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Abstract
Bardoxolone methyl (CDDO-Me), a synthetic derivative of the naturally occurring triterpenoid oleanolic acid, displays 
strong antioxidant, anticancer and anti-inflammatory activities, according to different bibliographical sources. However, 
the understanding of its molecular mechanism is missing. Furthermore, CDDO-Me has displayed a significant cytotoxicity 
against various types of cancer cells. CDDO-Me has a noticeable hydrophobic character and several of its effects could be 
attributed to its ability to be incorporated inside the biological membrane and therefore modify its structure and specifically 
interact with its components. In this study, we have used full-atom molecular dynamics to determine the location, orienta-
tion and interactions of CDDO-Me in phospholipid model membranes. Our results support the location of CDDO-Me in the 
middle of the membrane, it specifically orients so that the cyano group lean towards the phospholipid interface and it specifi-
cally interacts with particular phospholipids. Significantly, in the membrane the CDDO-Me molecules specifically interact 
with POPE and POPS. Moreover, CDDO-Me does not aggregates in the membrane but it forms a complex conglomerate in 
solution. The formation of a complex aggregate in solution might hamper its biological activity and therefore it should be 
taken into account when intended to be used in clinical assays. This work should aid in the development of these molecules 
opening new avenues for future therapeutic developments.
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Introduction

Triterpenoids are biosynthesised by many different plants, 
they are very profuse in leaves, fruits and seeds, and they 
have been used in traditional medicine in many Asian coun-
tries. They comprise a large family of structurally related 
biomolecules, the cyclosqualenoids, possessing unique bio-
logical properties and widely distributed in nature (Dzubak 
et al. 2006; Itokawa et al. 2008). This surplus of pharmaco-
logical beneficial properties include antiviral, antidiabetic, 
antimicrobial, anti-inflammatory, antioxidant, antitumor, 
antiparasitic and hepatoprotective effects, cardio- and neuro-
protective roles as well as regulation of glucose homeostasis 
(Peron et al. 2018; Sheng and Sun 2011).

Several analogues have been synthesized in order to 
increase the biological properties of the parent compounds. 
One of them is bardoxolone methyl (CDDO-Me, Fig. 1a), a 
synthetic derivative of the naturally occurring triterpenoid 
oleanolic acid, which displays potent antioxidant, antican-
cer and anti-inflammatory activities (Liby and Sporn 2012; 
Mathis and Cui 2016; Shanmugam et al. 2014). CDDO-Me 
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is a bioactive compound and a member of triterpenoid 
cyanoacrylates, which has displayed a promising activity 
for prevention and treatment of cancer, exhibiting a signifi-
cant cytotoxicity against various types of cancer cells (Wang 
et al. 2014) and inducing tumour regression in different pre-
clinical studies (Deeb et al. 2009; Gao et al. 2015; Mathis 
and Cui 2016). CDDO-Me has been also evaluated in phase I 
clinical trials showing relatively good tolerance (Hong et al. 
2012; Mathis and Cui 2016). CDDO-Me has been also used 
in diabetes, pulmonary arterial hypertension, mitochondrial 
myopathies as well as chronic kidney disease and different 
clinical trials are currently ongoing (Huang et al. 2017) in 
spite of having been proven that CDDO-Me can produce 
serious cardiovascular side effects in sensitive patients 
(Zeeuw et al. 2013). These effects have been ascribed to the 
inhibition of nuclear factor kappaB and modulation of the 
endothelin pathway (Chin et al. 2014). CDDO-Me is also 
capable of inducing apoptosis, promotion of autophagy and 
triggering endoplasmic reticulum stress (Wang et al. 2017). 
Moreover, it down-regulates the expression of the  Na+, 
 K+-ATPase α1 (Wang et al. 2017). It has been described 
that CDDO-Me might induce the depletion of mitochondrial 
glutathione as well as the impairing of the mitochondrial 
energy supply and be, at least in part, responsible for its 
cytotoxic effects (Refaat et al. 2017; Samudio et al. 2008). 
CDDO-Me side effects could be attributable to the modifica-
tion of different thiol groups of biomolecules, specifically 
proteins, through its highly reactive α-cyano-α,β-unsaturated 
ketone group, since CDDO-Me has been proven to inter-
act with many types of proteins (Huang et al. 2017; Yore 
et al. 2011). CDDO-Me is therefore a promising candidate 
for cancer treatment. Many signalling pathways have been 
implicated in the biological effects of CDDO-Me (Liby and 
Sporn 2012), but the mechanisms of the anticancer effects 
of CDDO-Me are unknown.

The chemical name of CDDO-Me is 2-cyano-3,12-
dioxo-oleana-1,9(11)-dien-28-oic acid methyl ester 
(Fig. 1a). Due to its highly hydrophobic character and its 

great phospholipid/water partition coefficient (XlogP3 
value 6.72, https ://pubch em.ncbi.nlm.nih.gov/compo 
und/Bardo xolon e-methy l#secti on=Chemi cal-and-Physi 
cal-Prope rties ), CDDO-Me possible effects on biological 
systems could be attributed to its ability to reside in the 
biological membrane, modify its fluidity, morphology and 
permeability as well as specifically interact with its lipid 
components (Samudio et al. 2006). Moreover, the clini-
cal use of CDDO-Me could be hampered by its relatively 
low solubilisation in water, phenomenon which could be 
dependent on the concentration and the buffer used. For 
example, polyethyleneglycol have been used for making 
CDDO-Me stock solutions suggesting that CDDO-Me 
might be not completely soluble in water (Jin et al. 2017). 
It is important to note that the lipophilicity of a molecule 
can be assessed from its partition coefficient but it does 
not give any evidence about its location and orientation in 
the membrane. Moreover, the interaction of the CDDO-
Me molecule with phospholipids and its membrane loca-
tion might change the membrane physical properties and 
therefore modulate its interaction with other biological 
molecules, especially with membrane proteins, what could 
explain its biological activities (Zalba and Hagen 2017). 
CDDO-Me biological effects could also depend on both 
its orientation and location at the membrane, as well as 
the possible interactions it might have with specific mem-
brane phospholipids. Depending on these factors, CDDO-
Me could be oriented at two different dispositions in the 
membrane, either perpendicular or parallel to the mem-
brane surface, which could exert a significant geometrical 
deformation on lipid arrangement. Therefore, CDDO-Me 
could act through hydrophobic interactions with the cell 
membrane, as well as through interaction with cellular 
proteins. The knowledge of the CDDO-Me mechanism of 
action might reveal new avenues for upcoming therapeu-
tic developments, especially considering the evolution of 
this compound to improve its activity and reduce its side 
effects.

In this work we have used full-atom molecular dynamics 
(MD) to discern first, the location and orientation of CDDO-
Me in a complex model membrane, and second, the existence 
of specific interactions with membrane lipids. Therefore, we 
have used a model membrane composed of the phospho-
lipids 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine 
(POPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethan-
olamine (POPE), 1-palmitoyl-2-oleoyl-sn-glycero-3-phos-
phoserine (POPS), and N-palmitoyl-d-erythro-sphingosyl-
phosphorylcholine (PSM), as well as cholesterol (Chol). Our 
data support the location of the CDDO-Me molecules in 
the membrane as well as they specifically orient so that the 
cyano group tend in the direction of the phospholipid inter-
face. We describe various specific interactions of CDDO-Me 
with certain lipids of the membrane and its aggregation in 

Fig. 1  a Chemical and molecular structures of the pentacyclic trit-
erpenoid bardoxolone methyl (CDDO-Me, 2-cyano-3,12-dioxo-
oleana-1,9(11)-dien-28-oic acid methyl ester). Numbering of particu-
lar atoms mentioned in the text is also given. Hydrogens have been 
omitted for clarity. b Initial disposition of the eighteen (numbered) 
CDDO-Me molecules in the model membrane system. The CDDO-
Me molecules and the phosphate atoms of the phospholipids, which 
define the upper and lower boundaries of the membrane, are shown in 
VDW representation. c Final (t = 325 ns) snapshot of the membrane 
model system POPC/POPE/POPS/PSM/CHOL containing the 18 
CDDO-Me molecules. The side and top views are shown. Both the 
CDDO-Me molecules and phospholipid phosphate atoms (drawn in 
tan color) are shown in VDW drawing style. The phosphate atoms 
clearly define the boundary between the exterior and interior part 
of the membrane. The lipid, sodium and water molecules have been 
removed for clarity. The numbering of the CDDO-Me molecules 
inside the membrane are shown

◂

https://pubchem.ncbi.nlm.nih.gov/compound/Bardoxolone-methyl#section=Chemical-and-Physical-Properties
https://pubchem.ncbi.nlm.nih.gov/compound/Bardoxolone-methyl#section=Chemical-and-Physical-Properties
https://pubchem.ncbi.nlm.nih.gov/compound/Bardoxolone-methyl#section=Chemical-and-Physical-Properties
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aqueous solution. All these facts could explain, at least in 
part, some of the interesting biological effects that possess 
the CDDO-Me molecule.

Experimental Section

Molecular Dynamics Simulation

Unrestrained all-atom molecular dynamics simulations were 
carried out using NAMD 2.12 (Phillips et al. 2005) with the 
CHARMM36 force field for the protein (Best et al. 2012) 
and the CHARMM general force field for the CDDO-Me 
molecule (Vanommeslaeghe et al. 2010). The TIP3P model 
was used for water (Jorgensen et al. 1983). All simulations 
were carried out with a constant number of particles as an 
NPT ensemble at 1.0 atm and 310 K. The time step was 
1 fs. Constant pressure was maintained by the Nosé-Hoo-
ver Langevin piston method (Feller 1995; Martyna 1994). 
Constant temperature was maintained by Langevin dynam-
ics with a damping coefficient γ of 0.5 ps-1. The standard 
PME method was used with periodic boundary conditions to 
calculate the long-range electrostatic interaction of the sys-
tems. Non-bonded interactions were cut off after 12 Å with a 
smoothing function applied after 10 Å (Patra et al. 2003). In 
order to remove overlaps and unfavourable atomic contacts, 
prior to simulation a minimization for 50,000 steps and an 
equilibration for 1 ns was made. The production trajectory 
was calculated for 325 ns.

Bilayer Membrane Model

We have used a lipid bilayer model representing a generic 
membrane model mixture which was composed of a total 
of 560 lipid molecules in a rectangular box. Each leaflet 
contained 120 molecules of 1-palmitoyl-2-oleoyl-sn-glyc-
ero-3-phosphocholine (POPC), 40 molecules of 1-palmi-
toyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE), 
40 molecules of 1-palmitoyl-2-oleoyl-sn-glycero-3-phos-
phoserine (POPS), 40 molecules of N-palmitoyl-sphyngo-
myelin (PSM) and 40 molecules of CHOL (3:1:1:1:1). This 
specific molecular composition is a compromise in order 
for the membrane to be composed of the main phospho-
lipid types a membrane might have (Meer et al. 2008). With 
respect to the glycerolipids, the palmitoyl chain located in 
the sn-1 position is completely saturated, whereas the oleoyl 
chain located in the sn-2 position contains a cis double bond 
between the C9 and C10 carbons. The presence of the ole-
oyl chain in the sn-2 position increases the overall mobility 
of the hydrocarbon chains of the phospholipids and hence 
fluidity in the xy plane of the membrane. The phospholipid/
cholesterol ratio chosen represents 8.6 wt% of cholesterol in 
the sample. Cholesterol is an indispensable molecule for the 

organization and organization of the membrane and modifies 
the physico-chemical properties of the lipid bilayer. How-
ever, there are many different phospholipid/cholesterol ratios 
found in biological membranes, from less than 5 wt% (ER, 
mitochondria) to more than 40 wt% (erythrocyte), so that 
we have taken a compromise. In this way, the cholesterol 
content we have used does not affect largely the simula-
tion time scale but better simulates a model biomembrane. 
37,914 molecules of water surrounded the membrane sys-
tem. The solvent-to-lipid ratio in our system was 79, i.e. 
water as in excess (Murzyn et al. 2001). The bilayer and 
the bilayer normal lied in the xy plane and was parallel to 
the z-axis, respectively. Initially the simulation box had the 
dimensions of 12.1 and 12.4 nm in the x- and y-directions, 
respectively and 10.8 nm in the z-direction. The cross sec-
tional area and the height of the simulation box were allowed 
to vary independently of each other. Each water layer, due 
to periodic boundary conditions, had an average dimension 
of 4 nm between membranes. CDDO-Me was created and 
minimized using Discovery Studio 4.0 software (Accelrys 
Inc., San Diego, USA). ParamChem (Vanommeslaeghe et al. 
2010) was used to obtain the CHARMM General Force 
Field (CGenFF) compatible stream file of CDDO-Me which 
contained the optimized parameter and topology data of the 
molecule (using the PDB Reader plugin, Charmm-Gui web 
server, https ://www.charm m-gui.org (Kim et al. 2017; Wu 
et al. 2014). The AutoPSF plugin for VMD (Humphrey et al. 
1996) utilised the CDDO-Me stream file data to obtain the 
psf and pdb files of CDDO-Me required to build the whole 
system. Figure 1a shows the structure and carbon number-
ing of the CDDO-Me molecule. The lipid membrane model 
was prepared using the Charmm-Gui web server (https ://
www.charm m-gui.org, (Wu et al. 2014)). The system, at the 
beginning of the molecular simulation, contained 18 mol-
ecules of CDDO-Me (Fig. 1b). They were located at specific 
positions, i.e. 6 in the upper water layer, 6 in the lower water 
layer and 6 at the middle of the membrane bilayer. The {x, 
y, z} separation between different CDDO-Me molecules in 
the original system was {~ 28 Å, ~ 56 Å, ~ 34 Å}. The aver-
age distance between CDDO-Me molecules in water and the 
membrane surface was ~ 16 Å. Several CDDO-Me molecules 
were embedded at the middle of the membrane since it is 
known that CDDO-Me has a highly hydrophobic character 
(see above). This configuration is conveniently suited for 
the study of the interaction of small molecules with lipids in 
the membrane (Galiano and Villalain 2015, 2016; Kosinova 
et al. 2012). The system contained 80 sodium ions so that 
the system was electrostatically neutral.

Data Analysis

The layer of the phospholipid phosphate atoms defined the 
surface of the membrane and they were parallel to the {xy} 

https://www.charmm-gui.org
https://www.charmm-gui.org
https://www.charmm-gui.org
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plane. The average distance between the phosphate atoms of 
the opposite leaflets defined the bilayer thickness, and the 
bilayer centre was defined by the centre-of-mass of the phos-
phate atoms of all the phospholipids (z = 0). The z-distance 
of the centre-of-mass of the CDDO-ME molecule relative 
to the bilayer centre was used to study its spatial position in 
the membrane. The membrane relative alignment of CDDO-
Me was measured by the angle formed by the z-axis and the 
vector defined by carbons C3 and C21 of the CDDO-Me 
molecule (Fig. 1a). Visual Molecular Dynamics (VMD) 
(Humphrey et al. 1996) and Pymol were used for visualiza-
tion and analysis. The radial distribution function, number 
of molecular contacts,  SCD order parameters, membrane 
thickness, diffusion coefficients, thickness two-dimensional 
maps, molecular areas, centre-of-mass, molecule tilt, sur-
face area per lipid, and mass density profiles were obtained 
using the VMD Membplugin (Guixa-Gonzalez et al. 2014) 
as described in (Villalain 2019). Specifically, the  SCD order 
parameter tool calculates the carbon–deuterium order 
parameter, S

CD
= −

1

2
⟨3cos2� − 1⟩ , a value that reflects the 

orientational mobility of each C-H bond along the aliphatic 
phospholipid tail and thus membrane fluidity (Guixa-Gon-
zalez et al. 2014). The condition employed to determine the 
presence of hydrogen bonds was a distance less than 2.5 Å 
between donor and acceptor atoms and a donor-H-acceptor 
angle of at least 150° (Baylon and Tajkhorshid 2015). The 
analyses were performed over the whole MD simulation 
unless otherwise indicated.

Results

Membrane Equilibration

To evaluate the suitability of the simulation methodology 
and check the equilibration of the membrane system we 
studied the time variation of the area per lipid (Anézo et al. 
2003; Kandt et al. 2007). The time plots of the molecular 
area corresponding to the upper (z+) and lower (z−) leaflets 
of the bilayer for all the lipids, i.e. POPC, POPE, POPS, 
PSM and CHOL, are shown in Fig. 2a and b, respectively. 
No substantial changes were found in the bilayer properties 
of this very diluted system: the model membrane has 560 
lipid molecules and 18 CDDO-Me molecules, 12 of them 
outside the membrane, so that the lipid/CDDO-Me relation-
ship in the membrane is approximately 93:1. The data show 
that both cholesterol and phospholipids were equilibrated 
early on the course of the simulation, both at the z+ and at 
the z− bilayer leaflets, indicating that the membrane sys-
tem reached a steady state after ~ 25–30 ns of simulation. At 
the end of the simulation, the mean area of POPC, POPE, 
POPS, PSM and CHOL for the upper and lower leaflets were 
57.8 ± 1.3 and 57.5 ± 1.1 Å2, 57.4 ± 1.7 and 56.9 ± 2.1 Å2, 

56.7 ± 2.0 and 57.7 ± 1.9 Å2, 50.4 ± 1.5 and 55.5 ± 1.8 Å2 
and 27.8 ± 1.3 and 27.9 ± 1.2 Å2, respectively (Fig. 2a and 
b, inserts). These values were comparable to those reported 
previously (Bera and Klauda 2017; Mukhopadhyay et al. 
2004). Similarly, membrane thickness remained reasonably 
constant after ~ 30–35 ns (Fig. 2c). The average membrane 
thickness for the last 25 ns was 43.5 ± 0.4 Å (Fig. 2c, insert), 
similar to those reported for CHOL containing systems 
(Bera and Klauda 2017).
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Fig. 2  Time variation of the (a, b) molecular areas for each lipid spe-
cies in the POPC/POPE/POPS/PSM/CHOL system for the (a) z+ and 
(b) z− leaflets of the bilayer and (c) the total membrane thickness. 
The inserts in a, b and c show the last 25 ns histograms of the molec-
ular areas variation for the (a) z+ and b z− leaflets of the bilayer and 
the c total membrane thickness, respectively. In (a) and (b) POPC, 
POPE, POPS, PSM and CHOL data are drawn in black, blue, green, 
magenta and red, respectively



 V. Galiano et al.

1 3

CDDO‑Me Behaviour

At the beginning of the simulation, the CDDO-Me molecules 
were positioned in the superior water layer (6 molecules), 
in the inferior water layer (6 molecules) and in the central 
part of the membrane (6 molecules) (see Fig. 1b). The final 
(t = 325  ns) snapshot for the POPC/POPE/POPS/PSM/
CHOL membrane model system containing the CDDO-Me 
molecules is shown in Fig. 1c. At the end of the simulation, 
the CDDO-Me molecules relocated to a position near the 
membrane interface. In this case, the cyano groups of the 
CDDO-Me molecules were located near the ester groups of 
the molecules of phospholipid, and extended to the interior 
part of the membrane without reaching the middle of the 
phospholipid hydrocarbon acyl chains (Fig. 1c). Quite the 
opposite, all molecules of CDDO-Me, which were located 
in the upper and lower water layers at the beginning of the 

simulation, aggregated with time; all of them combined in 
an ensemble of twelve CDDO-Me molecules at the end of 
the simulation (Fig. 1c). It is clear from these pictures that 
CDDO-Me aggregates in water, it does not aggregate when 
it is inside the membrane and, significantly, locates in a rela-
tive oblique position at the upper part of the membrane.

The dissimilar behaviour observed for the CDDO-Me 
molecules in and out of the membrane is observed in the 
time change of the centre-of-mass of the CDDO-Me mol-
ecules if we compare them with the z+ and z− phosphate 
atoms centre-of-mass (Fig. 3a). The CDDO-Me molecules 
which were initially located at the middle of the upper and 
water layers, i.e. molecules 1 to 6 and molecules 13 to 18, 
displayed a substantial fluctuation in their centre-of-mass, 
variation which was maintained throughout the whole simu-
lation (Fig. 3a). As an example, the histogram corresponding 
to the centre-of-mass of CDDO-Me molecule no. 17 for the 
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Fig. 3  a Change of the centre-of-mass of the eighteen CDDO-Me 
molecules in the POPC/POPE/POPS/PSM/CHOL membrane model 
system for the whole simulation (each color refers to a molecule of 
CDDO-Me in the system). To compare the CDDO-Me molecules 1 to 
6 and 13 to 18 centre-of-masses, the absolute values are represented. 
The black lines represent the centre-of-mass of the phosphate atoms 
at the z+ and the z− leaflets. b and c show the last 25 ns histograms 

of the centre-of-masses of CDDO-Me molecules no. 17 (blue in (a)) 
and no. 10 (red in (a)), respectively. The upper membrane boundary 
defined by the phosphate atoms (patterned box) and the centre of 
the bilayer (dotted line) are shown in the histogram of the CDDO-
Me molecule no. 10. Note the identical value span for distances in the 
abscissa axis
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last 25 ns of the simulation is shown in Fig. 3b. The pat-
tern of the centre-of-mass values of the other CDDO-Me 
molecules in the water layers were similar to that of mol-
ecule no. 17 (Fig. 3a). The distribution is a significant one 
because these CDDO-Me molecules are completely free to 
move. In addition and upon time, they completely aggre-
gate. At the beginning they formed dimers and trimers and 
later on all of them formed a massive aggregate of twelve 
CDDO-Me molecules. In contrast, those molecules which 
were initially located at the middle of the bilayer, molecules 
7 to 12, moved to a similar average location in a short space 
of time (Fig. 3a). This location, similar for all of them, was 
between the middle of the hydrocarbon chains and the ester 
groups of the phospholipids. It is important to emphasize 
that at no time none of these CDDO-Me molecules aggre-
gated, in contrast to the molecules in solution. Moreover, the 
dispersion of their location was significantly lower than that 
of the CDDO-Me molecules in water as proved by the histo-
gram of the centre-of-mass of CDDO-Me molecule no. 10 
for the last 25 ns (compare Fig. 3b and c). These CDDO-Me 
molecules equilibrated between 40 and 75 ns in a position 
that remained relatively constant and in a relatively similar 
position along the whole simulation, i.e. between 7 and 19 Å 
from the centre of the bilayer (Fig. 3a). The dispersion in the 
location of the CDDO-Me molecules in the membrane was 
significantly lower than that of the CDDO-Me molecules 
in water. Whereas it was about 7–9 Å for the former, it was 
about 30–35 Å for the latter. These data would also indicate 
that the CDDO-Me molecules inside the membrane were 
in a stable location after 75 ns. Taking into account that (a) 
the CDDO-Me molecule is a relatively rigid one, (b) the 
CDDO-Me molecule does not completely span the leaflet 
of the bilayer and (c) the length between its carbons C3 and 
C21 (cf. Fig. 1a) is about 11.5 A, its disposition inside the 
membrane tends to be placed in an intermediate position 
between parallel and perpendicular to the membrane, i.e. in 
an oblique position (see below).

The representation of the number of CDDO-Me mol-
ecules which were next to each other for each one the 
CDDO-Me molecules for all the simulation time is shown 
in Supplementary Fig. 1A. It is possible to observe that, 
for each one of the CDDO-Me molecules, the number of 
next molecules increase upon time, indicating that they were 
aggregating until a maximum number was encountered. The 
time to attain the maximum number of next molecules varied 
between different CDDO-Me molecules, from a minimum of 
about 100 ns to a maximum of about 250 ns (Supplementary 
Fig. 1A). This time would obviously depend on the differ-
ence in distance between the different CDDO-Me molecules 
at the beginning of the simulation time. It is interesting to 
observe the great variation in next molecules for each one 
of the CDDO-Me molecules. This variation implies that dif-
ferent CDDO-Me approximates to each other but also they 

move away along the simulation time. For example, CDDO-
Me molecule no. 14 approximates to 8 other CDDO-Me 
molecules up to 140 ns; from 140 to 170 ns it moves away 
so that there are no CDDO-Me molecules next to it, and 
after 170 ns, it approximates to other CDDO-Me molecules 
until all them collapse in one big aggregate. Therefore, at 
the end of the simulation time, CDDO-Me molecule no. 14, 
together with the other 11 CDDO-Me molecules, is forming 
a composite of 12 CDDO-Me molecules (Supplementary 
Fig. 1A-14). The maximum number of next molecules for 
each one of the CDDO-Me molecules for the last 25 ns of 
the simulation is shown in Supplementary Fig. 1B. From 
these data, it can be inferred that, on average, for each CDO-
Me molecule the number of next CDDO-Me molecules 
was ~ 9. These data highlight the significant propensity of 
the CDDO-Me molecules to aggregate in solution but not 
in the membrane. It is interesting to note here that several 
works have used CDDO-Me in drinking water for animal 
experimentation (see for example (Camer et al. 2016)). The 
formation of a complex aggregate in solution might hamper 
the antiviral, antimicrobial and anticancer effects of CDDO-
Me and therefore a convenient vehicle for its formulation 
should be used in clinical assays.

We have studied the number of contacts between CDDO-
Me molecules along the whole simulation and the results 
are shown in Supplementary Fig. 2. As it is observed in 
the figure, molecules of CDDO-Me no. 1 to 6 and no. 13 to 
18 present a significant number of contacts between them 
but molecules of CDDO-Me no. 7 to 12, i.e. CDDO-Me 
molecules inside the membrane, do not present any type 
of contact between them at any time during the simulation. 
Supplementary Fig. 3 presents the total number of contacts 
between all CDDO-Me molecules during the last 25 ns of 
the simulation. Again, CDDO-Me molecule no. 7 to 12 do 
not present any type of contact with any other CDDO-Me 
molecule in the system, whereas the CDDO-Me molecules 
in the water layer present a significant number of contacts 
between them (average number of 3664 ± 997). These data 
highlight again the propensity of CDDO-Me to aggregate in 
solution but certainly not in the membrane.

We have obtained the diffusion coefficients of the mem-
brane phospholipids and the CDDO-Me molecules by using 
their averaged mean square displacement for the last 25 ns. 
The diffusion coefficient for POPC was 6.2 μm2/s, 5.9 μm2/s 
for POPE, 5.6 μm2/s for POPS, 5.5 μm2/s for PSM and 5.9 
μm2/s for CHOL, values similar to those previously reported 
(Gielen et al. 2009; Wang et al. 2011). In the case of CDDO-
ME inside the membrane the diffusion coefficient was 10.7 
μm2/s whereas for those CDDO-Me molecules outside it, i.e. 
in the water layer, it was 141.8 μm2/s. In the case of CDDO-
Me inside the membrane its average diffusion was about 
1.8 times the diffusion coefficient of the lipids, whereas for 
CDDO-Me in the water layer it was about 24 times more. 
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This difference in diffusion coefficient values would explain 
the ease of CDDO-Me molecules to interact with each other 
and form an aggregate in solution.

Membrane Mass Density Profiles

The average last 25 ns of the mass density profiles for all the 
components in the biomembrane model system is shown in 
Fig. 4a. As observed in the figure, the molecules of CDDO-
Me form three different populations, two of them inside the 
membrane and the other one outside (membrane bounda-
ries defined by the mass density profile of the phospholipid 
atoms). The outer population of CDDO-Me molecules cor-
respond to those molecules which aggregate as the simula-
tion time elapses. The average location of the CDDO-Me 
molecules inside the membrane lies from about 19 Å to 
7 Å of the centre of the bilayer (Fig. 4a). They lie on aver-
age at a location which is lower than the phosphate groups 
of the phospholipids but they never reach the centre of the 
bilayer, their location being relatively similar to the location 

of the CHOL molecules (Fig. 4a). The bandwidth of the 
mass density profiles of these CDDO-Me molecules were 
different, which would imply a similar location but slightly 
different orientation (see below). The mass density profiles 
corresponding to the phosphate atoms for each type of phos-
pholipid in the system is shown in Fig. 4b. There are subtle 
differences between the average locations of the phosphate 
atoms, remarkable in the second derivative of the mass den-
sity profiles (insert, Fig. 4b). All of the profiles are rather 
symmetric except for the z− layer phosphates pertaining to 
the POPE phospholipids, which would imply the existence 
of at least two different populations of POPE. The maxima 
of the mass density profile for the average location of POPC 
phosphates are at 22.47 Å and  − 21.51 Å, for POPE phos-
phates are at − 21.51 Å and 21.4 Å, for POPS phosphates are 
at − 21.05 Å and 21.04 Å, and finally for PSM phosphates 
are at − 22.7 Å and 22.04 Å. The differences in the maxima 
of the mass density profiles are greater at the z+ layer than 
at the z− one. In a significant way, these data would imply 
the existence of differences in the location of the phosphate 
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by 4), POPS (purple, multiplied by 4), PSM (magenta, multiplied by 
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individual density profile is shown, as well as its sum. b Expansion of 
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atoms depending both on phospholipid type and layer. This 
could be associated to the fact that the number of CDDO-
Me molecules at the end of the simulation is greater at the 
z+ layer (CDDO-Me molecules no. 7, 9, 11 and 12) than at 
the z− one (CDDO-Me molecules no. 8 and 10).

CDDO‑Me Orientation in the Membrane

The alignment of the CDDO-Me molecules in the membrane 
was studied considering the angle formed by the membrane 
z-axis and the molecular axis defined by the vector joining 
carbons 3 and 21 of CDDO-Me (see Fig. 1). As expected, 
those molecules in solution showed a great deviation in 
angle, ranging from a minimum value of about 0° and a 
maximum of about 180°, i.e. nearly all possible orienta-
tions (not shown for briefness). At no moment there was 
any convergence pattern, implying that their movement was 
completely free, except when they were aggregated since 

they behaved as an unit. Even when all twelve CDDO-Me 
molecules were aggregated the dispersion of their tilt angles 
was a significant one implying no orientation preference. 
In contrast, a completely different behaviour was observed 
for the CDDO-Me molecules inside the membrane. Figure 5 
shows the tilt angle of those molecules for the last 25 ns of 
the molecular dynamics simulation. As observed in the fig-
ure, their tilt angle displayed two relatively definite angles, 
53.4 ± 19.7° and 119.1 ± 21.8°, i.e. all CDDO-Me molecules 
inside the membrane presented an oblique position. These 
data stress again the complete different behaviour of CDDO-
Me in solution and inside the membrane.

CDDO‑ME/Lipid Interaction

The average number of POPC molecules within 7 Å of 
the membrane CDDO-Me molecules was 1.22, whereas 
it was 0.55 for POPE, 0.75 for POPS, 0.33 for PSM and 
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0.38 for CHOL. These data give a relationship of about 
3.7:1.7:2.3:1:1.1, which can be compared with the total 
number of different lipids in the system, i.e. 3:1:1:1:1. 
Any deviation from the 3:1:1:1:1 relationship would 
indicate the preference for some lipids to remain close to 
the CDDO-Me molecules upon time, implying the exist-
ence of a specific interaction between CDDO-Me and the 
lipids. Since the average number of POPC molecules was 
1.22, to maintain the original 3:1:1:1:1 relationship the 
average number of the other molecules should be around 
0.406. The average number of PSM and CHOL molecules 
is 0.33 and 0.38, respectively, so it could be confidently 
assumed that there is no specific interaction of CDDO-Me 
with these phospholipid molecules. However, the average 
number of POPE and POPS molecules is 0.55 and 0.75, 
respectively, which is much higher than 0.406. These data 
would imply the presence of a specific interaction between 
CDDO-Me and both POPE and POPS phospholipids.

We have obtained the radial distribution function, g(r), 
for each lipid molecule in the system in order to know the 
likelihood to find each lipid type respect to CDDO-ME 
(Supplementary Fig. 4). For the first 25 ns of simulation, 
the most intense signal originates from POPE, followed by 
POPS and POPC (Supplementary Fig. 4 A). For POPE the 
highest g(r) value of 3.25 appears at about 6.91 Å. At this 
distance, POPS and POPC present g(r) values of 2.62 and 
2.25, whereas PSM and CHOL present g(r) lower values 
of 1.32 and 1.10. For the last 25 ns of simulation (Supple-
mentary Fig. 4B), the most intense signal originates from 
POPS, the highest g(r) value of 3.76 appearing at about 
8.7 Å; the g(r) values of all the other lipids present lower 
values at all distances. At 8.7 Å POPE shows a g(r) value 
of 2.79 whereas POPC, PSM and CHOL present g(r) val-
ues of 2.11, 1.36 and 1.11, respectively. These data indi-
cate that, at the beginning of the simulation, POPE and to 
a lesser extent POPS and POPC had the highest probability 
to be found near the CDDO-Me molecules. However, at 
the end of the simulation, POPS and to a lesser extent 
POPE were the lipids which had the greater probability 
to be found around the CDDO-Me molecules in the mem-
brane. POPC, PSM and CHOL, in this order, have lower 
probabilities to be associated with CDDO-Me.

We have also calculated the average normalized number 
of hydrogen bonds per CDDO-Me molecule and the mem-
brane lipids (not shown for briefness). For the last 25 ns 
of simulation time the number of hydrogen bonds between 
CDDO-Me and POPC is 1.83 ± 0.66, whereas the num-
ber of hydrogen bonds between CDDO-Me and POPE is 
4.83 ± 0.26. For the other lipids, no hydrogen bonds were 
found between them and CDDO-Me. These data would 
demonstrate the existence of a specific interaction between 
CDDO-Me and POPE in the membrane and corroborate 

the data mentioned above, i.e. CDDO-Me interact specifi-
cally with POPE and POPS in the membrane.

Effect of CDDO‑Me on Lipid Hydrocarbon Chain 
Order

Since any molecule inserted in the membrane can affect the 
hydrocarbon chain order of the phospholipid acyl chains, 
we have obtained their –SCD order parameters in the pres-
ence of CDDO-Me (Fig. 6). An –SCD value of 0 indicates 
an isotropic orientation, a value of 0.5 indicates full order 
along the normal bilayer and a value of − 0.25 indicates full 
order along the bilayer plane (Tieleman et al. 1997). The 
average –SCD values of the acyl chains of all phospholipids 
far from the CDDO-Me molecule, i.e. in the bulk membrane 
model system, are according to the profiles observed ear-
lier for both simulated and experimental data (Bockmann 
et al. 2003; Klauda et al. 2010; Tsai et al. 2015). There were 
no dramatic effects on the order parameter of the POPC 
hydrocarbon chains next to the CDDO-Me molecules; how-
ever, they slightly reduce the –SCD values along the whole 
hydrocarbon chains (Fig. 6a and b). The effect observed on 
the POPE (Fig. 6c and d) and POPS (Fig. 6e and f) mol-
ecules next to the CDDO-Me molecules was similar to those 
observed for POPC, since their presence slightly reduced the 
–SCD values along the hydrocarbon chains. A similar effect 
was observed for (Fig. 6g). From these data it can be inferred 
that the CDDO-Me molecules are inserted relatively well 
between the phospholipid hydrocarbon chains but reduce to 
some extent their anisotropy, i.e. increase their fluidity. The 
differences in order parameter which we have found might 
reflect the long-range effects produced by the CDDO-Me 
molecules in the membrane.

Discussion

Many molecules, such as CDDO-Me, displaying hydro-
phobic and/or amphipathic structures have a tendency to 
bind and insert into biomembranes. Therefore these mol-
ecules have a significant effect on the membrane biophysi-
cal properties. These amphipathic/hydrophobic molecules 
do interact, apart with different types of proteins, with the 
membrane and its components, the phospholipids (Kopec 
et al. 2013; Tsuchiya 2015). The number of different bio-
logical effects these molecules have imply that they affect 
different mechanisms but also point out to the existence 
of a common target which should be the biological mem-
brane. Their interactions with membrane lipids and the 
modulation of the membrane physico-chemical properties 
should play a fundamental role in the biological activities 
these bioactive molecules display. Their biological, phar-
macological and medicinal properties would be related 
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to this membrane modulation effect which itself would 
depend on their location, their orientation, their interac-
tions and their structure in the membrane (Margina et al. 
2012; Tsuchiya 2015). Interestingly, CDDO-Me has dis-
played a promising activity for the treatment of cancer 
(Deeb et  al. 2009; Gao et  al. 2015; Hong et  al. 2012; 

Mathis and Cui 2016; Wang et al. 2014). It is also worth 
noting that CDDO-Me can induce apoptosis in leukaemia 
cells at the same time that an increase in annexin V stain-
ing is observed, pointing out to an increase of phosphati-
dylserine at the membrane surface (Jin et al. 2017). This 
would be related to the fact that phosphatidylserine and 

Fig. 6  Average deuterium 
order parameter –SCD calcu-
lated for the sn-1 (a, c, e) and 
sn-2 (b, d, f acyl chains of 
(a, b) POPC, c, d POPE and 
e, f POPS within 7 Å of the 
CDDO-Me molecules (unfilled 
square) compared to the bulk 
phospholipid acyl chains (filled 
square). g Average deuterium 
order parameter –SCD calcu-
lated for the sphyngosyl acyl 
chain of PSM within 7 Å of the 
CDDO-Me molecules (unfilled 
square) compared to the bulk 
PSM sphyngosyl acyl chain 
(filled square). The analysis was 
carried out for the last 25 ns of 
simulation
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phosphatidylethanolamine phospholipids reside primarily 
in the inner leaflet of normal eukaryotic cells, but their 
distribution changes dramatically in cancer cells, moving 
towards the outer membrane leaflet (Schutters and Reu-
telingsperger 2010; Utsugi et al. 1991). It is also worth 
noting that CDDO-Me can induce apoptosis in leukae-
mia cells at the same time that an increase in annexin V 
staining is observed, pointing out to an increase of phos-
phatidylserine at the membrane surface (Jin et al. 2017). 
The specific interaction of CDDO-Me with phosphatidyl-
serine and phosphatidylethanolamine in the membrane 
might cause problems of mobility and activity to differ-
ent types of proteins (Leth-Larsen et al. 2010; Zalba and 
Hagen 2017) leading to the specific effect CDDO-Me has 
on cancer cells. Therefore, the biological properties of 
CDDO-Me should therefore be attributed to its capability 
to modify the membrane biophysical properties through 
interaction with specific phospholipids.

In this work we intended to locate the molecule of 
CDDO-Me in the membrane and determine the specific 
interactions of the molecule with membrane lipids using 
molecular dynamics simulations. For that goal, we have 
used a model membrane composed of the phospholipids 
POPC, POPE, POPS, PSM, as well as CHOL, providing us 
with a detailed evidence on the nature of the interactions 
and location of CDDO-Me in the membrane. Although our 
membrane model system does not account for the presence 
of proteins or the fact that biological membranes have an 
asymmetrical distribution of lipids in the two monolay-
ers, our results support that CDDO-Me tends to locate 
in the middle of the hydrocarbon layer of the membrane 
without reaching the middle of the membrane. CDDO-
Me molecules have a tendency to be oriented in such 
a way that they are in an oblique position; their cyano 
groups lean towards the membrane surface and the methyl 
esther groups towards the middle of the membrane. In 
the membrane the CDDO-Me molecules mostly interact 
preferentially with phosphatidylserine and phosphatidy-
lethanolamine phospholipids and this interaction might 
lead to the specific effect CDDO-Me has on cancer cells. 
Furthermore, in our membrane system, the approximate 
concentration of CDDO-Me in water is 17 mM and in the 
membrane 20 mM. This concentration is certainly higher 
than what could be found in the clinic (Hong et al. 2012) 
but considering the difference in diffusion coefficient of 
CDDO-Me in solution and in the membrane (about 13 
times higher in solution than in the membrane) it gives us 
a clue to its different behaviour in both media. The forma-
tion of a complex aggregate in solution for the CDDO-Me 
molecules might impede its antiviral, antimicrobial and 
anticancer activities and therefore it should be taken into 
account when intended to be used in clinical assays so to 
choose a convenient vehicle for its formulation. Our work 

should aid in the development of these molecules opening 
new avenues for future therapeutic advances.
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