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Abstract 
Flavonols are the most widely distributed class of dietary flavonoids with a wide range of pharmacological properties due 
to their potent lipid peroxidation inhibition activity. The permeability and orientation of these compounds in lipid bilay-
ers can provide an understanding of their antioxidant and lipid-peroxidation inhibition activity based on their structures at 
the molecular level. For this purpose, we studied antioxidant activity and atomic-scale molecular dynamics simulations of 
3-hydroxyflavone (fisetin), 5-hydroxyflavone (apigenin) and 3,5-hydroxyflavone (morin) in palmitoyloleylphosphatidylcho-
line (POPC) membrane models with 0 mol% and 40 mol% cholesterol concentration. In pure POPC bilayer with 0 mol% 
cholesterol concentration, the flavonols penetrated into bilayer with lowest free energy profiles, however, incorporation of 
40% cholesterol concentration reduced the permeability of the flavonols. Higher cholesterol concentrations in the POPC 
lipid bilayer resulted in an increase of the bilayer thickness and corresponding decrease in the area per lipid which rational-
izes the reduced partitioning of flavonols due to cholesterol. In the presence of cholesterol, the flavonols reside at the polar 
interfacial region of the lipid bilayer to form higher H-bonding interactions with cholesterol molecules in addition to water 
and lipid oxygens. Among all the selected flavonols, morin showed the highest affinity which was driven by the hydrophobic 
effect as also depicted by ITC (Isothermal titration calorimetry) experiments and thus, more efficient antioxidant in scaveng-
ing superoxide, nitric oxide radicals as well as lipid peroxyl radicals. Furthermore, our simulations also confirmed that the 
permeability of compounds is sensitive towards the cholesterol content in the membrane.
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Introduction

The affinity of dietary flavonoids to lipid bilayers of cell 
membranes could be a key for their antioxidant activity 
towards the lipid peroxidation in several pathophysiologi-
cal conditions. Dietary flavonoids are polyphenols that are 
widely distributed in fruits and vegetables and constitute a 
major portion of the human diet (Panche et al. 2016). They 
are well known due to their vast biological activity against 
oxidative stress, diabetes, inflammation, microbial diseases, 
and cancer (Romano et al. 2013). They have been claimed 
to be a key for new therapeutic strategies because of their 
potential antioxidant activity which has been attributed to 
their structural features, including hydroxyl, methoxy, nitro, 
methyl groups attached to the two aromatic rings (A and B) 
linked with a three-carbon chain, organized as an oxygen-
ated heterocycle (ring C) (Gonçalves and Romano 2017). In 
this regard, flavonols constitute the most abundant class of 
dietary flavonoids and found virtually in all vegetables and 
fruits. Flavonols show a wide range of biological properties 
like antioxidant (D’Andrea 2015), anti-inflammatory (Agu-
ilera et al. 2016), antiatherosclerotic (Mao et al. 2017), anti-
cancer (Davatgaran-Taghipour et al. 2017), and antidiabetic 
activities (Asgar 2013).

The interplay between antioxidant systems and the 
production of oxidants including reactive oxygen species 
(ROS) and reactive nitrogen species (RNS) play an impor-
tant role in many diseases, especially cancers, inflammatory 
diseases, Alzheimer’s disease, and cardiovascular diseases 
(Gurer-Orhan et al. 2018). The unique ability of flavonoids 

to influence the lipid peroxidation in different pathological 
conditions implicates the correlation of their diverse func-
tions with their interactions with biomembranes (Evans and 
Holian 1985). However, relatively little is known about the 
details of how flavonoids interact with lipid components 
(Sanver et al. 2016). The ability of flavonoids to inhibit lipid 
peroxidation is undoubtedly related to their interaction with 
the membrane lipid bilayers. However, despite the work 
done regarding pharmacological effects of flavonoids, there 
are still controversies regarding their penetration and posi-
tioning into the lipid bilayers. In one study, the well-known 
antioxidant, quercetin was found to be inserted deeply 
within phospholipid bilayers (Saija et al.1995). However, in 
the same report, another flavonoid, rutin does not appear to 
interact with model membranes, although it showed strong 
antioxidant property against linoleate oxidation (Saija et al. 
1995).

Biological membranes are composed of a variety of 
lipids, proteins, and cholesterol. The penetration and the 
permeability of the compounds in the lipid bilayers are 
driven by the membrane composition, level of unsatura-
tion, cholesterol content, and the properties of the permeat-
ing compound (Shinoda 2016). Cholesterol content in the 
plasma membrane of animal cells ranging from 20 to 40% 
(Neuvonen et al. 2014) is an important factor in the mainte-
nance of the proper fluidity and rigidity of the membranes 
(Roìg et al. 2009).

Earlier studies showed a moderate reduction of mem-
brane permeability for water, and ions due to cholesterol 
(Pandit et al. 2008). Furthermore, wet-lab experiments and 
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computational studies demonstrated the effect of cholesterol 
on the partitioning of water or molecular oxygen into lipid 
membranes in membranes of unsaturated lipids (Subczynski 
et al. 1994). In one study, structure-dependent interactions 
of different flavonoids with phospholipid monolayers on a 
mercury film electrode were performed by rapid cyclic vol-
tammetry. The results showed that flavonoids implementing 
a planar configuration improved the membrane properties 
more than non-planar flavonoids (Sanver et al. 2016). The 
inhibition of lipid peroxidation and other related bioactivi-
ties of the antioxidants could be related to their ability to 
interact with lipid bilayers. Therefore, it is worthwhile to 
study and differentiate the distribution and orientation of 
flavonol compounds in an unsaturated lipid bilayer and the 
influence of cholesterol on the permeability of these com-
pounds into biological membranes. In this context, we have 
selected flavonols based on hydroxyl group at position 3 
(3-hydroxyflavone, fisetin), at position 5 (5-hydroxyfla-
vone, apigenin) and with hydroxyl groups at both positions 
(morin).

Fisetin (3,7,3′,4′-tetrahydroxyflavone) occurs in many 
edible vegetables and fruits, such as apples, strawberries, 
grapes, and onions with antioxidant (Hanneken et al. 2006; 
Zhang et al. 2019), neuroprotective (Maher et al. 2006; 
Ahmad et al. 2017), anti-proliferative (Haddad et al. 2006; 
Fu et al. 2019), anticancer (Pal et al. 2013; Kashyap et al. 
2018), and anti-inflammatory properties (Higa et al. 2003; 
Peng et al. 2018). Fisetin was found to suppress the prolif-
eration of human melanoma cells both in vitro and in vivo 
by inducing apoptosis in human prostate cancer cells and 
through the disruption of Wnt/β-catenin signaling (Syed 
et al. 2011). More recent evidence also showed that fisetin 
can inhibit proliferation, migration, and inhibition of human 
mammary carcinoma cell lines by interfering with the PI3K/
Akt/mTOR signaling pathway (Sun et al. 2018). Antican-
cer property of fisetin is also mediated by cell cycle arrest, 
caspase-dependent apoptosis, and modulation of the MAPK 
and NF-κB pathways (Youns and Abdel 2017).

Similarly, apigenin (4′,5,7-trihydroxyflavone) is abun-
dant in many dietary vegetables, fruits and beverages, such 
as grapes, oranges, apples, parsley, onions, and red wine 
(Budhraja et al. 2012). Apigenin was also reported to exert 
pronounced antioxidant (Papay et al. 2017), anti-inflamma-
tory (Patil et al. 2016), and antibacterial properties (Mori-
moto et al. 2015).

Morin (3,5,7,2′,4′‐pentahydroxyflavone) is abundantly 
found in many fruits, vegetables, and red wines and has 
many pharmacological activities such as antioxidant, anti-
diabetic, anticancer, and anti‐inflammatory (Park et al. 2014; 
Qu et al. 2018; Sinha et al. 2016; Ji et al. 2018; Yao et al. 
2017). Morin reportedly inhibits human leukemia HL-60 
cells growth by inducing apoptosis through a mitochondria-
dependent free radical scavenging pathway, suggesting its 

anticancer property (Park et  al. 2014). The antioxidant 
potential of morin was also observed in the attenuation of 
antipsychotic-mediated neurotoxicity (Selvakumar et al. 
2012). It is known that the anti-inflammatory activity of 
morin is mediated by modulation of lipoxygenase-1, induc-
ible nitric oxide synthase, inflammatory cytokines, and 
cyclo-oxygenase expression in macrophages and mast cells 
(Kempuraj et al. 2005). Morin showed remarkable protection 
to mammalian hepatocytes, erythrocytes, and endothelial 
cells against free radical-induced oxidative stress (Ola et al. 
2014; Zhang et al. 2011).

Although these compounds showed higher antioxidant 
and other pharmacological activities, the detailed mecha-
nisms, and rationale for their antioxidant property are poorly 
elucidated. It is known that the bioactivity of flavonoids is 
highly structure dependent and differences in the number 
and distribution of hydroxyl groups can influence the type of 
interactions between different flavonoids and lipid bilayers 
and thereby, affect their bioactivities (Panche et al. 2016). 
However, limited studies on the structure–activity relation-
ship of flavonols in terms of their membrane interactions are 
available. Since many biological activities are membrane-
dependent, therefore, the study of their structure-dependent 
ability to interact with the membrane might give a partial 
rationale for their biological effects and correlate it to their 
ability to inhibit lipid peroxidation (Verstraeten et al. 2015).

This work aims at investigating the antioxidant activ-
ity of these compounds and correlating their activity with 
their location and orientation in lipid membrane models by 
MD simulations followed by ITC experiments. Molecular 
dynamics (MD) simulation is a powerful technique to study 
the dynamics of biological systems at an atomic level for the 
quantitative estimations of thermodynamics and free energy 
descriptions of membrane–compound interaction behaviors 
at nanosecond time resolutions (Lopes et al. 2017; Ulm-
schneider et al. 2018). The correlation between antioxidant 
ability of flavonols and their behavior with biomembranes 
is thus rationalized in this present work.

Materials and Methods

Chemical Materials

F i s e t i n ,  a p i ge n i n ,  m o r i n ,  a n d  ch o l e s t e ro l 
(3β)-cholesten-5-en-3-ol) were purchased from 
Sigma Chemicals (St. Louis, MO, USA). POPC lipid was 
obtained from Avanti polar lipids (Alabaster, AL). Analyti-
cal grade chemicals were procured from Hi Media Laborato-
ries Pvt. Ltd., Mumbai, India. All the compounds were used 
as received due to their high purity (> 99%) and were stored 
according to the supplier information. Chloroform and ethyl 
alcohol (purity > 99%) were obtained from Merck.
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Antioxidant Activity

Reducing power, superoxide, nitric oxide, and hydrogen 
peroxide radicals scavenging activity of the compounds 
were evaluated according to the methods described in our 
previous paper (Papay et al. 2017). Percent inhibition and 
 IC50 values (concentration required to scavenge 50% of the 
radicals) were calculated by plotting curves of scavenging 
activity (%) versus the concentration of compounds (μg/mL) 
and compared with standard reference compound, ascorbic 
acid using GraphPad Instat, software, version 3.0.

Molecular Dynamics (MD) Simulations

The most abundant lipid component of mammalian cell 
membranes constitutes unsaturated phosphatidylcholines 
(van Meer et al. 2008). In this context, we considered the 
zwitterionic POPC lipid bilayer model with one cis double 
bond between C9 and C10 in the β-chain. For MD simula-
tions, the lipid bilayer models comprise of 128 molecules 
of POPC surrounded by 2640 TIP4P water molecules with-
out any cholesterol. For cholesterol-containing membrane 
model, the lipid bilayer model comprises of 176 molecules 
of POPC containing 40% cholesterol surrounded by 8920 
TIP3 water molecules, respectively. All molecular dynam-
ics simulations were performed with Desmond 2016 MD 
package (Maestro-Desmond Interoperability Tools, ver-
sion 10.7, Schrödinger, New York, NY, 2016) using the 
OPLS-AA 2005 force field (Banks et al. 2005). The sol-
ute (Compound: lipid bilayer) was immersed in octahedron 
box spaced at a buffer size of 1 nm from solute boundaries 
(Stach et al. 2012). MD simulations were performed with 
0.15 M NaCl (physiological concentration of monovalent 
ions) in 10 Å buffer under standard NPT ensemble in an 
electro-neutral system by implementing the Berendsen ther-
mostat and barostat methods. MD production run was car-
ried out for 100 ns using minimization, equilibration, and 
production run. The energy minimization and relaxation 
of the system was carried out using Steepest Descent and 
the limited-memory Broyden–Fletcher–Goldfarb–Shanno 
algorithms in a hybrid manner with a step size of 0.005 ps 
and switch criteria of 25 kcal mol−1 Å−1. The short-range 
interactions used a cutoff radius of 9.0 Å, whereas the long-
range coulombic interactions were taken into account using 
smooth Particle Mesh Ewald (PME) with Ewald tolerance 
of 1e-09 Å (Essmann et al. 1995).

This was followed by the equilibration step in which 2000 
steps were performed for the steepest descent minimiza-
tion of water molecules and ions to retain a lower energetic 
geometry, while the solute was restrained with force con-
stant of 50 kcal/mol Å2. The systems were then followed by 
another 2000 steps of minimization resulting in root mean 
square gradient of 0.1. This was then followed heating of 

12 ps at 10 to 300 K in a constant volume ensemble. After 
this, constant pressure of 12 ps was applied with an unre-
strained simulation at 300 K.

Then the final production runs were performed for 100 ns 
with the records of coordinates were taken every 4.8 ps and 
the energies were recorded every 1.2 ps at 300 K using 
NPγT ensemble and surface tension of 4000 bar Å. The bond 
lengths to hydrogen were constrained with a variant of the 
M-SHAKE algorithm (Krautler et al. 2001). The system was 
maintained during the course of the simulation at a con-
stant temperature of 300 K and 1 atm of pressure by using 
Martyna–Tobias–Klein Barostat algorithm with a relaxation 
time of 2 ps with isotropic coupling style and Nose–Hoo-
ver thermostat algorithm (with a relaxation time of 1 ps) 
(Evans and Holian 1985; Martyna 1994). And, partial mesh 
ewald (PME) algorithm was followed for long-range elec-
trostatic interactions (Essmann et al. 1995). The van der 
Waals (VDW) and electrostatic interactions were truncated 
at 10 Å, and estimated the long-range VDW contributions 
to the energy and the pressure by assuming a homogene-
ous distribution of VDW spheres with dispersion coefficient 
69.5 kcal/mol/Å. RESPA (Reversible Reference System 
Propagator Algorithms) integrator 17 with steps of 2 fs was 
used for bonded and short-range non-bonded interactions, 
and 6 fs for long-range electrostatics.

Analysis of Molecular Dynamic Simulations

All the figures were generated using program PyMOL 
(DeLano Scientific LLC http://www.pymol .org). The posi-
tion of phosphate atoms in POPC head groups and the dis-
tance along the z-axis of the compounds from the center of 
the lipid bilayer were used to determine the center of mass 
of that entity (COM; d) and the centers of masses of its 
corresponding characteristic groups. The average area per 
lipid was calculated without and with compounds from the 
product of the X and Y dimension of the MD simulation 
cell divided by the number of lipids per leaflet (Kollman 
et al. 2000).

Binding Free Energy Calculations

Molecular mechanics Poisson–Boltzmann surface area equa-
tion based on the MM/PBSA method was applied for the 
estimation of binding free energy of systems (Kollman et al. 
2000). The binding free energy was estimated by

where ΔGbinding is the total free energy of the compound-
bilayer complex, and  Gcompound and  Gbilayer are total energy 
of separated compound and bilayer in solvent, respectively. 
Each energy term, G, is estimated as the sum of the average 

ΔGbinding = Gcomplex −
(

Gcompound + Gbilayer

)

,

http://www.pymol.org
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molecular mechanics potential energy in vacuum  (EMM), and 
the free energy of solvation  (Gsolvation) according to follow-
ing equation:

The molecular mechanics potential energy was calcu-
lated in vacuum as following:

The term,  Ebonded is bonded interaction including of 
bond, angle, dihedral, and improper interactions and 
 Enon-bonded is non-bonded interactions consisting of van 
der Waals  (Evdw) and electrostatic  (Eelec) interactions. The 
term, Δ  Ebonded is always taken as zero. Furthermore, the 
solvation energy is decomposed into the polar solvation 
energy  (Gps) and the non-polar solvation energy  (Gnps) 
according to following equation:

The  Gps was computed using the Poisson–Boltzmann 
(PB) equation and  Gnps was calculated based on the sol-
vent-accessible surface area (SASA), according to (Liu 
et al. 2011):

where SASA was determined using the molsurf method using 
a probe radius of 1.4 Å, whereas surface tension coefficient γ 
and fitting parameter constant β. The values of the constants 
according to the literature are (Liu et al. 2011):

Isothermal Titration Calorimetry (ITC)

POPC was dissolved in dichloromethane followed by 
the evaporation of the solvent under a gentle stream of 
nitrogen and then subjected to vacuum-desiccation for 
an appropriate time. The dried POPC was then hydrated 
with Tris-buffered saline at pH 7.5 and ion strength of 
154  mM. ITC measurements were obtained from ITC 
200 microcalorimeter (MicroCal, Northampton, MA) at 
30 °C. The data obtained were analyzed using the One 
Set of Sites model of the MicroCal version of ORIGIN 
7.0 software. The membrane association coefficients  (Ka), 
standard free energy change (ΔGinsertion), enthalpy of inser-
tion (ΔHinsertion), and entropy of insertion (ΔSinsertion) were 
calculated according to the standard equations.

Gcompound∕ bilayer = EMM + Gsolvation

EMM = Ebonded + Enon−bonded = Ebonded +
(

Evdw + Eelec

)

Gsolvation = Gps + Gnps

Gnps = �SASA + �,

� = 0.02267Kj∕Mol∕Å2 or 0.00542Kcal∕Mol∕Å2

b = 3.849Kj∕Mol or 0.916Kcal∕Mol

Statistical Analysis

The results were expressed as the mean ± standard error of the 
mean (SEM). Statistical analysis was performed using Graph-
Pad Instat, software, version 5.0. The values were analyzed by 
one-way Analysis of Variance followed by Tukey’s multiple 
comparison test at a significance level of p < 0.05.

Results

Antioxidant Activity of Flavonols

Initially, we investigated the antioxidant activity of selected 
flavonols, which showed significant radical scavenging 
activity against superoxide, nitric oxide, and hydrogen 
peroxide-induced radicals. The reducing ability of the com-
pounds to transform  Fe3+ to  Fe2+ was measured in terms of 
absorbance at various concentrations. The higher absorbance 
of the reaction mixture indicates the higher reducing power 
of the compound. As compared with fisetin and apigenin, 
morin showed highest and dose-dependent increase in reduc-
ing ability, with the maximum effect attained at 15 µg/mL 
(r2 = 0.993, Fig. 1a). Fisetin (r2 = 0.985) and apigenin (r2 = 
0.970) also showed significant reducing capacity at similar 
concentration levels (Fig. 1a).

The ability to scavenge superoxide radicals generated 
from dissolved oxygen by PMS-NADH coupling was meas-
ured in terms of reduction of NBT. In this regard, our study 
shows that superoxide scavenging activity in the presence 
of morin was about 79 ± 2.3% (r2 = 0.970), whereas it was 
about 71 ± 1.9% (r2 = 0.978) and 60.4 ± 1.6% (r2 = 0.983), 
respectively, in the presence of fisetin and apigenin (Fig. 1b).

Similarly, a significant increase in nitric oxide radical 
quenching activity of morin was seen in a concentration-
dependent manner (r2 = 0.960; Fig. 1c). Although, fisetin 
(r2 = 0.973) and apigenin (r2 = 0.981) show significant 
nitric oxide radical scavenging activity, however, their per-
cent inhibition was less as compared with morin at similar 
concentrations, indicating the stronger capacity of morin 
(Fig. 1c).

A similar trend was observed for hydrogen peroxide scav-
enging activity when incubated with these compounds at a 
concentration range of 2.5 to 15 µg/mL (Fig. 1d). The high-
est percent inhibition was observed with morin at a concen-
tration of 15 µg/mL (80.4 ± 2.4%; r2 = 0.939; Fig. 1d). This 
was followed by fisetin (r2 = 0.944) and apigenin, respec-
tively (r2 = 0.956; Fig. 1d).

Location and Orientation of Flavonols in Lipid 
Bilayer

Here, we studied the interaction of selected flavonols (Fig. 
S1) with unsaturated (POPC) lipid bilayer with cholesterol 
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(0 and 40%) by means of MD simulations. Presently, we 
focused on the location and orientation of the selected fla-
vonols in the lipid bilayers and the effect of them on the 
quantitative properties of the lipid bilayers.

Initially, we place all the compounds in the interior of the 
lipid bilayer phase (Fig. 2a, c, and e). The final snapshots 
of all MD simulations showed that the compounds incorpo-
rates into the lipid bilayer and finally equilibrates between 
hydrophobic core and polar surface of lipid bilayer (Fig. 2b, 
d and f). The results indicate that morin approaches towards 
the surface of the lipid bilayer within 25 ns and then finally 
relaxes at the membrane surface at the water–lipid inter-
face through the formation of hydrogen bonds after 100 ns 
(Fig. 2f). Fisetin and apigenin also orient in a similar kind 
of location at the membrane surface. In case of morin, the 
hydroxyl groups of A and C ring orient towards the lipid-
water phase and forming H-bonds with the water molecules, 
whereas the B ring orients itself towards the inside of the 
lipid bilayer forming H-bonds with the oxygen atoms in 
the glycerol and phosphate groups in the lipid head groups 
(Fig. 2b and c). The 2′-OH interacts with polar head groups 

of lipid bilayer by forming H-bonds, whereas 4′–OH, 3–OH, 
5–OH, and 7–OH interact with water molecules via H-bonds 
at the polar surface of the membrane. The 2′–OH was ori-
ented towards the lipid bilayer and thus responsible for anti-
lipid peroxidation effect, whereas OH groups at C-3, C-5, 
and C-7 along with C-4 are free radical scavenger active 
groups responsible for the antioxidant activity of the morin. 
The average position of the center of mass of morin after 
100 ns was found to be at 1.8 ± 0.18 nm (Table 1).

Apigenin locates itself in somewhat parallel orientation 
with the lipid bilayer closer to the polar head groups of the 
bilayer, the OH group of the B ring is the sole H-atom donor 
which is responsible for the H-bonding interactions between 
this group and both the polar head groups of the bilayer 
and the water molecules (Fig. 2c and d). This results in the 
formation of a water cavity due to the deformation of the 
membrane surface which favors the formation of H-bonds. 
The OH- groups of A and C rings of apigenin are nearly at 
a similar distance from the center of the bilayer, indicat-
ing almost the parallel orientation of the compound to the 
surface. In our study, unlike apigenin, fisetin locates itself 

Fig. 1  Antioxidant activity of the selected compounds: a reducing 
power; b superoxide radical scavenging; c nitric oxide radical scav-
enging; and d hydrogen peroxide radical scavenging assays. Data are 

presented as mean ± SEM of triplicates. *p < 0.05; **p < 0.01; ***p 
< 0.001 from 0 μg/mL extract/ascorbic acid
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in somewhat tilted orientation in the lipid bilayer with B- 
ring hydroxyl groups at the 3′ and 4′ positions are pointing 
towards the inside of the lipid bilayer (Fig. 2a and b). The 
average position of the center of mass for fisetin and api-
genin were found to be at 1.7 ± 0.15 and 1.9 ± 0.14 nm, 
respectively (Table 1).

Figure 3 shows snapshots of the initial and final configu-
rations illustrating the location and the orientation of the 
molecules in the POPC bilayer membrane with 40% choles-
terol. The change in location and orientation among the com-
pounds could be related to the intermolecular interactions 
with the cholesterol. The orientation of apigenin and fisetin 

Fig. 2  Snapshots of initial 
and last frame of MD simula-
tions in the POPC lipid bilayer 
characteristic to the location a, 
b fisetin, c, d apigenin and e, f 
morin, respectively. The water 
molecules have been removed 
for sake of clarity. Red and 
purple color denotes oxygen and 
phosphorus atoms, respectively 
(Color figure online)
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differs from that of morin, however, all of them interacted 
with the lipid head groups on the bilayer surface (Fig. 3). 
The latter corresponds to perpendicular orientation of the A 
and B rings with respect to the surface of lipid bilayer. The A 
(5–OH and 7–OH) and B rings (3–OH and 4–CO) of morin 
locate close to the carbonyl groups of POPC. The average 
positions of the center of mass for fisetin and apigenin were 
found to be at 2.3 ± 0.19 and 2.4 ± 0.21 nm, respectively 
(Table 1; Fig. 3e and f).

Morin was located at around 2.1 ± 0.17 nm from the 
center of the POPC lipid bilayer (Table 1). In fisetin, 3′-OH 
and 4′-OH were located at 1.5 ± 0.11 and 1.6 ± 0.14 nm, 
respectively, in PC membrane, whereas in case of choles-
terol-containing PC membrane, same 3′–OH and 4′–OH 
groups were located at 2.14 ± 0.2 and 2.23 ± 0.22 nm, 
respectively (Table 1; Fig. 3a and b). A similar trend was 
followed for 4′-OH group in apigenin (Table 1; Fig. 3c and 
d). MD simulation snapshots that illustrate the major geom-
etries of compounds interactions of lipid bilayer models are 
presented in the Supplementary material, Fig. S2.

Area Per Lipid and Thickness Profiles

In MD simulation studies, area per lipid and membrane 
thickness are two most important quantitative structural 
properties. The area per lipid in the presence of fisetin was 
increased to 0.664 nm2 as compared with the POPC alone 
with initial area per lipid of 0.647 nm2 (Fig. 4a and b). This 
was coupled with a decrease in calculated thickness from an 
initial POPC system of 4.431 to 4.247 nm (Fig. 4a and b). 
The main part of the molecule was oriented towards the lipid 
bilayer, however, A ring attracts the molecule to the water 
phase, thus the calculated change in thickness and area per 
lipid (Fig. 2a). In the case of apigenin, there was a slight 
decrease in membrane thickness with a sizeable increase 
in the area per lipid (4.316 nm and 0.655 nm2; Fig. 4a and 
b). The area per lipid was calculated with morin in POPC 
bilayer system and was observed to be increased by 4% 

with an average value of 0.671 nm2, whereas thickness was 
decreased to 4.158 nm (Fig. 4a and a).

MD simulation of the PC lipid membrane containing 40% 
cholesterol converged to give an area per lipid of 0.562 nm2 
with a concomitant increase in thickness to 4.621  nm 
(Fig. 4a and b). In the case of morin, simulation results cor-
relate with the calculations of quantitative bilayer proper-
ties showing that area per lipid was decreased to 0.582 nm2 
as compared with pure PC lipid membrane system without 
cholesterol, however, it has been increased if we compared 
it with pure PC with 40% cholesterol membrane system 
(Fig. 4a and b). As compared with PC with 40% cholesterol 
membrane system, morin showed significant decrease in 
membrane thickness to 4.325 nm (Fig. 4b).

Hydrogen Bond and Free Energy Profiles 
of the Molecules–Bilayers Interactions

As depicted in Fig. 5, morin formed higher H-bonds in 
POPC lipid bilayer with 40% cholesterol per nanosecond 
as compared with PC bilayer without cholesterol. A sim-
ilar trend was also followed by fisetin and apigenin. The 
H-bonds formed by morin increased from 0 to 7 in POPC 
lipid bilayer without cholesterol (Fig. 5a), whereas in PC 
membrane bilayer with 40% cholesterol, it increased from 
0 to 8 per nanosecond (Fig. 5b). In case of a pure POPC 
lipid bilayer with 0% cholesterol, flavonols formed H-bonds 
with water and lipid oxygens as it approached the bilayer 
(Fig. 5a). However, in the case of POPC lipid bilayer with 
40% cholesterol, flavonols formed H-bonds with POPC, 
cholesterol, and water molecules in the bilayers (Fig. 5b). 
The average H-bonds formed by morin, fisetin, and apigenin 
were calculated to be 4.90 ± 0.35, 4.40 ± 0.30, and 3.95 
± 0.17, respectively, for POPC lipid bilayer without cho-
lesterol (Fig. 6). However, in POPC lipid bilayer with 40% 
cholesterol, the average H-bonds formed by morin, fisetin, 
and apigenin were calculated to be 5.50 ± 0.23, 5.10 ± 0.21 
a,nd 4.70 ± 0.20, respectively (Fig. 6).

Table 1  Average distances d 
(nm) from the center of lipid 
bilayer

Simulations were replicated five times independently
All values were represented as mean ± SEM

Compounds 3OH 5OH 7OH 3′OH 4′OH 2′OH COM

POPC
 Fisetin 1.8 ± 0.17 – 1.65 ± 0.12 1.5 ± 0.11 1.6 ± 0.14 – 1.7 ± 0.15
 Apigenin – 1.96 ± 0.18 1.98 ± 0.15 – 2.1 ± 0.17 – 1.9 ± 0.14
 Morin 1.87 ± 0.15 1.9 ± 0.17 1.7 ± 0.18 – 1.79 ± 0.19 1.73 ± 0.16 1.8 ± 0.18

POPC/Cholesterol (40%)
 Fisetin 2.3 ± 0.18 – 2.1 ± 0.16 2.14 ± 0.2 2.23 ± 0.22 – 2.3 ± 0.19
 Apigenin – 2.6 ± 0.21 2.5 ± 0.18 – 2.35 ± 0.17 – 2.4 ± 0.21
 Morin 2.05 ± 0.15 2.2 ± 0.18 2.3 ± 0.14 – 1.90 ± 0.12 1.98 ± 0.11 2.1 ± 0.17
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Furthermore, morin formed higher number of H-bonds 
than fisetin and apigenin, which is due to the higher num-
ber of OH groups in the morin than that of others (Fig. 6). 
This was observed in both the lipid bilayer systems. There 
was a steep rise in H-bonds after almost 25 ns by morin in 
pure POPC bilayer without cholesterol system. However, 
in POPC bilayer with 40% cholesterol system, the rise in 
H-bonds appears after almost 10 ns.

The calculated interactions and overall binding free ener-
gies obtained from the MM/PBSA calculations are listed 
in Table 2. The binding free energy for fisetin in the PC 
membrane bilayer with 0% and 40% cholesterol was found to 
be − 112.41 ± 10.44 and − 95.45 ± 10.17 kcal/mol, respec-
tively, which was more than that of apigenin with − 93.88 ± 
11.29 and − 70.95 ± 9.13 kcal/mol, respectively (Table 2). 
Morin showed highest calculated free energy minimum 

Fig. 3  Snapshots of initial and 
last frame of MD simulations 
in the POPC lipid bilayer with 
40% cholesterol characteristic 
to the location a, b fisetin, c, d 
apigenin, and e, f morin, respec-
tively. The water molecules 
have been removed for sake of 
clarity. Red and purple color 
denotes oxygen and phospho-
rus atoms, respectively (Color 
figure online)
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with − 123.23 ± 11.23 and − 111.15 ± 11.85 kcal/mol, 
respectively, in the PC membrane bilayer with 0% and 40% 
cholesterol (Table 2).

Isothermal Titration Calorimetry (ITC)

Since morin showed significant antioxidant activity in wet-
lab experiments and deepest penetration as well as a highest 
affinity for POPC lipid bilayer, therefore, we performed ITC 
measurements to quantify the thermodynamic properties of 

morin insertion into POPC lipid bilayer. The data of the 
results for the morin molecule insertion into POPC bilayer 
are shown in Table 3.

Discussion

The flavonol compounds are well known for various phar-
macological activities, however, their mechanism of action 
with respect to their structure has remained unclear. In this 
study, all the flavonols (morin, apigenin, and fisetin) were 
shown to have significant free radical scavenging activity. 
The high antioxidant activity and inhibition of lipid peroxi-
dation of flavonols could be due to the interaction with cell 
membranes (Kumar and Pandey 2013). It should be noted 
that all three compounds are known to act as antioxidants 
(Markovic et  al. 2012; Prasath and Subramanian 2013; 
Shukla and Gupta 2010).

The differences in the location and orientation of dif-
ferent flavonols depend on the number and distribution of 
hydroxyl groups and the polymerization degree (Verstraeten 
et al. 2015). All the selected compounds are amphipathic 
molecules characterized by the presence of hydrophobic aro-
matic rings and hydroxyl groups that can donate hydrogen 
atoms, influencing the type of interactions with lipid bilayer 
systems. Since these compounds are not expected to pen-
etrate the plasma membrane, therefore, we did 100 ns time-
scale atomistic MD simulations to quantify the interactions 
of these compounds with model lipid bilayers. These results 
are in agreement with wet-lab experiments which showed a 
protective effect of morin against radiation‐induced mem-
brane lipid peroxidation (Zhang et al. 2011).

The 3-OH and 7-OH groups of apigenin are forming 
H-bonding interactions with the water molecules at the 
membrane surface and at the nearly same distance as the 
P-atoms of the lipid, which shows that it does not participate 

Fig. 4  Quantitative properties of the simulated POPC lipid bilayer 
with 0% and 40% cholesterol systems a Area per lipid and b Bilayer 
thickness. Simulations were replicated five times independently. All 
values were represented as mean ± SEM. *p < 0.05; **p < 0.01; 
***p < 0.001 from pure lipid

Fig. 5  H-bonds (HB) formed between hydroxyl donors of morin in POPC lipid bilayer with a 0% and b 40% cholesterol during the 100 ns simu-
lation
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in the scavenging of lipid peroxyl radicals  (LOO•). This 
kind of tendency was in agreement with a recent study 
which showed that apigenin induces a rearrangement of 
the DPPC lipid bilayer and thus, increasing its permeability 
(Kocábováa et al. 2018).

The 3′-OH and 4′-OH of B ring in case of fisetin and 
4′-OH of apigenin are pointing towards the solvent and polar 
head groups of the lipid bilayer and orients itself in parallel 
orientation at the membrane surface. The scavenger active 
hydroxyl groups 3′-OH and 4′-OH interact as H-donors with 
lipid oxygen atoms as H-acceptors to form H- bonds with 
the phosphate oxygen atoms. Since, the molecules remain 
at the membrane surface, thus definitely cannot scavenge 
 LOO• free radicals. However, the partitioning and perme-
ability of molecules into cholesterol-containing PC mem-
brane decreases with 40% cholesterol content. The decrease 
in permeability of molecules could be correlated with the 
increase of the phospholipid surface density (De Young and 
Dill 1988).

The present data suggested that all the molecules perme-
ate deeply into the inside of the PC lipid bilayer, whereas 
they only contacted with the surface with limited sites in 
cholesterol-containing PC lipid bilayer. Thus, the partition-
ing of molecules was more sensitive to cholesterol. Accord-
ing to a previous study, quercetin interacts preferentially 

with cholesterol which leads to the reduction in its availabil-
ity inside the lipid bilayer and thus, reducing its antioxidant 
potential (Lupanova et al. 2012).

The membrane thickness is considered as the distance 
between the center of mass of the phosphorus atoms in the 
two leaflets of the lipid membrane bilayer. The changes 
observed were in agreement with the simulation results 
which indicate that morin occupies some space inside the 
lipid bilayer at the membrane surface. The presence of an 
additional hydroxyl group at 2′ position of the B ring in 
morin is found to be responsible for the change in the orien-
tation. The 3-OH, 5-OH, 3′-OH, and 4′-OH groups of morin 
are free radical scavenger active groups and found to form 
H-bonds with lipid head groups and water molecules. Thus, 
we can conclude that morin can effectively scavenge free 
radicals flowing across the lipid bilayer and thereby inhibit-
ing lipid peroxidation. However, it will not be an efficient 
molecule for the scavenging of lipid peroxyl radicals since 
the active free radical scavenger active groups are far from 
the center of the bilayer where these radicals are formed. 
Whereas, in the case of apigenin, an extra hydroxyl group 
in B ring interacts with lipid oxygen acceptors in particular, 
O9, O10, and O16 as well as with surrounding water mol-
ecules. The 5-OH and 7-OH groups of A ring are mainly 
responsible for the solvent interactions and therefore could 
be major active groups only when scavenging hydroxyl 
radicals, otherwise OH groups in B ring are responsible for 
antioxidant activity of the molecule. It is expected that api-
genin would be less efficient than morin and fisetin in scav-
enging  LOO• radicals. These results are in agreement with 
experimental results which showed that 5-hydroxyflavones 

Fig. 6  Average H-bonds formed between fisetin, apigenin, and morin 
in POPC lipid bilayer with 0% and 40% cholesterol during the 100 ns 
molecular dynamics simulation. Simulations were replicated five 
times independently. All values were represented as mean ± SEM

Table 2  Average MM/PBSA free energies of compound-bilayer complexes calculated from the MD simulations performed in quintuplicate

Results were shown as the mean ± SEM of five simulations

Energy (kcal/mol) POPC POPC/Cholesterol (40%)

Fisetin Apigenin Morin Fisetin Apigenin Morin

ΔEELE − 216.80 ± 13.17 − 205.75 ± 10.41 − 223.78 ± 12.56 − 187.38 ± 11.43 − 165.41 ± 9.62 − 206.52 ± 11.03
ΔEVDW − 182.53 ± 11.26 − 162.48 ± 10.14 − 193.55 ± 11. 95 − 163.40 ± 10.29 − 148.90 ± 12.56 − 174.30 ± 10.80
ΔEGAS − 399.33 ± 14.79 − 368.23 ± 13.12 − 417.33 ± 14.28 − 350.78 ± 12.81 − 314.31 ± 12.75 − 380.82 ± 13.25
ΔGNPS − 27.90 ± 7.24 − 21.50 ± 12.56 − 30.60 ± 5.70 − 22.47 ± 7.85 − 19.07 ± 6.26 − 25.70 ± 8.05
ΔGPS 314.82 ± 12.42 295.85 ± 12.56 324.70 ± 17.29 277.80 ± 11.92 262.43 ± 10.80 295.37 ± 14.29
ΔGSOL 286.92 ± 11.85 274.35 ± 10.97 294.10 ± 16.48 255.33 ± 12.68 243.36 ± 11.97 269.67 ± 12.32
ΔGbinding − 112.41 ± 10.44 − 93.88 ± 11.29 − 123.23 ± 11.23 − 95.45 ± 10.17 − 70.95 ± 9.13 − 111.15 ± 11.85

Table 3  Thermodynamic data for partitioning of the morin from 
water into POPC vesicles (303 k)

DMPC ΔGinsertion 
(Kcal.M−1)

ΔHinsertion 
(Kcal.M−1)

ΔSinsertion (cal.
M−1.K−1)

Ka  (M−1)

Morin − 22.96 − 5.99 56 9106
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including morin and fisetin are more potent in lipid peroxi-
dation inhibition than 3-hydroxyflavones including apigenin 
(Sugihara et al. 1999).

A similar trend was followed with all the molecules in 
PC lipid bilayer with 40% cholesterol when compared with 
their counterparts in pure PC lipid membrane systems. 
These results indicated that molecules get diffuse from the 
lipid bilayer to the surrounding aqueous phase when in PC 
with 40% cholesterol bilayer system. These changes were 
in agreement with earlier studies which showed that the 
decrease in permeability of molecules in cholesterol-con-
taining PC membranes is correlated with the increase of the 
phospholipid surface density (Patil et al. 2016). Recently, 
it has been suggested that this correlation is because of the 
area-dependent resistance at the lipid head groups and alter-
ations in the partition coefficient (Shinoda 2016).

Since intermolecular interactions play an important role 
in the penetration and permeability of compounds on the 
membrane lipid bilayer surface, therefore, we also stud-
ied the hydrogen bonding between the hydroxyl groups of 
the flavonols with the lipid oxygens (Sirk et al. 2011). The 
hydroxyl groups of the flavonols, cholesterol, and water mol-
ecules were considered as both hydrogen bond donors and 
acceptors. For this, we performed a time-dependent analysis 
of the H-bonds between them. As predicted from the simula-
tions, the flavonols were localized on the bilayer–water inter-
face, therefore, they have the ability to form hydrogen bonds 
with the water molecules. These data suggested that the kind 
of orientation of compounds is driven by hydrogen-bonding 
interactions with the polar head of lipid bilayer as well as 
with cholesterol molecules. Our results indicated the absorp-
tion and deeper penetration of morin inside both the lipid 
bilayers. Furthermore, inside the bilayer, all the hydroxyl 
groups become accessible to the lipid oxygens which appar-
ently increase the number of H-bonds. This was due to the 
fact that the location of morin was at water–bilayer inter-
face and OH groups of morin were involved in H-bonding 
with cholesterol molecules as well as with water and lipid 
bilayer. Similar kind of increase in H-bonds with PC mem-
brane bilayer by the incorporation of cholesterol was also 
observed in a previous computational study (Karamia and 
Jalili 2014).

Apart from the change in the membrane structural prop-
erties, binding free energy profiles were also affected by 
the cholesterol content in the PC membrane bilayer. To 
obtain insight about the overall binding free energies, we 
have calculated interactions such as van der Waals, elec-
trostatic, polar solvation energy, and non-polar solvation 
energy using MM/PBSA method (Xu and Wang 2006). It 
has already been showed that the higher negative values 
of the binding free energies signify stronger affinity of the 
ligand to the membrane lipid bilayer (Ossman et al. 2016). 

The changes in binding free energy of morin were because 
of the higher energetic cost required for deeper penetration 
towards the inside of the PC bilayer without cholesterol. 
This localization of morin reduced the repulsive forces 
among the phospholipid head groups, thus decreasing the 
mobility of the hydrocarbon chains (Reiner et al. 2013). 
As depicted in Table 2, both van der Waals and electro-
static interactions of morin in POPC bilayer with 0% and 
40% cholesterol were higher than that of other related 
molecules, suggesting that van der Waals and electrostatic 
interactions also contributed significantly to the affinity of 
morin towards the membrane bilayers. Furthermore, the 
electrostatic interactions of morin were also lower than 
that of fisetin and apigenin, respectively, for POPC bilayer 
with 0% and 40% cholesterol, resulting in a lower binding 
free energy with the bilayers than that of corresponding 
compounds. Moreover, from the results of binding free 
energies, we could also suggest that the decrease in bind-
ing free energies of the molecules in POPC bilayer with 
40% cholesterol might be due to the reduced permeability 
of a membrane on the addition of cholesterol (Subczynski 
et al. 1994; Papahadjopoulos et al. 1972). This could be 
due to the fact that the double bond in the unsaturated 
POPC lipid induces a kink in the hydrocarbon chain which 
precludes tight packing with the planar and rigid choles-
terol molecules, leading to more disorder and free vol-
ume in the POPC/cholesterol membranes and resulting in 
a slower increase of binding free energies (Pandit et al. 
Pandit et al. 2008). Interestingly, the sequence of effects 
on the bilayer properties induced by flavonols correlates 
with the binding free energies and the sequence was in 
the order of morin > fisetin > apigenin. This could be 
explained by the fact that more pronounced charge may 
pull the compounds out of the bilayers due to their loca-
tion at the water–bilayer interface and thereby, may be less 
efficient in lipid peroxidation inhibition activity. The other 
computational studies on the influence of cholesterol on 
lipid bilayers also correlate with our findings (Sanver et al. 
2016; Lopes et al. 2017; Wennberg et al. 2012).

However, taken together, all results suggest that morin 
has shown the most significant antioxidant activity against 
the damage caused by free radicals. Thus, we extended 
our investigations to determine the mechanism of morin 
into the lipid bilayer by ITC experiments. The ITC data 
suggested that morin molecule partitioned spontaneously 
into the POPC membrane as predicted by the negative 
ΔGinsertion. The results also suggest that the insertion of 
morin is driven mostly by an increase in entropy. Since 
morin is non-polar, its insertion into the bilayer is driven 
by the hydrophobic effect with minimal enthalpic interac-
tions with the headgroups (Table 3).
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Conclusions

In conclusion, we found that although all the three com-
pounds (Morin, fisetin, and apigenin) have significant anti-
oxidant activity, however, morin showed most potent results 
among them which could be due to the differences in their 
structure. We analyzed the influence of cholesterol, hydroxyl 
groups in flavonols, substituted OH group and their inter-
molecular H-bonding ability on the location, orientation, 
and the penetration depth of flavonols in lipid bilayer. All 
the compounds incorporate into the POPC lipid bilayers, 
however, morin showed the deepest penetration into the lipid 
bilayer which might be attributed to the hydroxyl groups at 
position 3 as well as 5. Our results rationalize the higher 
efficiency of morin as compared with fisetin and apigenin 
to scavenge  LOO• radicals as well as to interrupt hydroxyl 
radicals which used to generate in the water phase, diffuse 
easily across the lipid bilayer and causing oxidation of acyl 
chains. In addition, the incorporation of cholesterol in the 
lipid bilayer system can delay or prevent the deeper penetra-
tion of the flavonols which might be due to the H-bonding 
with the cholesterol at the polar interfacial region of the lipid 
bilayer. We strongly believe that the cholesterol in POPC 
lipid bilayer could result in a reduction in the area per lipid 
values and a corresponding rise in the bilayer thickness. 
The MD results were in agreement with the ITC experi-
mental results. Thus, this study shows how the positioning 
of compounds in lipid membrane could affect its antioxidant 
properties as well as also contributed an understanding of 
permeability across membranes foundation for the encapsu-
lation of these compounds into liposomes. However, further 
detailed experimental studies are required to investigate the 
effect of cholesterol in membranes of saturated and polyun-
saturated lipids.
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