

for comparison reasons. As was

previously denoted, SalA is a natural neoclerodane with a potent opioid
analgesic effect [6] and is structurally related to the compounds

reported here.

Our simulations combining docking study and MD calculations,
indicated that BARTO, DiENC, HAW, and THYM bind in the same re-
gion of the active site of KOR as that previously reported for SalA [7],
DAGC, and DACD [19] (Fig. 4). Although in general docking calculations
have some limitations [23,24], in this case, they provide very interesting
information.

Our docking results clearly showed the high molecular flexibility of
THYM, even within the active site of the KOR. THYM shows, in its
structure (Fig. 1B), a large number of spatial arrangements, that might
adopt in the binding pocket. Considering the high number of different
poses obtained for THYM, it is very difficult to take clear criteria to
select the better candidates to bind into the molecular target. However,
this behavior is different from those obtained for the rest of the com-
pounds, which displayed quite a low molecular flexibility. The docking
results obtained for BARTO are shown in Fig. 5B. In this case, there is a
highly preferred family considering population and energy scores.
Similar results to BARTO were obtained for DACD and DiENC. This
different behavior could explain at least in part the lack of activity
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Fig. 4. Spatial view for the superimposition of the SalA (green), BARTO (tan), and DiENC (light blue) in the binding site of KOR. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

shown by THYM compared to the rest of the compounds in the series.
Based on these results, we focused our interest on BARTO, DACD, and
DiENG; thus, in the next stage, we performed an analysis per residue for
such compounds. These results were compared with those previously
reported for SalA. (Fig. 5A) experiments complied with the ANMAT)
shows the analysis per residue obtained for the different complexes.

Analyzing in detail our results, MD simulations indicated that these
molecules are arranged spatially in a slightly different way to that of
SalA at the binding site, which could explain the different activities
observed in this series. From Fig. 5 it can be seen that the three com-
pounds interact mostly with the same residues: Asp138, Met142, Ile 290
Tyr312, and 1le316. However, there are some differences, for example,
BARTO shows interactions with GIn115 (as does SalA); while DACD and
DIiENC do not present this interaction. Another notable difference is that
DACD and DiENC have a significant interaction with Lys227, while
BARTO does not show this interaction. It should be noted that SalA
establishes both types of interactions (with GIn115 and Lys227).

Based on our results, it could be speculated that the interaction with
GIn115 is more important than that with Lys227 since BARTO has
remarkably stronger inhibitory effects than that DACD and DiENC,
however, we must be cautious with this comment. It is more prudent to
think that both interactions could be important to have a strong bio-
logical effect. Anyway, comparing the spatial arrangements obtained for
these compounds, our results indicate that BARTO adopts a spatial
ordering quite similar to that of SalA (Fig. 6), which could explain its
stronger activity concerning the other compounds studied here. In
addition, interesting information can be obtained from MD simulations
by analyzing the values of binding energies obtained for the different
complexes (Table 3).

In general, there is a good correlation between the binding energy
values obtained for the different complexes and the antinociceptive ef-
fect shown by these compounds. SalA, which is undoubtedly the most
active compound, has the highest value (—37.56 kcal/mol), followed by
BARTO (—33.24 kcal/mol) which is the most active compound in this
series. At the other extreme, the less active compounds DAC and HWA
show the lowest values; while DACD and DiENC have intermediate (and
fairly close) values. It is interesting to note that these values obtained
through simulations are in line with the experimental data obtained.

3.4. Vehiculization of neoclerodanes in niosomes

Pharmacokinetics properties of compounds are as important as their
pharmacodynamics characteristics. High oral bioavailability is an

important point to consider for the development of bioactive molecules
as therapeutic agents. Compared to many synthetic compounds and
natural products, the logP value of clerodane diterpenoids is higher,
indicating lower oral bioavailability [20]. Most of the anti-inflammatory
clerodanes have poor water solubility. These characteristics compromise
the oral bioavailability of the compounds. Poor oral bioavailability can
result in variable exposure to active drugs, especially when the factors
that limit it are compromised in a specific individual [43].

In this context, to improve the pharmacokinetic characteristics of
DACD and BARTO, we have encapsulated them in soft nanomaterials as
niosomes. Although the vehiculization of clerodanes using niosomes was
not found in the literature, a single example was found using trans-
dehydrocrotonin (t-DCTN) into liposomes [44]. Other drugs with anes-
thetic activity such as morphine and opiorphin were encapsulated in a
wide range of liposomal formulations [45-47] while niosomes were
employed for classical anesthetic drugs such as lidocaine [48].

Niosomes are vesicles composed of non-ionic surfactants that consist
of concentric hydrophobic bilayers enclosing an inner aqueous
compartment. Niosomes offer advantages over other vesicular systems,
such as biocompatibility, chemical stability, and low cost, among others
[49]. In these systems, lipophilic molecules remain entrapped within the
lipidic bilayer, whereas more water soluble ones are preferably located
in the internal aqueous core compartment. In this work, niosomes were
formulated with Tw80:Sp80 (1:1) as were previously characterized [39]
which are surfactants approved for their use in foods and pharmaceu-
tical applications.

The encapsulation efficiencies (EE) values for the incorporation of
DACD and BARTO, determined after the purification of the niosomes by
size exclusion gel chromatography were 72% and 50% respectively.
There are very few examples of the use of vesicular systems to encap-
sulate clerodanes. For instance, Lapenda et al. encapsulated t-DCTN and
its inclusion complexes with hydropropyl-p-cyclodextrin (HP--CD) in
liposomes, to improve t-DCTN antitumor activity. They obtained better
values of EE than in this work, (about 90%) showing better interaction of
the compound with liposomes [44]. Other authors reported encapsula-
tion efficiencies for opiorphin (an endogenous regulator peptide with a
strong pain killing effect) of around 90 and 70% using conventional and
PEGylated liposomes, respectively [47].

The release of both clerodanes from niosomes was measured at 37 °C
at pH 1.2 (to emulate gastric conditions) and pH 6.8 (to mimic intestinal
conditions), considering oral administration. The release of DACD from
niosomes was very scarce in both media, reaching 13% at pH 1.2 during
2 h and 1.8% at pH 6.8 in 6 h. The differences were probably related to
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Fig. 5. Histograms of interaction energies partitioned concerning the KOR amino acids in complex with A) SalA, B) BARTO, and C) DiENC. The x-axis denotes the
residue number of KOR, and the y-axis denotes the interaction energy between the compounds and a specific residue. Negative values and positive values are

favorable or unfavorable to binding, respectively.

different acid-base species at both pH, due to the ionization of carboxylic
acids moieties in the DACD molecule. Besides, the interaction of this
clerodane with the niosomes bilayer seems to be strong, hindering the
release in the studied time. On the contrary, BARTO release was higher

at both pH conditions (43% at pH 1.2 after 2 h and 47% at pH 6.8 in 6 h).
BARTO resulted in the most active compound of the molecules studied,
and also showed higher release from niosomes. Previously, other au-
thors encapsulated morphine (an opioid agonist) into liposomes, and a
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Fig. 6. Spatial view of the binding site of KOR with SalA (green) and BARTO
(tan). The main residues of the active site are highlighted. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)

Table 3
Binding energies obtained from MD simulations for the different
L-R complexes.

Compound Binding energy (kcal/mol)
SalA —37.56
BARTO —33.24
DIiENC —29.77
HAW —25.04
DAC —21.08
DACD —27.78

more prolonged release was observed. Almost 40% of the drug was
released after 60 h from liposomes made of soybean lecithin [47] and
43% after 24 h from unilamellar liposomes covered by a PEG layer [44]
at physiological pH. The presence of a portion of cationic morphine (pKa
8.1) at pH 7.4 could improve the interaction with the phosphate moi-
eties present in the lipid membrane, retarding the drug release in com-
parison with the clerodanes employed in this work. Lidocaine, another
anesthetic drug, was previously encapsulated into pH-sensitive nio-
somes based on Tween 20 derivatized by glycin and in this case, ~35%
of the drug was released at pH 7.4 after 6 h [48].

The evaluation of in vitro release kinetics of active substances from
delivery systems plays an important role in predicting and management
of their efficacy and safety [49]. In this sense, release plots were fitted
according to different empirical equations, zero and first order kinetics,
Higuchi, and Korsmeyer-Peppas models (to see Eqs. 3-6). There M; and
M,, correspond to the cumulative and the maximal amounts of active
compound released at time ¢, respectively. In the zero order kinetics, the
fraction of drug release is proportional to the time, with a rate constant
(Eq. 3) while in the first order kinetics model (Eq. 4), is the natural
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logarithm of the fraction of drug released proportional to the time. In the
Higuchi model (Eq. 5), the fraction of the drug released is proportional
to the square root of time, and K is a constant related to the formulation.
Regarding the Korsmeyer-Peppas model (Eq. 6), k is the rate constant
and n is the exponent that characterizes the release mechanism (e.g., n =
0.5 corresponds to a Fickian diffusion mechanism, whereas 0.5 <n < 11is
typical for non-Fickian diffusions).

M

M. =k*t 3)
Ln AA;—; — k¥t @
;‘li; — ket ®)
Mﬁ; -~ 6)

The kinetic parameters calculated from the empirical models are
shown in Table 4. The correlation coefficients (R%) indicated that the
best-fitted model for the release of BARTO from the niosomes was the
Zero order model. This result indicated that BARTO release was inde-
pendent of its initial concentration with a constant release rate. This
type of kinetic profile is useful to minimize dosing variation [50].
However, the release rate constants obtained for BARTO were ca 4-fold
faster at pH 1.2 than at 6.8. At a strongly acidic medium, the ester
moieties presented in BARTO may hydrolyze and thus increase its hy-
drophilicity, favoring the release from the niosomes to the aqueous
medium. Nevertheless, more studies are needed to ensure this hypoth-
esis. In the case of DACD, the best-fitted kinetic model was the Higuchi
one, indicating that DACD release was governed by the diffusion with
absence of vesicle disintegration [49-51]. Similar behavior was found
for the release of t-DCTN and its inclusion complex from liposomes at
pH 7.4 which also showed a release profile according to the Higuchi
model, with a burst effect in the first 2 h and then a prolonged release of
the drug (90% in 24 h) [42]. In the present work, the slow diffusion of
DACD from the niosomes may be related to its high molecular weight in
comparison with BARTO and the higher contribution of lipophilic
moieties in the chemical structure, which could favor the partition to the
noisome bilayer than to the release media.

4. Conclusions

There is a clear demand for new agonists of the KORS and in such
target the trend towards the use of natural products as medicines,
instead of synthetic drugs is an important alternative for the develop-
ment of new specific agonists of the KORs. We report here the anti-
nociceptive activity displayed by neo-clerodane diterpenes obtained
from the Baccharis genus; such activities are relatively strong, particu-
larly that observed for BARTO.

Our molecular modeling study has allowed us to understand the
possible mechanism of action of BARTO. Combined docking and MD
simulations suggest that compounds reported here might share the
molecular action mechanism reported for SalA. Such a result is not
unexpected considering the structural resemblance between SalA and

Table 4
Release kinetics model parameters for DACD-niosomes and BARTO-niosomes under simulated gastrointestinal conditions at 37 °C.
Delivery system pH release medium Zero order First order Higuchi Korsmeyer-Peppas
k R? k R? k R? k R? n
DACD-niosomes 1.2 8.88 0.8446 3.80 0.5497 17.31 0.9032 8.79 0.8373 0.8049
BARTO-niosomes ?Z 32.94 0.9926 2.05 0.9268 59.48 0.9709 22.46 0.8889 1
6.8 8.39 0.9852 0.44 0.9515 28.42 0.9443 4.60 0.3351 1

" The release of DACD from niosomes at pH 6.8 was very low.
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some of the compounds reported here. In particular, molecular simula-
tions have allowed us to appreciate some subtle differences between
molecular interactions of these ligands stabilizing their respective
complexes; such information might be useful for designing new in-
hibitors of KORS.

The incorporation of clerodanes diterpenes in niosomes resulted in
important differences in the release of the compounds. The fit of the data
to different models indicated that the drug release kinetics depends on
the media’s pH but also the type of clerodane. Moreover, this release was
controlled with the absence of burst release. BARTO, as the most
bioactive clerodane, showed a Zero order kinetic model which ensures a
constant drug release after a single dose administration.

Our results indicate that BARTO could be an interesting starting
structure for the search and development of new analgesic agents which
could end up with serious side-effects caused by morphine analgesic
treatment, such as addictive tendency, among others.
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