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Molecular Mechanism of 
Resveratrol’s Lipid Membrane 
Protection
Qinqin Fei, David Kent, Wesley M. Botello-Smith, Fariah Nur, Saadia Nur, Abdelaziz 
Alsamarah, Payal Chatterjee, Maria Lambros & Yun Luo  

Resveratrol, a natural compound found in red wine and various vegetables, has drawn increasing 
interest due to its reported benefit in cardiovascular protection, neurodegenerative disorders, and 
cancer therapy. The mechanism by which resveratrol exerts such pleiotropic effects remains unclear. It 
remains as one of the most discussed polyphenol compounds in the debating "French Paradox". In 
this study, using molecular dynamics simulations of dipalmitoyl phosphatidylcholine (DPPC) bilayer 
with resveratrol, we generated a free energy map of resveratrol’s location and orientation of inside the 
lipid bilayer. We found that resveratrol increases the surface area per lipid and decreases membrane 
thickness, which is the opposite effect of the well-studied cholesterol on liquid phase DPPC. Most 
importantly, based on the simulation observation that resveratrol has a high probability of forming 
hydrogen bonds with sn-1 and sn-2 ester groups, we discovered a new mechanism using experimental 
approach, in which resveratrol protects both sn-1 and sn-2 ester bonds of DPPC and distearoyl 
phosphatidylcholine (DSPC) from phospholipase A1 (PLA1) and phospholipase A2 (PLA2) cleavage. Our 
study elucidates the new molecular mechanism of potential health benefits of resveratrol and possibly 
other similar polyphenols and provides a new paradigm for drug design based on resveratrol and its 
analogs.

Resveratrol (Fig. 1) is a natural polyphenol found in red wine, and in several plants such as grapes, raspberries, 
mulberries, blueberries, and peanuts1. The “French Paradox”, the epidemiological observation that consumption 
of red wine is associated with reduced rate of coronary heart disease, (CHD), sheds light on resveratrol as an agent 
with cardio protective properties. Resveratrol is a well-known scavenger of free radicals2

. It has been implicated 
as the mitigating factor reducing the risk of CHD in diets loaded with fats and is considered to have several ben-
eficial attributes such as protection of vascular walls, antioxidant and anti-inflammatory effects, and inhibition 
of LDL oxidation3. Despite resveratrol’s wide consumption for its important health benefits in the prevention of 
oxidative stress and protection against cardiovascular disease, the molecular mechanism of resveratrol’s protec-
tion remains unclear4–6.

Resveratrol is known to protect cells from inflammation caused by cytokines and NADPH oxidases released 
in response to phospholipase A2 (PLA2) induction7–9. The acyl ester groups of lipid membranes are susceptible 
to the cleavage by phospholipases. Specifically, PLA2 is known to damage cell membranes by hydrolyzing the 
sn-2 ester bond of phospholipids and releasing a free fatty acid and a lysophospholipid. Lysophospholipids as 
surfactants can further damage membranes by solubilizing them. Lipoprotein associated PLA2 contributes to 
oxidative stress, thus increasing the hydrolysis of low-density lipoprotein (LDL) resulting in increased endothelial 
dysfunction and stiffness10. Therefore, people with a high concentration of lipoprotein associated PLA2 are at 
high risk of cardiovascular disease and stroke11. Both PLA2 and lysophospholipids have been implicated in can-
cer12,13. Phospholipase A1 (PLA1) hydrolyzes the sn-1 ester bond of phospholipids releasing a free fatty acid and 
a lysophospholipid. While the function of PLA2 has been well studied, the cellular and physiological function of 
PLA1 has not been clarified yet14,15.

Resveratrol has poor water solubility and its partition coefficient in 1,2-dipalmitoyl-sn-glycero-3-p
hosphocholine (DPPC) and 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC) liposomal membranes in the gel 
phase is 3.07 and 3.11, respectively16. This indicates a high affinity for the lipid part of membranes. Several studies 
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in the literature examine the interaction of resveratrol and its location within model lipid membranes using a 
variety of techniques such as differential scanning calorimetry (DSC), NMR, X-ray, neutron diffraction, ESR, 
molecular docking, and molecular dynamics simulations4–6,16–19. Overall, it is generally agreed that the hydroxyl 
groups of resveratrol interact with the head groups of phospholipids, although debate regarding the exact position 
and orientation of resveratrol within the bilayer continues. Some studies show that resveratrol localizes within 
the polar headgroup of membrane phospholipids4,19 and at high concentrations induces chain interdigitation 
in DPPC membranes5. Others state that resveratrol locates within the acyl chains of the bilayer protecting the 
polyunsaturated acyl chains from peroxidation16. Resveratrol was also reported to decrease the fluorescence of 
probes located in the hydrocarbon core of the membrane20. The preferred orientation of resveratrol in the bilayer 
has been shown almost flat from a molecular docking study5, but more tilted in a previous molecular dynamics 
simulation of its derivatives17. The position of resveratrol within the bilayer has also been discussed as concentra-
tion dependent18. Besides the location, the effects of resveratrol on the structure and fluidity of the lipid bilayer, 
it has been reported that resveratrol resembles cholesterol action on DMPC membrane and membrane models 
consisting of a mixture of egg-phosphatidyl choline, cholesterol, and sphingomyelin6,21,22.

Inspired by those previous studies, here for the first time, we used extensive molecular dynamics simulation 
to map the free energy landscape of resveratrol distribution in a well-parameterized DPPC bilayer model. The 
free energy landscape clearly reveals the most energetically favorable location and orientation of resveratrol mol-
ecules in both the liquid phase and transition phase of DPPC bilayer. We further conducted DSC and show that 
resveratrol interacts with membranes and shifts the phase transition temperature (Tm) of the DPPC and DSPC to 
lower temperatures. The simulation results strongly suggest that the resveratrol molecules may protect both ester 
groups of the lipid head group. We then proved this computational hypothesis using enzyme assays, and demon-
strated, for the first time, that resveratrol protects membranes from both PLA2 and PLA1 enzymatic hydrolytic 
attack of the sn-2 or the sn-1 ester groups of the phospholipids. The current study reveals new evidence, from the 
atomistic level to the cellular level, that resveratrol protects lipid membranes from hydrolysis. Prevention of PLA2 
associated cell damage and inflammation can possibly explain the wide range of the health benefit provided by 
resveratrol intake. More studies are needed to investigate whether this new molecular mechanism may be general 
for a large variety of naturally occurring polyphenol compounds.

Results and Discussion
Resveratrol reduces phase transition temperature in a concentration-dependent manner.  
DSC scans of both DPPC and DSPC membranes in pure condition show a small pre-transition peak at lower 
temperature accompanying a larger main transition peak at a higher temperature (Fig. 2). The small peak is 
the pre-transition peak and corresponds to the transition of lipids from Lβ’ phase, where the phospholipids are 
ordered but tilted with respect to the bilayer normal, to Pβ’ phase, where the lipids are ordered and the bilayer 
shows ripples. Lipids in either Lβ’ or Pβ’ phase are considered to be in “solid” or “gel” crystalline state. The large 

Figure 1. The two dimensional (a), and three-dimensional structure (b) of a trans-resveratrol molecule.

Figure 2. DSC Scans of phospholipid membranes with various amounts of resveratrol (mole %): (a) DPPC, (b) 
DSPC.
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peak at the higher temperature represents the main transition, Lα, and corresponds to the transition of lipids 
from the ‘gel’ to the ‘liquid’ or ‘fluid’ crystalline state. The main transition is a highly cooperative process, mean-
ing that the lipids tend to ‘melt’ in ‘unison’ and the resulting transition peak is narrow. Molecules that interact 
with phospholipids cause the main transition peak to widen, an indication of loss of the cooperativity between 
the phospholipids. Resveratrol abolishes the pre-transition of both lipids, reduces the Tm of phospholipids in a 
concentration-dependent manner (Fig. 2). Resveratrol also widens the main transition for both DPPC and DSPC, 
as shown by the increase of the thickness of the transition peak at half-height (ΔT1/2) (Table 1). This indicates 
loss of cooperativity between the phospholipid molecules. The effect of resveratrol on the melting point of DPPC 
and DSPC is summarized in Table 1. The reduction in Tm and loss of cooperativity observed here are consistent 
with literature reports5,17. The resveratrol derivative piceid, other resveratrol analogs, and some aromatic com-
pounds, such as fluorene and indeno (1,2,3-ed)pyrene also have similar thermotropic effects on DMPC, DPPC 
and DSPC as resveratrol16,23. However, the membrane thermotropic effect of small aromatic molecules such as 
local anesthetics which diffuse through membranes is variable and has been used to show that their diffusion 
through membranes depends on the protonation of the molecule and the state of the membrane24. Comparing 
the thermotropic behavior of resveratrol to that of cholesterol, which markedly reduces the DPPC cooperativity at 
30 mole %25–27, resveratrol does not reduce the cooperativity of DPPC to the same extent. This is likely due to the 
fact that cholesterol interacts with the acyl chains more, while resveratrol locates close to the lipid headgroup as 
we show in our computer simulations and reported by other experiments5,28.

Effect of resveratrol molecules on DPPC bilayer. Computational molecular dynamics simulations were 
performed to evaluate the distribution and interactions of DPPC and trans-resveratrol. DPPC bilayer model with 
CHARMM36 force field has shown good correlation with experimental properties29,30. A total of 18 resveratrol 
molecules were added to a solvated DPPC bilayer system. 16 resveratrol molecules were randomly placed in 
the DPPC bilayer of 80 DPPC per leaflet, which is equal to the experimental ratio of lipid to resveratrol 10:1. 
Two additional resveratrol molecules were placed in the bulk solution 15 Å away from the surface of the bilayer 
(Fig. 3). The overall simulated system contains 10.1% resveratrol. 300 nanoseconds (ns) simulation was conducted 
at a pressure of 1 bar and at body temperature (310 K or 37 °C) and also at higher temperature 325 K (52 °C). 
325 K is the standard temperature used to benchmark DPPC parameters in the liquid phase in comparison with 
experimental data. Figure 3 shows that all resveratrol molecules diffuse to the head groups of DPPC from bulk 
or from the bilayer center. The center of mass distance between each resveratrol molecule and bilayer center is 
shown at Fig. 4. Most of the resveratrol molecules diffuse quickly to the region under the polar group within 20 ns 
and fluctuate within 10 Å range during 300 ns simulation. It is clear that the binding site of resveratrol inside the 
DPPC bilayer is shallower (more towards the surface) compared with cholesterol31,32. This is due to the distinct 
feature that cholesterol only has one hydroxyl group, but resveratrol has multiple polar hydroxyl groups on both 
ends of the molecule. We have shown in the analysis below that there is a high probability that both polar ends of 
resveratrol form hydrogen bonds with DPPC head groups.

Resveratrol increases DPPC bilayer surface area and decreases bilayer thickness. In addition to 
monitoring the distribution of resveratrol molecules inside bilayer, the convergence of the simulations was also 
determined from the DPPC area per lipid and bilayer thickness. The area per lipid was computed using a trian-
gulation technique to generate a polygon from the coordinates of three atoms in a DPPC molecule (C2-carbon 
connecting sn-2 acyl chain, C31-first carbon on sn-1, C21-first carbon on sn-2). The bilayer thickness was meas-
ured using the distance between the mass density peaks of phosphorus atoms along the membrane normal. Both 
properties converge within 120 ns and the trajectories from 200 to 300 ns were used to calculate the average 
values and standard deviations (Fig. 5). At 323 K, the area per DPPC molecule without resveratrol is 62.8 Å2 and 
with 10% resveratrol is 64.9 Å2, both corresponds to the liquid crystalline phase. At 310 K, the area per DPPC 
without resveratrol is 51.7 Å2 and with 10% resveratrol is 58.1 Å2, both corresponds to the gel to liquid crystalline 
phase transition. A recent simulation using the same force field also indicates that pure DPPC bilayer at 310 K is 
between liquid crystalline and condensed phase33. Noticeably, the presence of 10% resveratrol shifted the bilayer 
at 310 K towards the liquid crystalline phase, which is in agreement with our DSC scan data that 9% resveratrol 
molecules lowered the DPPC transition temperature from 41.19 °C to 38.94 °C (Table 1). Compared with DPPC 
simulations without resveratrol, the presence of resveratrol increases the bilayer surface and makes the bilayer 
thinner at both temperatures (Table 2). This is distinct from the effect of cholesterol, which is reported to decrease 
the area per lipid and increase membrane thickness at liquid phase34–36. The opposite effect of resveratrol and 
cholesterol on liquid phase DPPC bilayer can be explained by the observation that cholesterol interacts more 
with acyl chain31, while resveratrol binds mainly near the headgroup region, having less contact with acyl chain.

Resv. in DPPC 
(mole %) Tm (°C)  ΔT½ (°C)

Resv. in DSPC 
(mole %) Tm (°C) ΔT½ (°C)

0 41.19 ± 0.10 1.00 ± 0.09 0 54.95 ± 0.29 1.02 ± 0.12

9 38.94 ± 0.29 1.79 ± 0.12 9 52.27 ± 0.27 1.48 ± 0.29

23 37.15 ± 0.30 1.54 ± 0.29 23 50.85 ± 0.29 1.65 ± 0.06

33 37.55 ± 0.33 1.47 ± 0.11 33 49.50 ± 0.30 2.20 ± 0.18

Table 1. Effect of Resveratrol on the melting point of DPPC* and DSPC*. *Each average value and standard 
deviation is calculated from three independent measurements (n = 3); Tm is transition temperature; ΔT1/2 is the 
increasing of the width of the transition peak at half-height.
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Figure 3. Distribution of resveratrol molecules in DPPC lipid bilayer. First snapshot and last snapshot of 
the simulated system at 310 K and 323 K. 18 resveratrol molecules are shown in VDW mode with atom color 
and DPPC lipids are shown in line with atom color: green for carbon, blue for nitrogen, red for oxygen, tan for 
phosphorus. All hydrogen atoms and water molecules are omitted for clarity.

Figure 4. Depth of resveratrol molecules in DPPC lipid bilayer. The distance between the center of mass of 18 
resveratrol molecules and bilayer center along z-axis during the 300 ns simulations at two temperatures, 310 K 
(top) and 323 K (bottom). Each resveratrol is indicated with unique color code. Bilayer center is located at z = 0 
Å and the average center of mass of polar head are located at z = 20.5, illustrated on a lipid molecule.
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Resveratrol decreases calculated DPPC deuterium order parameters. Another way to investigate 
the effect of resveratrol on the lipid bilayer is the deuterium order parameters (SCD). NMR SCD values are a meas-
ure of the orientational mobility of the carbon-deuterium bond. Lower SCD value usually corresponds to more 
disordered system bilayer. Here we use the C-H vector to calculated SCD values using = − θ −S 3cos 1CD

1
2

2 , where 
θ is the instantaneous angle between the C-H bond and the bilayer normal. Figure 6 shows the SCD values for sn-1 
chain and sn-2 chain. The definition of sn-1 and sn-2 chain follows the convention, in which sn-2 chain is the tail 
attached to the oxygen atom of the second carbon of the glycerol group. It is clear that at 310 K, resveratrol greatly 
decreased the rigidity of the bilayer. The order parameters do not decrease further by resveratrol at 323 K since the 
bilayer is in liquid phase, as we shown in surface area data above.

Mapping resveratrol’s location and orientation in DPPC. As indicated from the simulation at 310 K 
temperature, resveratrol molecules fluctuate throughout the trajectory and occasionally move above the lipid 
headgroup. It is thus important to analyze the probability distribution rather than looking at individual molecules. 
We accumulated data from all 18 resveratrol molecules using the snapshots saved from every 2 picoseconds for 
the last 90 ns, which gives a total 810,000 snapshots (45000 time frames * 18 molecules). We converted the density 
plot of resveratrol along membrane normal (axis z) and tilt angle of resveratrol along the membrane normal to a 
two dimensional (2D) free energy contour plot for each temperature (Fig. 7). It is clear that at both temperatures, 
the location of the center of mass of resveratrol is highly energetically favorable around z = 12 Å, which is located 
right below the head group and next to the ester groups. This location has been suggested from a steady-state fluo-
rescence quenching experiment6. The free energy profile of angular distribution shows much broader distribution 
than the z location profile. Our data show that it is energetically unfavorable for resveratrol to bind horizontally 

Figure 5. The effect of resveratrol molecules on DPPC lipid surface area and bilayer thickness over last 
100 ns simulations at 310 K and 323 K. Left panel shows the time evolution of surface area per lipid and the 
corresponding distribution for the DPPC simulation with resveratrol. Right panel shows the time evolution of 
bilayer thickness and the corresponding distribution for the DPPC simulation with resveratrol. The average 
values are compared with pure DPPC simulations in the Table 2.

System Temperature Area per lipid (Å2) Bilayer thickness (Å)

DPPC (exp)a 323 K 63.0 39.0

DPPCb 323 K 62.8 ± 3.0 39.6

DPPC-Resv 323 K 64.9 ± 1.6 38.7 ± 0.6

DPPC 310 K 51.7 ± 0.5 44.9 ± 0.5

DPPC-Resv 310 K 58.1 ± 0.9 41.9 ± 0.9

Table 2. Average values of DPPC lipid area and bilayer thickness with and without resveratrol over last 100 ns 
simulations. aThe experimental data of pure DPPC bilayer at 323 K are taken from ref.37. bValue of pure DPPC 
system at 323 K is taken from a reported NAMD simulation29 with the same C36 force field and same 10–12 Å of 
the force-based switching range as current simulations. Value of pure DPPC system at 310 K is calculated from 
100 ns simulation with the same protocol.
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Figure 6. Calculated NMR deuterium order parameters (SCD) for DPPC bilayer with (dashed line) and without 
(solid line) resveratrol at two temperatures from simulations. The experimental values at 323 K are taken from 
refs38–43 (black).

Figure 7. Free energy potential map of resveratrol distribution in the lipid membrane. The x-axis indicates the 
free energy of the angle distribution (illustrated on a resveratrol molecule) and y-axis are the free energy along 
membrane normal (illustrated on a DPPC molecule). The 2D-free energy maps are calculated from the last 
100 ns simulation at 310 K and 325 K temperatures. The integrated 1D-free energy profiles of resveratrol’s angle 
along z-axis are shown at the top and bottom of the maps. The integrated 1D-free energy profiles of resveratrol’s 
center of mass z-position along membrane normal are shown on the left of the maps.
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or vertically near the membrane surface. Instead, resveratrol molecules prefer to be tilted, with the most favorable 
angle as 75 degrees along membrane normal. The consistency between the two free energy maps further ensures 
that good convergence of the resveratrol distribution has been obtained in both simulations. It is not surprising 
that at the higher temperature of 325 K, which is above the DPPC transition temperature, the free energy land-
scape converges faster and is smoother than the one obtained at lower temperature in both reaction coordinates 
since the lipid is in the liquid phase. One dimensional free energy profiles along z-position and angle orientation 
are plotted next to the 2D free energy landscape by integrating out the other dimension.

We also observed that a specific z-position and a relatively flexible angle are both required to form a hydrogen 
bond with ester groups, therefore maximizing the resveratrol protection of the ester bond. Hydrogen bonding 
analysis was performed for all 18 resveratrol molecules during the last 90 ns trajectories. The percentage of each 
hydrogen bonding type between resveratrol and lipid are summarized in the histogram (Fig. 8). Among various 
types of hydrogen bonds, the majority of the resveratrol molecules have the double hydroxylated aromatic ring 
pointing towards the hydrophilic headgroups, forming a hydrogen bond with the ester group or the phosphate 
group of DPPC. The number of hydrogen bonds between the resveratrol and the lipids varies from 0 to 4. Among 
those hydrogen bonds, 46.6% are with ester group (carbonyl oxygen) of DPPC and 53.4% are with phosphate oxy-
gen atoms on the head groups. On average, each resveratrol molecule forms on average 1.6 hydrogen bonds with 
two neighboring DPPC lipids, which explains the slightly tilted angles are more energetically favorable. The total 
number of hydrogen bonds formed between resveratrol and sn2 chain ester group is slightly higher (1.2 times) 
than with sn1 chain ester group.

Resveratrol’s membrane protective effect from PLA2 and PLA1 hydrolytic attack. We hypoth-
esized that the direct interaction observed between resveratrol and both sn-1 and sn-2 ester groups of the phos-
pholipid membranes from molecular dynamics simulations will prevent lipid ester hydrolysis. In other words, 
resveratrol may show a protective effect against PLA2 or PLA1 which attack and hydrolyze the sn-2, or sn-1 
ester bond of phospholipids, respectively, releasing a free fatty acid (FFA) and a lysophospholipid. We tested 
this hypothesis by quantifying the free fatty acid released when DPPC or DSPC membranes were challenged 
with PLA2 or PLA1 in the presence of 5, 9, 23 and 33% resveratrol. The hydrolysis of membrane phospholipids 
was monitored using Acrylodan-labelled Intestinal Fatty Acid Labelled Protein (ADIFAB) at room tempera-
ture. When ADIFAB binds to free fatty acids its fluorescence emission shifts44,45. In the presence of resveratrol 
the amount of free fatty acid released from the hydrolysis of DPPC and DSPC phospholipids was significantly 
lower compared to the control, which did not contain resveratrol. Therefore both DPPC and DSPC membranes 
in the presence of resveratrol were protected from the hydrolytic attack of PLA2 (Fig. 9a,b). We also observed 
membrane protection at 33% resveratrol in DPPC but less protection was achieved than when resveratrol was 
5% or 9%. In the presence of PLA1, at 5 and 9 mole % resveratrol, DPPC membranes were protected but not at 
33% (Fig. 9c). Also, DSPC membranes were protected from the hydrolytic activity of PLA1 at all resveratrol con-
centrations tested (Fig. 9d). The fact that 33% resveratrol offers less protection to DPPC membranes from PLA2 
(Fig. 9a) or no protection from PLA1 (Fig. 9c), may due to fact that such high concentration of resveratrol causes 

Figure 8. Probability of various types of hydrogen bonds (H-bonds) between resveratrol (Resv) and DPPC. 
Those that have higher than 10% probability are illustrated with insets. NA: no H-bond; H-bonds between two 
groups are indicated by the following four-letter codes.To: resv 3,5-OH; B: resv 4′-OH; H: DPPC phosphate 
group; Ta: DPPC ester group. For example, ToH: H-bonds between resv 3,5-OH and lipid phosphate oxygen; 
ToTa: H-bonds between Resv 3,5-OH and lipid ester group; ToTaH: H-bonds between resv 3,5-OH and both 
lipid phosphate group and ester group; BH: Hbonds between resv 4′-OH and lipid phosphate group.
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the DPPC bilayer to be softer and thinner significantly, with a larger area per phospholipid having more chances 
to expose the sn-2 or sn-1 ester bonds away from the protective shield of resveratrol.

Conclusion
In this study, we used computational and experimental approaches to reveal the molecular basis of the interaction 
between resveratrol and lipid membranes. Resveratrol molecules locate preferably near the interface of the hydro-
philic head group and the hydrophobic fatty acid chain with a broad range of angular distribution. The major-
ity of the resveratrol molecules have the double hydroxylated aromatic ring pointing towards the hydrophilic 
headgroup and forming one or two hydrogen bonds with the ester groups or the phosphate groups of the DPPC 
lipid. We further confirmed with PLA2 and PLA1 assays that this energetically favorable interaction between 
resveratrol and ester groups protects lipids from hydrolysis catalyzed by phospholipase at most concentration 
tested (Fig. 10). This novel mechanism described here can be used to explain various health benefits of resveratrol 
consumption. The details of resveratrol distribution and resveratrol-membrane interactions provide a new para-
digm in designing more potent resveratrol analogs for cardiovascular protection.

Methods
Molecular dynamics simulations. Computational molecular dynamics simulations were performed to 
evaluate the interactions of DPPC and resveratrol. All MD simulations were run using the CHARMM36 (C36) 
lipid force field30. The TIP3P water model46 was used and CHARMM general force fields (CGenFF)47 for the 
resveratrol molecule. Membrane Builder in CHARMM-GUI was used to construct the solvated bilayer system48–51. 
16 resveratrol molecules were placed randomly in the lipid bilayer of 80 DPPC per leaflet and 2 additional resver-
atrol molecules were placed in the bulk region. The system contained a ratio of 40 for water to lipid and a ratio of 
8.8 for lipid to resveratrol. Molecular Operating Environment (MOE)52 was used to place 18 resveratrol molecules 
at random location and orientation. The bilayer systems were first equilibrated using the standard Membrane 
Builder six-step equilibration process and then 300 ns production runs were conducted at different temperatures.

All systems were simulated with a 2 fs time-step with NAMD version 2.953. Long-range electrostatics was 
obtained by using the particle-mesh Ewald (PME) method54 with an interpolation order of 6 and a direct space 
tolerance of6–10. The van der Waals interaction was switched off from 10 to 12 Å by the force-based switch-
ing function55. Periodic boundary conditions were used for all simulations in the isobaric-isothermal (NPT) 
ensemble using Langevin thermostat and Andersen-Hoover barostat56,57. The pressure and temperature were 
maintained at 1 atm and 310 K or 325 K, respectively56. The analysis was performed using CPPTRAJ58, R59, and 
VMD program60. Surface area per lipid, bilayer thickness and deuterium order parameters were calculated using 
MEMBPLUGIN 1.161.

Figure 9. Resveratrol’s protective effect on DPPC and DSPC membranes from the hydrolytic activity of PLA2 
or PLA1 at room temperature: Protection of resveratrol from PLA 2 on DPPC (a); or DSPC membranes (b). 
Protection of resveratrol from PLA 1 on DPPC (c); or DSPC membranes (d). Data are presented as free fatty 
acid (FFA) vs. DPPC or DSPC lipid membranes with different percentages of resveratrol. Results were analyzed 
using one-way ANOVA followed by Tuckey’s multiple comparison tests. The values are mean values ± the 
standard error of the mean (n = 3). Bars with asterisks denote significant difference from control (lipid 
membranes without resveratrol) (****p < 0.0001, ***p < 0.0006, *p < 0.02).
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Materials and equipment. The following phospholipids were purchased from Avanti Polar Lipids 
(Alabaster, Alabama): Dipalmitoyl-phosphatidylcholine (DPPC) and Distearoyl-phosphatidylcholine (DSPC). 
Trans-Resveratrol (>99% purity) was obtained from TCI of America, Phosphate-Buffered Saline (PBS), pH 7.4 
was purchased from Sigma-Aldrich, St. Louis, Missouri. Phospholipase A2 (PLA2) from honey bees, and PLA1 
from Thermomyces lanuginosus were purchased from Sigma-Aldrich. Acrylodan-labelled Intestinal Fatty Acid 
Binding Protein (ADIFAB) and ADIFAB2 were purchased from FFA Sciences, San Diego, California.

Fluorescence measurement. The fluorescence intensities were measured and collected using CLARIOstar 
fluorimeter equipped with a plate reader from BMG Labtech. For ADIFAB2 the excitation wavelength was set 
at 375 nm and the emission wavelengths were set to 457 nm in the absence of FFA and 550 nm in the presence of 
FFA. For ADIFAB the excitation wavelength was set to 386 nm, the emission 432 nm in the absence of FFA and 
505 nm in the presence of FFA.

Preparation of liposomes. Multilamellar liposomes were prepared using DPPC or DSPC phospholipids. 
Mixtures containing 0, 5, 9, and 33 mole % resveratrol in DPPC or DSPC were dissolved in chloroform/methanol 
mixtures (2:1, v/v) in a 50-mL round bottom flasks. A dry lipid thin film was formed by evaporating the organic 
solvent using a rotary-evaporator. The lipid thin film was then hydrated with PBS solution at a temperature above 
the Tm of the phospholipid and vortexed and sonicated for 20 minutes resulting in multilamellar liposomes. Also, 
multilamellar liposomes without resveratrol were prepared and used as a control. All samples were prepared in 
triplicate.

Differential Scanning Calorimetry (DSC). DPPC or DSPC multilamellar liposomes containing 0. 9, 23, 
and 33 mole % resveratrol were prepared as described in the above section. The resultant dry lipid films were 
mixed with an amount of PBS thrice the amount of the dry lipid formulation and left to anneal overnight. A 
quantity of 3–5 mg of the hydrated sample was placed in crucibles and sealed. The samples were scanned using a 
Mettler 823 calorimeter at a scanning rate of 5 °C/min. Each formulation had three independent replicates and 
each replicate was scanned at least three times until identical scans were obtained.

Figure 10. Mechanism of resveratrol protects lipid from PLA1 and PLA2. (a) Hydrolytic attack by PLA1 or 
PLA2 (red scissors) on the sn-1 or sn-2 ester bond of a phospholipid molecule, respectively. (b) Phospholipid 
bilayer membranes attacked by PLAs (1 or 2) release free fatty acid (yellow bars) and lysolipid molecules (yellow 
bars with red dots). Lysolipids then form micelles. In the presence of resveratrol, PLAs (1 or 2) phospholipid 
membranes are protected at most concentrations tested. Figure (b) is modified from Phospholipid Bilayer by 
OpenStax (used under CC BY 4.0).
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Measurement of FFA after PLA hydrolytic attack. The stability/integrity of lipid membranes in the 
presence of different concentrations of resveratrol was challenged with PLA2 at room temperature. PLA1 hydro-
lyzes the sn-1 whereas PLA2 hydrolyses the sn-2 ester bond of phospholipids and in both cases free fatty acid 
(FFA) and a lysolipid are released. The FFA produced by PLA1 (Lipid:PLA1, 12.5 mg:4 ul. The quantity of 4ul 
of PLA1 represents >0.048 KLU) was measured using ADIFAB kit according to the instructions of the manu-
facturer. The FFA produced by PLA2 was measured using ADIFAB 2 kit for sensitivity purposes. Here we give 
a short description as to how we performed the ADIFAB2 measurements. Briefly, a quantity of 1 ml of different 
formulations of multilamellar DPPC or DSPC liposomes containing 0, 5, 9 or 33 mole % resveratrol was mixed 
with 0.005 mg of PLA2. There was 12.5 mg of phospholipid per ml of phospholipid formulation. The mixture of 
phospholipid formulations with PLA2 was left to react for 10 min and then centrifuged. Furthermore, liposome 
formulations without PLA2 were used as a background control. The concentration of unbound FFA was deter-
mined by the ratio of fluorescence at 550 nm and 457 nm. 0.5 uM of ADIFAB2 was added to each well in a 96-well 
black plate containing the sample (4% of total volume) and measuring buffer (50 mM HEPES, 140 mM NaCl, 
5 mM KCl, 1 mM Na2HPO4). 24 µM of Bovine Serum Albumin (BSA) in measuring buffer was served as the 
control to determine the ratio of ADIFAB2 in the absence of FFA (R0). The fluorescence intensity was measured 
using CLARIOstar fluorometer at excitation wavelength 375 nm and reading at wavelengths 550 nm and 457 nm. 
Measurements of the blank wells (HEPES buffer and samples) before adding ADIFAB2 were also taken. The anal-
ysis was carried out in triplicate. The concentration of FFA was calculated using the following equations:
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Where Ro is the ratio of ADIFAB2 in HEPES measuring buffer in the absence of FFA, R is the ratio of ADIFAB2 
in the presence of membranes with or without PLA. The constants Kd, Q and Rmax calibration were determined and 
provided by FFA Sciences (Kd = 32, Q = 5, Rmax calibration = 0.762). The Fig. 6 graphs report the [FFA] calculated as 
follows:

= −[FFA] [FFA] [FFA] (5)PLA background

where, [FFA]background, Is the background calculated in the presence of ADIFAB, and phospholipids with resvera-
trol only (without PLA), and [FFA]PLA is the free fatty acid concentration calculated after membranes with resver-
atrol reacted in the presence of PLAs.

Data Availability. All relevant data are available from the authors on request and/or are included with the 
manuscript. The R scripts and pytraj scripts used to generate the free energy plots can be found on GitHub https://
github.com/LynaLuo-Lab/Membrane-Resveratrol.

References
 1. Weiskirchen, S. & Weiskirchen, R. Resveratrol: How Much Wine Do You Have to Drink to Stay Healthy? Advances in nutrition 

(Bethesda, Md.) 7, 706–718, https://doi.org/10.3945/an.115.011627 (2016).
 2. Frankel, E. N., Waterhouse, A. L. & Kinsella, J. E. Inhibition of human LDL oxidation by resveratrol. Lancet 341, 1103–1104 (1993).
 3. Wu, J. M. & Hsieh, T. C. Resveratrol: a cardioprotective substance. Annals of the New York Academy of Sciences 1215, 16–21, https://

doi.org/10.1111/j.1749-6632.2010.05854.x (2011).
 4. de Ghellinck, A., Shen, C., Fragneto, G. & Klosgen, B. Probing the position of resveratrol in lipid bilayers: A neutron reflectivity 

study. Colloids and surfaces. B, Biointerfaces 134, 65–72, https://doi.org/10.1016/j.colsurfb.2015.06.028 (2015).
 5. Longo, E., Ciuchi, F., Guzzi, R., Rizzuti, B. & Bartucci, R. Resveratrol induces chain interdigitation in DPPC cell membrane model 

systems. Colloids and surfaces. B, Biointerfaces 148, 615–621, https://doi.org/10.1016/j.colsurfb.2016.09.040 (2016).
 6. Neves, A. R., Nunes, C., Amenitsch, H. & Reis, S. Effects of resveratrol on the structure and fluidity of lipid bilayers: a membrane 

biophysical study. Soft matter 12, 2118–2126, https://doi.org/10.1039/c5sm02905h (2016).
 7. Jensen, M. D. et al. Involvement of oxidative pathways in cytokine-induced secretory phospholipase A2-IIA in astrocytes. 

Neurochemistry international 55, 362–368, https://doi.org/10.1016/j.neuint.2009.04.002 (2009).
 8. Sun, G. Y. et al. Phospholipases A2 and inflammatory responses in the central nervous system. Neuromolecular medicine 12, 

133–148, https://doi.org/10.1007/s12017-009-8092-z (2010).
 9. Yarla, N. S. et al. Targeting arachidonic acid pathway by natural products for cancer prevention and therapy. Seminars in cancer 

biology 40-41, 48–81, https://doi.org/10.1016/j.semcancer.2016.02.001 (2016).
 10. Kim, M. et al. Associations among oxidative stress, Lp-PLA2 activity and arterial stiffness according to blood pressure status at a 3.5-year 

follow-up in subjects with prehypertension. Atherosclerosis 257, 179–185, https://doi.org/10.1016/j.atherosclerosis.2017.01.006 (2017).
 11. Lp, P. L. A. S. C. et al. Lipoprotein-associated phospholipase A(2) and risk of coronary disease, stroke, and mortality: collaborative 

analysis of 32 prospective studies. Lancet 375, 1536–1544, https://doi.org/10.1016/S0140-6736(10)60319-4 (2010).

https://github.com/LynaLuo-Lab/Membrane-Resveratrol
https://github.com/LynaLuo-Lab/Membrane-Resveratrol
http://dx.doi.org/10.3945/an.115.011627
http://dx.doi.org/10.1111/j.1749-6632.2010.05854.x
http://dx.doi.org/10.1111/j.1749-6632.2010.05854.x
http://dx.doi.org/10.1016/j.colsurfb.2015.06.028
http://dx.doi.org/10.1016/j.colsurfb.2016.09.040
http://dx.doi.org/10.1039/c5sm02905h
http://dx.doi.org/10.1016/j.neuint.2009.04.002
http://dx.doi.org/10.1007/s12017-009-8092-z
http://dx.doi.org/10.1016/j.semcancer.2016.02.001
http://dx.doi.org/10.1016/j.atherosclerosis.2017.01.006
http://dx.doi.org/10.1016/S0140-6736(10)60319-4


www.nature.com/scientificreports/

1 1Scientific RePoRtS |  (2018) 8:1587  | DOI:10.1038/s41598-017-18943-1

 12. Sutphen, R. et al. Lysophospholipids are potential biomarkers of ovarian cancer. Cancer epidemiology, biomarkers & prevention: a 
publication of the American Association for Cancer Research. Cosponsored by the American Society of Preventive Oncology 13, 
1185–1191 (2004).

 13. Cai, H. et al. Elevated phospholipase A2 activities in plasma samples from multiple cancers. PloS one 8, e57081, https://doi.
org/10.1371/journal.pone.0057081 (2013).

 14. Baba, T. et al. Phosphatidic acid (PA)-preferring phospholipase A1 regulates mitochondrial dynamics. The Journal of biological 
chemistry 289, 11497–11511, https://doi.org/10.1074/jbc.M113.531921 (2014).

 15. Piret, J. et al. Modulation of the in vitro activity of lysosomal phospholipase A1 by membrane lipids. Chemistry and physics of lipids 
133, 1–15, https://doi.org/10.1016/j.chemphyslip.2004.08.002 (2005).

 16. Fabris, S., Momo, F., Ravagnan, G. & Stevanato, R. Antioxidant properties of resveratrol and piceid on lipid peroxidation in micelles 
and monolamellar liposomes. Biophysical chemistry 135, 76–83, https://doi.org/10.1016/j.bpc.2008.03.005 (2008).

 17. Koukoulitsa, C. et al. Comparison of thermal effects of stilbenoid analogs in lipid bilayers using differential scanning calorimetry 
and molecular dynamics: correlation of thermal effects and topographical position with antioxidant activity. Eur Biophys J 40, 
865–875, https://doi.org/10.1007/s00249-011-0705-4 (2011).

 18. Selvaraj, S., Mohan, A., Narayanan, S., Sethuraman, S. & Krishnan, U. M. Dose-dependent interaction of trans-resveratrol with 
biomembranes: effects on antioxidant property. J Med Chem 56, 970–981, https://doi.org/10.1021/jm3014579 (2013).

 19. Wesolowska, O., Kuzdzal, M., Strancar, J. & Michalak, K. Interaction of the chemopreventive agent resveratrol and its metabolite, 
piceatannol, with model membranes. Biochimica et biophysica acta 1788, 1851–1860, https://doi.org/10.1016/j.bbamem.2009.06.005 
(2009).

 20. Brittes, J., Lucio, M., Nunes, C., Lima, J. L. & Reis, S. Effects of resveratrol on membrane biophysical properties: relevance for its 
pharmacological effects. Chemistry and physics of lipids 163, 747–754, https://doi.org/10.1016/j.chemphyslip.2010.07.004 (2010).

 21. Neves, A. R., Nunes, C. & Reis, S. New Insights on the Biophysical Interaction of Resveratrol with Biomembrane Models: Relevance 
for Its Biological Effects. J Phys Chem B 119, 11664–11672, https://doi.org/10.1021/acs.jpcb.5b05419 (2015).

 22. Neves, A. R., Nunes, C. & Reis, S. Resveratrol induces ordered domains formation in biomembranes: Implication for its pleiotropic 
action. Biochim Biophys Acta 1858, 12–18, https://doi.org/10.1016/j.bbamem.2015.10.005 (2016).

 23. Librando, V., Sarpietro, M. G. & Castelli, F. Role of lipophilic medium in the absorption of polycyclic aromatic compounds by 
biomembranes. Environ Toxicol Pharmacol 14, 25–32, https://doi.org/10.1016/S1382-6689(03)00007-3 (2003).

 24. Perez-Isidoro, R., Sierra-Valdez, F. J. & Ruiz-Suarez, J. C. Anesthetic diffusion through lipid membranes depends on the protonation 
rate. Sci Rep 4, 7534, https://doi.org/10.1038/srep07534 (2014).

 25. Mannock, D. A., Lewis, R. N., McMullen, T. P. & McElhaney, R. N. The effect of variations in phospholipid and sterol structure on 
the nature of lipid-sterol interactions in lipid bilayer model membranes. Chemistry and physics of lipids 163, 403–448, https://doi.
org/10.1016/j.chemphyslip.2010.03.011 (2010).

 26. Mannock, D. A., Lewis, R. N. & McElhaney, R. N. A calorimetric and spectroscopic comparison of the effects of ergosterol and 
cholesterol on the thermotropic phase behavior and organization of dipalmitoylphosphatidylcholine bilayer membranes. Biochim 
Biophys Acta 1798, 376–388, https://doi.org/10.1016/j.bbamem.2009.09.002 (2010).

 27. Wiedmann, T. S., Trouard, T., Shekar, S. C., Polikandritou, M. & Rahman, Y. E. Interaction of cyclosporin A with 
dipalmitoylphosphatidylcholine. Biochimica et biophysica acta 1023, 12–18 (1990).

 28. Chen, L., Yu, Z. & Quinn, P. J. The partition of cholesterol between ordered and fluid bilayers of phosphatidylcholine: a synchrotron 
X-ray diffraction study. Biochim Biophys Acta 1768, 2873–2881, https://doi.org/10.1016/j.bbamem.2007.07.023 (2007).

 29. Lee, J. et al. CHARMM-GUI Input Generator for NAMD, GROMACS, AMBER, OpenMM, and CHARMM/OpenMM Simulations 
Using the CHARMM36 Additive Force Field. J Chem Theory Comput 12, 405–413, https://doi.org/10.1021/acs.jctc.5b00935 (2016).

 30. Klauda, J. B. et al. Update of the CHARMM all-atom additive force field for lipids: validation on six lipid types. J Phys Chem B 114, 
7830–7843, https://doi.org/10.1021/jp101759q (2010).

 31. Boughter, C. T., Monje-Galvan, V., Im, W. & Klauda, J. B. Influence of Cholesterol on Phospholipid Bilayer Structure and Dynamics. 
J. Phys. Chem. B 120, 11761–11772, https://doi.org/10.1021/acs.jpcb.6b08574 (2016).

 32. Wang, E. & Klauda, J. B. Examination of Mixtures Containing Sphingomyelin and Cholesterol by Molecular Dynamics Simulations. 
J. Phys. Chem. B 121, 4833–4844, https://doi.org/10.1021/acs.jpcb.7b01832 (2017).

 33. Khakbaz, P. & Klauda, J. B. Investigation of Phase Transitions of Saturated Phosphocholine Lipid Bilayers via Molecular Dynamics 
Simulations. Biochim Biophys Acta submitted (2017).

 34. Wang, Y., Gkeka, P., Fuchs, J. E., Liedl, K. R. & Cournia, Z. DPPC-cholesterol phase diagram using coarse-grained Molecular 
Dynamics simulations. Biochim. Biophys. Acta 1858, 2846–2857, https://doi.org/10.1016/j.bbamem.2016.08.005 (2016).

 35. Uppamoochikkal, P., Tristram-Nagle, S. & Nagle, J. F. Orientation of tie-lines in the phase diagram of DOPC/DPPC/cholesterol 
model biomembranes. Langmuir 26, 17363–17368, https://doi.org/10.1021/la103024f (2010).

 36. Chiang, Y. W., Costa-Filho, A. J. & Freed, J. H. Dynamic molecular structure and phase diagram of DPPC-cholesterol binary 
mixtures: a 2D-ELDOR study. J. Phys. Chem. B 111, 11260–11270, https://doi.org/10.1021/jp0732110 (2007).

 37. Kucerka, N. et al. Lipid bilayer structure determined by the simultaneous analysis of neutron and X-ray scattering data. Biophys J 95, 
2356–2367, https://doi.org/10.1529/biophysj.108.132662 (2008).

 38. Seelig, A. & Seelig, J. The dynamic structure of fatty acyl chains in a phospholipid bilayer measured by deuterium magnetic 
resonance. Biochemistry 13, 4839–4845 (1974).

 39. Gally, H. U., Niederberger, W. & Seelig, J. Conformation and motion of the choline head group in bilayers of dipalmitoyl-3-sn-
phosphatidylcholine. Biochemistry 14, 3647–3652 (1975).

 40. Seelig, A. & Seelig, J. Bilayers of dipalmitoyl-3-sn-phosphatidylcholine. Conformational differences between the fatty acyl chains. 
Biochim Biophys Acta 406, 1–5 (1975).

 41. Gally, H. U., Pluschke, G., Overath, P. & Seelig, J. Structure of Escherichia coli membranes. Glycerol auxotrophs as a tool for the 
analysis of the phospholipid head-group region by deuterium magentic resonance. Biochemistry 20, 1826–1831 (1981).

 42. Strenk, L. M., Westerman, P. W. & Doane, J. W. A model of orientational ordering in phosphatidylcholine bilayers based on 
conformational analysis of the glycerol backbone region. Biophys J 48, 765–773, https://doi.org/10.1016/S0006-3495(85)83834-0 
(1985).

 43. Douliez, J. P., Leonard, A. & Dufourc, E. J. Restatement of order parameters in biomembranes: calculation of C-C bond order 
parameters from C-D quadrupolar splittings. Biophys J 68, 1727–1739, https://doi.org/10.1016/S0006-3495(95)80350-4 (1995).

 44. Richieri, G. V., Ogata, R. T. & Kleinfeld, A. M. A fluorescently labeled intestinal fatty acid binding protein. Interactions with fatty 
acids and its use in monitoring free fatty acids. The Journal of biological chemistry 267, 23495–23501 (1992).

 45. Carley, A. N. & Kleinfeld, A. M. Fatty acid (FFA) transport in cardiomyocytes revealed by imaging unbound FFA is mediated by an 
FFA pump modulated by the CD36 protein. The Journal of biological chemistry 286, 4589–4597, https://doi.org/10.1074/jbc.
M110.182162 (2011).

 46. Jorgensen, W. L., Chandrasekhar, J., Madura, J. D., Impey, R. W. & Klein, M. L. K. Comparison of simple potential functions for 
simulating liquid water. Journal of Chemical Physics 79, 926–935 (1983).

 47. Vanommeslaeghe, K. et al. CHARMM general force field: A force field for drug-like molecules compatible with the CHARMM all-
atom additive biological force fields. Journal of computational chemistry 31, 671–690, https://doi.org/10.1002/jcc.21367 (2010).

 48. Jo, S., Lim, J. B., Klauda, J. B. & Im, W. CHARMM-GUI Membrane Builder for mixed bilayers and its application to yeast membranes. 
Biophys J 97, 50–58, https://doi.org/10.1016/j.bpj.2009.04.013 (2009).

http://dx.doi.org/10.1371/journal.pone.0057081
http://dx.doi.org/10.1371/journal.pone.0057081
http://dx.doi.org/10.1074/jbc.M113.531921
http://dx.doi.org/10.1016/j.chemphyslip.2004.08.002
http://dx.doi.org/10.1016/j.bpc.2008.03.005
http://dx.doi.org/10.1007/s00249-011-0705-4
http://dx.doi.org/10.1021/jm3014579
http://dx.doi.org/10.1016/j.bbamem.2009.06.005
http://dx.doi.org/10.1016/j.chemphyslip.2010.07.004
http://dx.doi.org/10.1021/acs.jpcb.5b05419
http://dx.doi.org/10.1016/j.bbamem.2015.10.005
http://dx.doi.org/10.1016/S1382-6689(03)00007-3
http://dx.doi.org/10.1038/srep07534
http://dx.doi.org/10.1016/j.chemphyslip.2010.03.011
http://dx.doi.org/10.1016/j.chemphyslip.2010.03.011
http://dx.doi.org/10.1016/j.bbamem.2009.09.002
http://dx.doi.org/10.1016/j.bbamem.2007.07.023
http://dx.doi.org/10.1021/acs.jctc.5b00935
http://dx.doi.org/10.1021/jp101759q
http://dx.doi.org/10.1021/acs.jpcb.6b08574
http://dx.doi.org/10.1021/acs.jpcb.7b01832
http://dx.doi.org/10.1016/j.bbamem.2016.08.005
http://dx.doi.org/10.1021/la103024f
http://dx.doi.org/10.1021/jp0732110
http://dx.doi.org/10.1529/biophysj.108.132662
http://dx.doi.org/10.1016/S0006-3495(85)83834-0
http://dx.doi.org/10.1016/S0006-3495(95)80350-4
http://dx.doi.org/10.1074/jbc.M110.182162
http://dx.doi.org/10.1074/jbc.M110.182162
http://dx.doi.org/10.1002/jcc.21367
http://dx.doi.org/10.1016/j.bpj.2009.04.013


www.nature.com/scientificreports/

1 2Scientific RePoRtS |  (2018) 8:1587  | DOI:10.1038/s41598-017-18943-1

 49. Jo, S., Kim, T., Iyer, V. G. & Im, W. CHARMM-GUI: a web-based graphical user interface for CHARMM. Journal of computational 
chemistry 29, 1859–1865, https://doi.org/10.1002/jcc.20945 (2008).

 50. Jo, S., Kim, T. & Im, W. Automated builder and database of protein/membrane complexes for molecular dynamics simulations. PloS 
one 2, e880, https://doi.org/10.1371/journal.pone.0000880 (2007).

 51. Wu, E. L. et al. CHARMM-GUI Membrane Builder toward realistic biological membrane simulations. Journal of computational 
chemistry 35, 1997–2004, https://doi.org/10.1002/jcc.23702 (2014).

 52. Molecular Operating Environment (MOE) v. 2013.08 (Montreal, QC, Canada, 2016).
 53. Phillips, J. C. et al. Scalable molecular dynamics with NAMD. Journal of computational chemistry 26, 1781–1802, https://doi.

org/10.1002/Jcc.20289 (2005).
 54. Darden, T., York, D. & Pedersen, L. Particle Mesh Ewald - an N.Log(N) Method for Ewald Sums in Large Systems. Journal of 

Chemical Physics 98, 10089–10092, https://doi.org/10.1063/1.464397 (1993).
 55. Steinbach, P. J. & Brooks, B. R. New Spherical-Cutoff Methods for Long-Range Forces in Macromolecular Simulation. Journal of 

computational chemistry 15, 667–683, https://doi.org/10.1002/Jcc.540150702 (1994).
 56. Feller, S. E., Zhang, Y. H., Pastor, R. W. & Brooks, B. R. Constant-Pressure Molecular-Dynamics Simulation - the Langevin Piston 

Method. Journal of Chemical Physics 103, 4613–4621, https://doi.org/10.1063/1.470648 (1995).
 57. Martyna, G. J., Tobias, D. J. & Klein, M. L. Constant-Pressure Molecular-Dynamics Algorithms. Journal of Chemical Physics 101, 

4177–4189, https://doi.org/10.1063/1.467468 (1994).
 58. Roe, D. R. & Cheatham, T. E. III PTRAJ and CPPTRAJ: software for processing and analysis of molecular dynamics trajectory data. 

Journal of chemical theory and computation 9, 3084–3095 (2013).
 59. Team, R. C. R: A language and environment for statistical computing. R Foundation for Statistical Computing, Vienna, Austria. 2013 

(2014).
 60. Humphrey, W., Dalke, A. & Schulten, K. VMD: visual molecular dynamics. Journal of molecular graphics 14, 33–38 (1996).
 61. Guixa-Gonzalez, R. et al. MEMBPLUGIN: studying membrane complexity in VMD. Bioinformatics 30, 1478–1480, https://doi.

org/10.1093/bioinformatics/btu037 (2014).

Acknowledgements
This work was supported by seed funds from Western University of Health Sciences (Y.L) and the National 
Science Foundation grant number MCB160119 through the Extreme Science and Engineering Discovery 
Environment (XSEDE) program. The authors thank Prof. Jeffery B. Klauda at University of Maryland for critical 
discussion of the manuscript.

Author Contributions
Y.L. and M.L. designed the study and interpreted the data; Y.L., M.L., and Q.F. wrote the manuscript; Q.F., D.K., 
W.M.B.-S., F.N., S.N., A.A., P.C., M.L., and Y.L. performed the experiments and analyzed the data.

Additional Information
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018

http://dx.doi.org/10.1002/jcc.20945
http://dx.doi.org/10.1371/journal.pone.0000880
http://dx.doi.org/10.1002/jcc.23702
http://dx.doi.org/10.1002/Jcc.20289
http://dx.doi.org/10.1002/Jcc.20289
http://dx.doi.org/10.1063/1.464397
http://dx.doi.org/10.1002/Jcc.540150702
http://dx.doi.org/10.1063/1.470648
http://dx.doi.org/10.1063/1.467468
http://dx.doi.org/10.1093/bioinformatics/btu037
http://dx.doi.org/10.1093/bioinformatics/btu037
http://creativecommons.org/licenses/by/4.0/

	Molecular Mechanism of Resveratrol’s Lipid Membrane Protection
	Results and Discussion
	Resveratrol reduces phase transition temperature in a concentration-dependent manner. 
	Effect of resveratrol molecules on DPPC bilayer. 
	Resveratrol increases DPPC bilayer surface area and decreases bilayer thickness. 
	Resveratrol decreases calculated DPPC deuterium order parameters. 
	Mapping resveratrol’s location and orientation in DPPC. 
	Resveratrol’s membrane protective effect from PLA2 and PLA1 hydrolytic attack. 

	Conclusion
	Methods
	Molecular dynamics simulations. 
	Materials and equipment. 
	Fluorescence measurement. 

	Preparation of liposomes. 
	Differential Scanning Calorimetry (DSC). 
	Measurement of FFA after PLA hydrolytic attack. 
	Data Availability. 

	Acknowledgements
	Figure 1 The two dimensional (a), and three-dimensional structure (b) of a trans-resveratrol molecule.
	Figure 2 DSC Scans of phospholipid membranes with various amounts of resveratrol (mole %): (a) DPPC, (b) DSPC.
	Figure 3 Distribution of resveratrol molecules in DPPC lipid bilayer.
	Figure 4 Depth of resveratrol molecules in DPPC lipid bilayer.
	Figure 5 The effect of resveratrol molecules on DPPC lipid surface area and bilayer thickness over last 100 ns simulations at 310 K and 323 K.
	Figure 6 Calculated NMR deuterium order parameters (SCD) for DPPC bilayer with (dashed line) and without (solid line) resveratrol at two temperatures from simulations.
	Figure 7 Free energy potential map of resveratrol distribution in the lipid membrane.
	Figure 8 Probability of various types of hydrogen bonds (H-bonds) between resveratrol (Resv) and DPPC.
	Figure 9 Resveratrol’s protective effect on DPPC and DSPC membranes from the hydrolytic activity of PLA2 or PLA1 at room temperature: Protection of resveratrol from PLA 2 on DPPC (a) or DSPC membranes (b).
	Figure 10 Mechanism of resveratrol protects lipid from PLA1 and PLA2.
	Table 1 Effect of Resveratrol on the melting point of DPPC* and DSPC*.
	Table 2 Average values of DPPC lipid area and bilayer thickness with and without resveratrol over last 100 ns simulations.




