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ABSTRACT Superwarfarins are modified analogs of warfarin with additional lipophilic aromatic rings, up to 100-fold greater
potency, and longer biological half-lives. We hypothesized that increased hydrophobicity allowed interactions with amphiphilic
membranes and modulation of biological responses. We find that superwarfarins brodifacoum and difenacoum increase
lactate production and cell death in neuroblastoma cells. In contrast, neither causes changes in glioma cells that have higher
cholesterol content. After choleterol depletion, lactate production was increased and cell viability was reduced. Drug-membrane interactions were examined by surface X-ray scattering using Langmuir monolayers of dipalmitoylphosphatidylcholine
and/or cholesterol. Specular X-ray reflectivity data revealed that superwarfarins, but not warfarin, intercalate between dipalmitoylphosphatidylcholine molecules, whereas grazing incidence X-ray diffraction demonstrated changes in lateral crystalline
order of the film. Neither agent showed significant interactions with monolayers containing >20% cholesterol. These findings
demonstrate an affinity of superwarfarins to biomembranes and suggest that cellular responses to these agents are regulated
by cholesterol content.

INTRODUCTION
Superwarfarins (SWs) are potent anticoagulant rodenticides, structurally related to warfarin (Warf), that were
developed after the appearance of Warf-resistant rodents
(1,2). The mechanism of action of Warf (Fig. 1 C) is well
known (3); it acts by inhibiting vitamin K epoxide reductase
complex subunit 1 (VKORC1) to prevent recycling of
vitamin K throughout the body. Vitamin K is an essential
cofactor for g-glutamyl carboxylase, which carboxylates a
variety of proteins at glutamate residues (4,5), including
several involved in the clotting cascade (6,7). Exposure to
SWs causes severe coagulopathy and death, which has led
to their world-wide use as rodenticides (8,9). The incidence
of SW poisoning due to accidental or intentional exposure
has risen over the years and represents a growing public
health concern. A metareview of unintentional exposure
due to aerial dispersal, done to eradicate rodents, showed
that SWs could be detected in 6% of all marine samples
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tested up to 176 days after the dispersal (10). Accidental
poisoning due to ingestion of rodent bait reached over
300,000 cases in the U.S. from 1987 to 2012, with the
majority being children (11). Moreover, the paucity of regulations regarding production, purchase, and distribution
makes these agents potential chemical threats (12).
Two of the most potent SWs are difenacoum (DiF)
(Fig. 1 B) and its brominated analog brodifacoum (BDF;
Fig. 1 A). Rodent median lethal dose (LD50) values for
BDF (estimated at 0.30–0.70 mg/kg) and DiF (estimated at
1.8–2.6 mg/kg) (13) are significantly lower than values reported for Warf (ranging from <10 mg/kg to >300 mg/kg).
The increased potency of SWs is thought to be related
to increased inhibition of VKORC1 (14), extremely long
biological half-lives (~20 days versus 15–70 h for Warf
(15–17)), and increased hepatic accumulation (18). These
properties may be due in part to the strong hydrophobic nature
of SWs (logP values of 8.5 for BDF and 7.6 for DiF, compared
to ~2.7 for Warf). Their strong hydrophobic nature raised the
possibility that SW interactions with biomembranes could account for the above properties. For example, VKORC1 is an
integral membrane protein with binding sites for Warf located
in transmembrane loops and lumen-membrane interfaces
(19); interaction of SWs with lipid membranes could
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Langmuir monolayers
All surface measurements were performed in a Langmuir trough. Lipids
were deposited upon a liquid surface of a fixed volume of 50 mL DI-water
(18.2 MU-cm) from chloroform solution and compressed at a rate of
1 mm/min by a Teflon barrier until a surface pressure of 30 mN/m was
reached, as measured by a Wilhelmy plate balance. Feedback control of
barrier movement was used to maintain the constant surface pressure. Constant temperature of 22 C 5 0.1 C in the trough was maintained using a
circulator connected to a thermostatic bath. After surface-pressure equilibration of the lipid film, BDF, DiF, Warf, or vehicle (pure methanol) was
injected with a gas-tight syringe into the subphase underneath the monolayer. X-ray and Langmuir isotherm measurements were performed beginning 20 min later, for up to an additional 180 min.

X-ray scattering studies

FIGURE 1 Chemical structures of the studied compounds. (A) Brodifacoum (BDF). (B) Difenacoum (DiF). (C) Warf. (D) Cholesterol. (E) DPPC.

potentially induce local conformational changes in the
bilayer, leading to reduced VKORC1 activity. SW-induced
perturbations in membrane structure could potentially impact
numerous cell functions ranging from metabolic homeostasis
to subcellular organelle integrity.
We describe cell culture studies and surface X-ray studies
that test the hypothesis that SWs interact with cellular membranes. The results demonstrate that SWs induce rapid effects on cell metabolism that are modulated by cholesterol
content. Model lipid membranes (Langmuir monolayers
composed of dipalmitoylphosphatidylcholine (DPPC) and/
or cholesterol; Fig. 1, D and E) were studied at the air-water
interface using surface pressure  molecular area (p  A)
isotherms, X-ray reflectivity (XR), and grazing-incidence
X-ray diffraction (GIXD). These studies confirm that
SWs, but not Warf, interact with and modify membranes
containing phospholipids but not cholesterol. Our findings
suggest to our knowledge a novel molecular mechanism to
help account for the increased toxicity of SWs.
MATERIALS AND METHODS
Materials
Lyophilized powders of DPPC and cholesterol were purchased from Avanti
(Alabaster, AL) and used without further purification. Powders were dissolved in chloroform to a concentration of 1.0 mg/mL. BDF (CPC Scientific, Sunnyvale, CA), DiF, and Warf (Sigma, St Louis, MO) were dissolved
in 100% methanol and stored at 80 C before use.
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All X-ray experiments were done at the undulator beamline 9-IDC of the
Advanced Photon Source at Argonne National Laboratory (Argonne, IL)
using a wavelength of l ¼ 0.92178 Å (E ¼ 13.4505 keV); all experiments
were done in triplicate. The experimental setup and techniques of GIXD
and specular XR have been discussed in detail elsewhere (20). XR gives information on the average electronic structure to the surface normal over the
beam spot size. XR models are constructed by dividing the electron density
profile across the interface into discrete boxes of fixed length and constant
electron density. Models are fit using a least-squares algorithm in a modeldependent fashion in RFIT2000, and by stochastically varying a continuous
set of infinitesimal boxes in StochFit in a model-independent fashion (21).
Both fitting routines were done until both model-independent and modeldependent fits agreed to within 10 total electrons. X-ray models were constrained by least-squares fitting using a generic algorithm such that no
parameter uncertainty was >20% of the measured value.
The lipid/drug ratio was calculated by dividing the total number of extra
electrons available per lipid molecule by the number of electrons in the drug
molecule. The total number of electrons available per lipid molecule is
calculated using the general formula

ZL
Ne ¼ A

rðzÞdz;
o

where A is the area available per molecule, defined by the surface isotherm,
L is the total length of the molecule, and r(z) is the electron density distribution across the interface. To account for changes in h and L due to the
presence of drug, the calculation of Ne- after the drug is introduced is given
by the formula
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where primed variables represent values after the drug has been introduced
and h represents the length of the tail region. In this calculation, the first
term corresponds to the polar head region, and it is assumed that half of the
excess electrons added in this region are due to hydration. The second term
corresponds to the tail region, and it is assumed that no water molecules are
present in this hydrophobic region. The lipid/drug ratio is then determined as

.


L=D ¼ Nextra
e Ndrug e

Superwarfarin Membrane Interactions
where Ndrug e is the number of electrons in the drug molecule, 162 for
Warf, 234 for DiF, and 268 for BDF.
GIXD gives information on the lateral order of the film. X-rays at grazing
incidence to the liquid surface are sensitive only to the surface monolayer and
not to the liquid subphase. d-spacings of the diffracting planes are given by
the Bragg peak positions in qxy such that dnm ¼ 2p/qxy(n,m). The average
size of crystalline domains in the {n,m} direction is given by the corresponding crystalline coherence lengths, according to the Sherrer formula (22): Lc ¼
0.9  2p/FWHMi, where FWHMi is the intrinsic full width at half-maximum
such that FWHMi ¼ (FWHM2 – Res2)1/2, where Res is the resolution of the
collimator, set at 1.4 milliradians, or 9.6  103 Å-1.

Grand Island, NY). Cell and tissue cholesterol levels were determined using
the Amplex Red Cholesterol Assay Kit (Life Technologies). All measurements were made in a TECAN Spectra II microplate reader (Tecan Group,
Mannedorf, Switzerland).

Data analysis
Cell culture studies were done at least in triplicate. Statistical significance
was determined by unpaired t-test (for two groups); or by one-way analysis
of variance with Bonferroni multiple post hoc comparisons for multiple
groups or by two-way analysis of variance with Sidak’s correction for multiple comparisons. Significance was assumed at p < 0.05.

Cell culture studies
Rat C6 glioma cells and human SK-N-MC neuroblastoma cells were
purchased from American Tissue Type Collection (Manassas, VA), and
cultured in Dulbecco’s modified Eagle’s medium containing 10% fetal
calf serum and antibiotics. For experiments, cells were washed once with
fresh medium without fetal calf serum, then with fresh media containing
the desired drugs added back. In some studies, the cells were first treated
with b-methyl cyclodextrin (MCD, 5 mM for up to 15 min) to deplete
cholesterol levels. At the desired times, an aliquot of the medium was
removed for measurement of lactate using a colorimetric assay (Lactate Reagent, Trinity Biotech, Wicklow, Ireland). Cell viability was assessed by
levels of extracellular lactate dehydrogenase (LDH) (CytoTox-96 NonRadioactive Cytotoxicity Assay, Promega, Madison, WI). Protein content
was determined using the Pierce BCA Protein Assay kit (Life Technologies,

RESULTS
SWs induce metabolic effects and toxicity in
neuroblastoma cells
The strong hydrophobic nature of SWs suggests that these
molecules could interact with cellular or subcellular membranes. To test this, we carried out studies with SK-N-MC
cells, a well characterized human neuroblastoma cell line.
In these cells, both BDF and DiF significantly increased
lactate production, an index of metabolic stress, observable
within 2 h (Fig. 2 A). In contrast, lactate production was not

FIGURE 2 Cellular effects of SWs and their modulation by cholesterol. SK-N-MC neuroblastoma cells were incubated with the indicated doses of vehicle
(pure methanol), BDF, DiF, or warfarin. (A) After 2 h, media levels of lactate were measured. (B) Cell death was assessed by LDH release after 15 h. Data are
represented as the mean 5 SE for n ¼ 3 samples per group; *p < 0.05, **p < 0.005, and ***p < 0.0005 versus vehicle. (C) Cholesterol content was determined in C6 glioma cells, SK-N-MC neuroblastoma cells, and C6 cells after treatment with 5 mM MCD for 15 min. Data are represented as the mean 5 SE
of n ¼ 4 samples per group. ***p < 0.0005 versus C6 cells. (D and E) C6 cells were treated with vehicle (open bars) or 5 mM MCD (solid bars) for 15 min, at
which point the indicated doses of BDF (in mM) were added. Lactate production (D) and MTS reduction (E) were measured 2 h later. Data are represented as
the mean 5 SE of n ¼ 4–6 independent measurements. *p < 0.05 versus no BDF, one-way analysis of variance (ANOVA); Bonferonni post hoc multiple
comparisons. *p < 0.05, **p < 0.005, and ***p < 0.0005 versus no MCD; two-way ANOVA, Sidaks correct p value for multiple comparisons.
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increased by Warf. In the same cells, incubation with BDF
or DiF, but not Warf, increased LDH release when measured
15 h later, indicating induction of cell death (Fig. 2 B).
Cholesterol modulates SW effects
In contrast to SK-N-MC cells, treatment of C6 glioma cells,
a rat-astrocyte-derived cell line, with BDF, DiF, or Warf did
not significantly increase either lactate production measured
after 2 h (Fig. 2 D, open bars) or LDH release measured after 15 h (Fig. 2 E, open bars). Measurements of cholesterol
levels (Fig. 2 C) show that C6 cells contain ~12-fold more
cholesterol than do the SK-N-MC neuroblastoma cells,
consistent with reports that astrocytes have higher cholesterol content than neurons (23). The C6 cells were incubated
with MCD, which reduced cholesterol levels by ~50%
(Fig. 2 C). Similar to findings in the SK-N-MC cells, both
BDF and DiF increased lactate production (Fig. 2 D, solid
bars) and LDH release (Fig. 2 E, solid bars) in the cholesterol-depleted cells. In contrast, Warf had no effects in the
cholesterol-depleted cells. These findings suggest that
SWs influence cell metabolism, and that those actions are
regulated, at least in part, by membrane cholesterol content.
SWs, but not Warf, penetrate DPPC membrane
mimics
Surface molecular studies of model lipid membranes were
carried out to shed light on the in vitro results. Model membranes of DPPC (Fig. 1 E) were formed at the air-liquid
interface as Langmuir monolayers with a constant surface
pressure of 30 mN/m maintained by area-controlled feedback, and temperature of 22 C. Monolayers at this surface
pressure and temperature best correspond to the molecular
packing arrangements of lipids in vivo (24). XR of pure

DPPC on water is given in Fig. 3 A. The electron density
of the monolayer across the interface is well described by
two discrete slabs, consistent with previous studies (25).
The two slabs correspond to two distinct parts of the
DPPC molecule, the hydrocarbon acyl chains (length 15 Å
and density 0.94) and the polar choline headgroups (length
9.3 Å, density 1.3) (Table 1). Given the electron densities
and molecular area of 47.8 Å2, as defined by the isotherm,
the calculated total number of electrons per lipid molecule
is 418, which matches well the 406 electrons of DPPC based
on its electronic structure.
Interactions of the DPPC monolayer with Warf and SWs
were studied by injecting methanol solutions of Warf, BDF,
or DiF into the liquid subphase under the monolayer
(Fig. 3). In all cases, XR profiles are well described by a
two-box model (Table 1). After injecting BDF, the average
area available per DPPC molecule (defined as the total area
of the trough divided by the number of DPPC molecules)
increased by 9.6%. XR modeling of the BDF-DPPC system
corresponds to 524 electrons per mean molecular area. The
116 additional electrons are attributed to BDF molecules
imbedded in the lipid membrane. Since the BDF molecule
contains 268 electrons, and assuming that 50% of the additional electrons in the head region are due to hydration, there
are a total of 78 excess electrons, which gives a lipid/drug
ratio estimated at 3.4:1. The GIXD pattern for DPPC
(Fig. 4 A) shows two distinct Bragg peaks, one at 1.38 Å-1
and one at 1.47 Å-1, indexed as {1,1}þ{1,1} and {0,2},
respectively. These correspond to a standard centered rectangular unit cell containing two hydrocarbon chains, packed
in a herringbone motif and tilted along the short unit cell
axis (Table 2) (26). GIXD results are consistent with previous studies of DPPC at the air-water interface (25,27,28).
Insertion of BDF into the aqueous subphase also led to
changes in the diffraction pattern (Fig. 4 A), from two

FIGURE 3 X-ray reflectivity of DPPC monolayers. (A) XR data (open circles, showing reflectivity normalized to Fresnel reflectivity) and corresponding
fitted curves (lines) for a DPPC monolayer on water subphase injected with vehicle (100% methanol; black) or 10 mM of either Warf (purple), DiF (blue), or
BDF (red). Curves are offset vertically for clarity. (B) Electron density maps corresponding to the surface normal. The x axis indicates the depth (perpendicular to the surface) in Ångstroms. Curves are normalized to the density of water, and maximum amplitudes to the measured changes in membrane area due
to drug versus vehicle. Each curve difference from the DPPC þ vehicle gives the distribution of excess electrons from each drug in matching colors (shaded
regions). No excess electrons from DPPC þ warfarin are distinguishable. (C) Schematic illustrating absence of warfarin (purple) interactions with DPPC
(gray and black) film, DiF (blue) intercalating into the DPPC tail region, and BDF (red) intercalating into both the DPPC tail and polar head regions.
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225.54
212.95
230.50
1.16 5 0.006
1.10 5 0.010
1.13 5 0.011
14.85 5 0.060
14.49 5 0.100
15.58 5 0.110
0.00
0.00
0.00
NA
NA
NA
NA
NA
NA
39.20
40.00
39.20
Veh
BDFa
BDFb
Chol

Values were obtained from model-independent and model-dependent fitting routines to XR data. Area/molecule is calculated as the area per diffracting molecule. Lipid/drug ratios are defined by the total
excess electrons per unit area above those of a DPPC molecule, taking into account hydration of the head region, which we assume contributes 50% of the head excess electrons. Veh, vehicle (pure methanol);
Chol, cholesterol; (r/rwater), density normalized to water; NA, not applicable.
a
10 mM.
b
100 mM.

NA
NA
30.53
0.00
6.30
8.78
0.00
0.00
0.00
219 5 15
212 5 14
226 5 15

0.00
6.30
8.78

NA
>500
7.70
3.43
0.00
0.28
30.38
78.08
0.00
1.32
25.31
27.50
0.00
1.60
5.07
50.59
20
20
22
23
418 5
419 5
474 5
524 5
193.75
191.11
244.38
248.74
1.31 5 0.008
1.31 5 0.001
1.16 5 0.005
1.32 5 0.010
9.26 5 0.090
9.13 5 0.006
12.30 5 0.040
10.80 5 0.100
Veh
Warfa
DiFa
BDFb
DPPC

47.82
47.84
51.28
52.24

14.99 5
15.09 5
13.71 5
15.19 5

0.07
0.07
0.04
0.10

0.94 5
0.94 5
0.98 5
1.04 5

0.005
0.001
0.005
0.020

225.05
226.65
230.12
275.64

Head e
Tail Density
(r/rwater)
Tail
Length (Å)
Area/Molecule
(Å2 5 0.2)
Drug
Lipid

TABLE 1

XR Data for DPPC and Cholesterol Films

Tail e

Head Length (Å)

Head Density
(r/rwater)

Total e

Tail
Excess e

Head
Excess e

Total
Excess e-

Lipid/Drug
Ratio
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FIGURE 4 GIXD of DPPC monolayers. (A) Integrated intensity (qxy,
open circles) normalized to the incident beam intensity and corresponding
Lorentz-Gauss fits (lines) for DPPC monolayer films on water after injection of vehicle (100% methanol; black) or 10 mM of either warfarin
(purple), DiF (blue), or BDF (red). Curves are offset vertically for clarity.
Vertical lines highlight the Bragg peak positions of the DPPC monolayer.
(B) Schematic illustrating changes in DPPC packing. In the presence of
warfarin, there is no change in packing; introduction of BDF or DiF shifts
packing from a rectangular to a hexagonal lattice.

distinct peaks for the pure DPPC film to a single asymmetric
peak after the drug insertion. The shift corresponds to a
transformation from a centered rectangular unit cell for
pure DPPC to a hexagonal lattice (Fig. 4 B). The average
size of the DPPC crystalline domains, defined by the coherence length, was significantly smaller with BDF present in
the subphase (Table 2).
Similar to BDF, injection of DiF under the DPPC film led
to a 7.4% increase in the average area available per DPPC
molecule (Table 1). According to XR, there are 474 electrons per mean molecular area; the additional 56 electrons
are assigned to DiF molecules in the membrane. Since a
DiF molecule contains 234 electrons, and taking into account head region hydration, this corresponds to 7.7 lipids
to each DiF in the membrane. DiF insertion led to changes
in the GIXD pattern of DPPC similar to those observed for
BDF: the centered rectangular unit cell transformed into a
hexagonal lattice, and the average crystalline domain size
was reduced (Fig. 4 and Table 2). In contrast to BDF and
DiF, the introduction of Warf under a DPPC monolayer
did not induce any observable change in the average area
available per lipid, nor in the XR profile. The best fit of
the XR data for Warf corresponds to 419 electrons per
DPPC molecule, indicating a lipid/drug ratio of >500.
Even assuming a perfect DPPC structure of 406 electrons,
this corresponds to an excess of only 12–13 electrons
per molecule derived from Warf (which has 162 total electrons), and an estimated lipid/drug ratio of between 13:1
and >50:1, depending on the assumed hydration state of
the DPPC molecule. The GIXD pattern after Warf injection
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TABLE 2

GIXD Data and Derived Values
Crystalline d-Spacings
(Å 5 0.0015)a

Lateral Coherence Length (Å 5 10)

Unit Cell Parameters (Å 5 0.0015)b

Unit Cell Area (Å2 5 0.01)

81.8
248.4
124.8
310.0
38.96
81.12

a ¼ 5.50
b ¼ 8.55
a ¼ 5.46
b ¼ 8.60
a ¼ 5.01
a ¼ 5.06

47.03

DiFc
BDFc

d{1,1}:{1,-1} ¼ 4.56
d{0,2} ¼ 4.28
d{1,1}:{1,-1} ¼ 4.67
d{0,2} ¼ 4.30
d{0,1} ¼ 4.28
d{0,1} ¼ 4.33

21.7
22.21

Veh
BDFc
BDFd

d{0,1} ¼ 5.69
d{0,1} ¼ 5.69
d{0,1} ¼ 5.68

106.10
95.62
37.17

a ¼ 6.66
a ¼ 6.65
a ¼ 6.65

38.44
38.35
38.25

Lipid

Drug

DPPC

Veh
Warfc

Chol

46.96

Veh, vehicle (pure methanol); Chol, cholesterol.
a
Two d-spacing values correspond to a centered rectangular lattice, and one d-spacing value corresponds to a centered hexagonal lattice.
b
DPPC and DPPC with warfarin unit cells contain two hydrocarbon tails.
c
10 mM.
d
100 mM.

did not show any noticeable changes in terms of either the
Bragg peak positions or their widths (Fig. 4, Table 2).
BDF-DPPC membrane intercalation is dose
dependent
The observed BDF-dependent changes in XR and GIXD
may come from BDF intercalated into the DPPC monolayer
matrix or from formation of separate monolayer domains of
pure BDF at the liquid surface. Analysis of X-ray data done
at various BDF concentrations (Fig. 5 A) shows that the
length and density of the DPPC tail region increased
with BDF doses >0.1 mM, as did the area per molecule
and total number of electrons (Table 3). At the highest

dose (100 mM), the calculated lipid/drug ratio was 2.43
lipids per BDF molecule. The GIXD pattern (Fig. 5 B),
which originally had two Bragg peaks for pure DPPC, gradually changed to one with an asymmetric single peak (hexagonal lattice) upon the change of drug dose from zero to
10 mM. At the highest dose tested (100 mM), the monolayer
structure had the same hexagonal symmetry albeit more
tightly packed, as indicated by a smaller unit cell (Table 4).
BDF does not penetrate into cholesterol
monolayers
Based on our cell study results showing increased BDF
toxicity in cholesterol-depleted cells, we investigated the

FIGURE 5 Dose dependence of BDF interactions with DPPC. (A) XR data (open circles, showing reflectivity normalized to Fresnel reflectivity) and corresponding fitted curves (lines) for a DPPC monolayer on water subphase injected with vehicle (100% methanol; black) or different concentrations of BDF.
Curves are offset vertically for clarity. (B) The integrated intensity GIXD (qxy, open circles) normalized to the incident beam intensity and corresponding
Lorentz-Gauss fits (lines) for DPPC monolayer films on water after injection of vehicle (100% methanol; black) or the indicated concentrations of BDF.
Curves are offset vertically for clarity. (C) Electron density maps corresponding to the surface normal for DPPC and different concentrations of BDF.
The x axis indicates the depth (perpendicular to the surface) in Ångstroms. Curves are normalized to the density of water, and maximum amplitudes to
the measured changes in membrane area due to drug versus vehicle.
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Values were obtained from model-independent and model-dependent fitting routines to XR data. Lipid/drug ratios are defined by excess electrons per unit area beyond that of a DPPC, taking into account
hydration of the head region, which we assume contributes 50% of head excess electrons. (r/rwater), density normalized to water.
a
The vehicle was pure methanol.

NA
NA
11.22
3.43
2.43
0.00
6.50
23.88
78.08
110.15
0.00
1.61
2.93
27.50
5.21
0.00
8.11
26.81
50.59
104.94
20
20
21
23
23
418 5
413 5
440 5
526 5
533 5
193.75
196.97
187.88
248.74
204.17
0.008
0.012
0.008
0.018
0.014
1.31 5
1.28 5
1.25 5
1.32 5
1.21 5
9.26 5 0.09
9.48 5 0.15
8.92 5 0.09
10.84 5 0.01
8.58 5 0.27
225.05
216.95
251.86
275.64
329.99
0.94 5 0.005
0.90 5 0.008
0.96 5 0.008
1.04 5 0.023
1.00 5 0.008
5 0.07
5 0.11
5 0.05
5 0.14
5 0.17
14.99
14.85
15.57
15.19
16.78
47.82
48.60
50.45
52.24
58.88
Vehiclea
0.1 mM BDF
1 mM BDF
10 mM BDF
100 mM BDF

Tail Density
(r/rwater)
Tail
Length (Å)
Area/Molecule
(Å2 5 0.2)
Drug

TABLE 3

XR Data for DPPC and Varying Doses of BDF

Tail e

Head
Length (Å)

Head Density
(r/rwater)

Head e

Total e

Tail
Excess e

Head
Excess e

Total
Excess e

Lipid/Drug
Ratio
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molecular interaction between BDF and cholesterol using
pure and mixed cholesterol monolayers. Cholesterol monolayers were formed in the same fashion as DPPC films.
According to the Langmuir isotherm, the average area available per cholesterol molecule at 30 mN/m is 39.2 Å2
(Table 1). XR data were modeled as a single slab for the
whole cholesterol molecule. The length of the molecule
was 14.8 Å with a density of 1.16, with each molecule having 219 electrons, which matches the known structure of
cholesterol within the uncertainty (Fig. 6 A, Table 1). The
GIXD pattern of the cholesterol monolayer (Fig. 6 B) consists of a single broad Bragg peak located at 1.1 Å-1, which
corresponds to a hexagonal unit cell with area per unit molecule of 38.44 Å2 (Table 2), in agreement with previous
GIXD studies (29). When BDF was injected into the
aqueous subphase under the cholesterol monolayer, there
was little change in the film area observed. According to
XR, the cholesterol electron density showed little change,
suggesting that there were no changes in monolayer thickness or molecular tilt (Table 2) due to drug interaction.
Lateral organization of cholesterol molecules given by
GIXD also showed little effect. At a 10-fold higher concentration (100 mM), BDF showed only minor alterations in
electron density (Table 2), although the crystalline coherence length was reduced to 37 Å. No new diffraction peaks
were observed at higher qxy values after any drug addition.
The above results on pure cholesterol films demonstrate
that BDF does not intercalate into this membrane structure.
Cellular membrane cholesterol content can range from 30%
in the plasma membrane (30) to ~50% in erythrocytes (31).
To better mimic cholesterol content in vivo, we carried out
XR studies of mixed DPPC and cholesterol monolayers
(Fig. 6 C). As expected, the addition of BDF to pure
DPPC increased the number of electrons (from 418 to
524), yielding a lipid/drug ratio of 3.4 (Table 5). Gradual
increase of cholesterol content in the mixed membrane
led to an expected reduction in the average area available
per lipid within the film (from 47.82 Å2 to 38.2 Å2). This
is consistent with the smaller area occupied per cholesterol
molecule compared to DPPC. The XR results demonstrate
that molar cholesterol content as low as 20% is sufficient
to prevent BDF from intercalating and disrupting the lipid
film.
DISCUSSION
Analysis of surface X-ray scattering data reveals that BDF
and DiF, but not Warf, perturb DPPC monolayers, whereas,
in contrast, cholesterol monolayers remained essentially unperturbed by BDF. In vitro, the lower-cholesterol-containing
SK-N-MC cells showed increased lactate production and
cell death after treatment with BDF or DiF, but not Warf.
The C6 cells with higher cholesterol content were resistant
to BDF or DiF effects, but became responsive when cholesterol was partially depleted. The results suggest a novel
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TABLE 4

GIXD Data for DPPC and Varying Doses of BDF

Drug
Vehicleb
0.1 mM BDF
1 mM BDF
10 mM BDF
100 mM BDF
a

Crystalline d-Spacings (Å 5 0.0015)a

Lateral Coherence Length
(Å 5 10)

Unit Cell Parameters (Å 5 0.0015)

Unit Cell Area (Å2 5 0.01)

d{1,1}:{1,-1} ¼ 4.56
d{0,2} ¼ 4.28
d{1,1}:{1,-1} ¼ 4.64
d{0,2} ¼ 4.29
d{1,1}:{1,-1} ¼ 4.55
d{0,2} ¼ 4.29
d{0,1} ¼ 4.33
d{0,1} ¼ 4.26

81.80
248.40
50.48
120.75
101.52
154.73
81.90
106.34

a ¼ 5.50
b ¼ 8.55
a ¼ 5.68
b ¼ 8.59
a ¼ 5.57
b ¼ 8.59
a ¼ 5.07
a ¼ 4.99

47.03
48.76
47.87
22.25
21.53

Two d-spacing values corresponds to a centered rectangular lattice, one d spacing corresponds to a centered hexagonal lattice.
The vehicle ¼ pure methanol.

b

mechanism of superwarfarin toxicity modulated by cellular
membrane cholesterol content.
Our XR and GIXD studies demonstrate that BDF and DiF
intercalate into DPPC films, but they do not intercalate into
monolayers containing at least 20% cholesterol. In films containing 100% cholesterol, the introduction of 10 mM BDF
caused only modest reductions in head length and density,
but no increase in the total number of electrons in each
molecular volume, indicating a lack of BDF interaction
(Table 1). At this BDF concentration, mixed monolayers
with cholesterol molar ratios between 20% and 66% demonstrate no observable interactions of BDF with the film
(Fig. 6 C). These findings suggest that BDF would have minimal interactions with the cellular plasma membrane where
cholesterol content is estimated to be 30% (30,31). Interactions with subcellular compartments such as the endoplasmic
reticulum or mitochondria with 5% or less cholesterol content (32,33) would presumably be more likely, but would

occur only after sufficient accumulation of BDF within the
cell. For pure cholesterol monolayers in the presence of a
10-fold higher concentration of BDF (100 mM), we observed
a small increase in head length (~4%) and total number of
electrons (~7), both within the experimental error. We did
observe a reduction in the crystalline coherence length, indicating a reduction in crystalline domain size (Table 2). These
changes could potentially reflect interactions between BDF
and cholesterol. Considering that XR models and GIXD
peak location are unaffected by the presence of BDF, we
assume that the only interactions that can occur are on the
periphery of the crystalline domains and have no impact on
the overall molecular structure of the film.
Our measurements on pure monolayers of DPPC were
performed at 22 C and 30 mN/m. Under these conditions,
DPPC exists in a gel phase, whereas more physiologically
relevant membranes may exist in a liquid state. Pure
DPPC monolayers do not reflect the actual composition of

FIGURE 6 X-ray studies of cholesterol monolayers. (A) XR data (open symbols, showing reflectivity normalized to Fresnel reflectivity) and corresponding
fitted curves (lines) for a cholesterol monolayer on water subphase injected with vehicle (100% methanol; black), 10 mM BDF (solid red line), or 100 mM
BDF (dotted red line). Curves are offset vertically for clarity. (B) GIXD data. The integrated GIXD intensity (qxy; circles) normalized to the incident beam
intensity and corresponding Lorentz-Gauss fits (lines) for cholesterol with vehicle (100% methanol; black), 10 mM BDF (solid red line), or 100 mM BDF
(dotted red line). (C) XR data (points) and fits (lines) for lipids before (black) and after (red) introduction of 10 mM BDF for mixtures of DPPC and cholesterol. Curves are offset vertically for clarity, sorted by the molar % cholesterol content.
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Values were obtained from model-independent and model-dependent fitting routines to XR data. Lipid/drug ratios are defined by excess electrons per unit area above those found for monolayer without drugs,
taking into account hydration of the head region, which we assume contributes 50% of head excess electrons. For 33 and 50 mol % cholesterol, two values are calculated for tail length and tail density, which
reflects that at these higher ratios the cholesterol moiety can no longer be modeled into the same tail space as the DPPC. Veh, vehicle (pure methanol); BDF, 10 mM BDF; Chol, cholesterol.

N/A
N/A
0.00
6.30
0.00
6.30
0.00
0.00
225.54
212.95
225.54
212.95
1.14 5 0.01
1.13 5 0.02
14.85 5 0.06
15.58 5 0.09
0.00
0.00
0
0
0
0
38.2 5 0.2
40.0 5 0.2
Veh
BDF

BDF 43.01 5 0.2
50%

100%
100%

67.29
3.98
5.74
9.72
399.59
1.21 5 0.12
8.89 5 1.30

154.53

N/A
0.00
0.00
0.00
401.35
166.01
1.20 5 0.20
9.63 5 0.60

5.67 5 0.10
10.40 5 0.03
8.27 5 0.60
8.29 5 0.80
43.01 5 0.2
Veh
50%

0.77 5 0.06 235.34
1.14 5 0.09
0.90 5 0.05 245.06
1.16 5 0.02

N/A
85.00
0.00
3.15
0.00
0.64
0.00
2.51
410.51
414.31
155.02
156.30
1.53 5 0.05
1.27 5 0.03
6.8 5 0.80
8.26 5 1.20
18.05 5 0.90
5.70 5 0.05
11.60 5 0.60
Veh 44.61 5 0.2
BDF 44.61 5 0.2
33%
33%

0.95 5 0.01 255.49
0.84 5 0.03 258.00
1.08 5 0.05

N/A
N/A
0.00
10.29
0.00
2.97
0.00
7.33
445.68
435.39
193.96
191.00
1.29 5 0.02
1.29 5 0.02
9.81 5 0.20
9.66 5 0.24
16.26 5 0.15
16.27 5 0.17
Veh 45.89 5 0.2
BDF 45.89 5 0.2
20%
20%

1.01 5 0.02 251.71
0.98 5 0.02 244.39

N/A
3.43
0.00
78.08
0.00
27.50
0.00
50.59
418.80
524.38
193.75
248.74
1.31 5 0.01
1.32 5 0.01
9.26 5 0.09
10.80 5 0.10
0.94 5 0.01 225.05
1.04 5 0.02 275.64
14.99 5 0.07
15.19 5 0.10
Veh 47.82 5 0.2
BDF 52.24 5 0.2
0%
0%

Tail Density
Head Density
(e Å3) Tail e Head Length (Å)
(e Å3)
Head e Total e Tail Excess e Head Excess e Total Excess e Lipid/Drug Ratio
Tail Length (Å)
Area (Å2)
Mol % Chol Drug

TABLE 5

XR Data for DPPC/Cholesterol Mixtures
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the plasma membrane, but they have often been used as a
model for biological membranes (24). We assume that if a
drug permeates the DPPC membrane at these studied
conditions, it should permeate other liquid membranes,
including phospholipid bilayers. Indeed, our in vitro studies
are consistent with this assumption, since both BDF and
DiF induce significant alterations in cell metabolism and
survival.
Lipid monolayers normally contain coexisting ordered
and disordered domains. GIXD directly measures only the
ordered portion of the film, whereas XR reflects the average
state of the film. The GIXD data (Tables 2 and 4) indicate
that addition of BDF or DiF alters the structure of the ordered portion of the DPPC membrane. The content of the ordered membrane domains remains unchanged, as indicated
by the unit cell dimensions (Table 4). According to XR,
DiF and BDF do intercalate into the membrane. Therefore,
the SWs must be present within the disordered portion of the
membrane. This is supported by the dose-mediated changes
in the GIXD pattern seen in Fig. 5, B and C. To accommodate additional molecules within the membrane, the packing
mode of the lipid molecules must change, as indicated by
changes in diffraction and calculated lipid/drug ratio. The
presence of two Bragg peaks for the pure DPPC reflects a
centered rectangular (also referred to as orthorhombic or
distorted hexagonal) lattice. BDF inserts into the DPPC
film and changes the molecular area occupied by the
DPPC molecules, also changing the structure of the ordered
domains from a rectangular to a hexagonal packing symmetry. This is associated with a decrease in the area per hydrocarbon chain from 23.88 Å2 for pure DPPC to 22.25 Å2 after
injection of 10 mM BDF, and to 21.53 Å2 after increasing the
BDF concentration to 100 mM. Transformation to hexagonal
packing for DPPC has been previously reported to occur at
30 mol % and higher after introduction of the plant sterol
stanol (34), and at 25 mol % after introduction of cholesterol
within a DPPC monolayer (28). These molar percentages
are similar to what is observed in our studies, where a
lipid/drug ratio of 3.4 is equivalent to 22.7 mol % for
BDF and a ratio of 7.7 is 11.5 mol % for DiF.
It was previously reported that Warfs exert physiological
effects beyond the coagulation cascade in cells of the immune system (35) and nervous system (36). Our observations
show that Warf does not intercalate into the DPPC monolayer
at the studied doses, and there are no observable changes in
lipid packing at concentrations (10 mM) for which interactions take place with BDF and DiF. This suggests that interactions of Warf with cell membranes are not responsible
for its anticoagulation-independent effects at these concentrations. This is consistent with the fact that Warf, but not
SWs, easily dissolves in water, making associations with
the aqueous subphase energetically favorable to embedding
in the monolayer containing hydrophobic lipid tails. However, the possibility that Warf induces membrane alterations
at higher concentrations cannot be ruled out.
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Although there are no reports indicating direct cellular
effects of SWs, such effects may contribute to SW’s
heightened toxicity, VKORC1 binding, tissue retention, or
increased half-lives (14,18). We tested the possibility that
these agents would show rapid effects on cellular metabolic
function. Under normal physiological conditions, pyruvate
generated from glucose is used as a substrate for oxidative
phosphorylation to generate ATP within mitochondria.
However, under conditions of reduced mitochondrial function, anaerobic glycolysis is increased, yielding higher
lactate production, which is transported out of the cell
(37). Measurements of lactate levels therefore provide an indirect measure of increased metabolic requirements or
cellular stress, which could contribute to eventual cell death.
Our results show that BDF and DiF, but not Warf, increase
lactate production in a neuroblastoma cell line. In contrast,
neither SW nor Warf influenced lactate production in C6
glioma cells. We hypothesized that this difference in BDF
sensitivity was due to the significantly higher levels of membrane cholesterol in the glioma cells, and we found that
when depleted of cholesterol, the normally BDF-resistant
cells responded to lower BDF doses. These results suggest
that membrane cholesterol content could modulate resistance to SWs and may help to explain differences in tissue
retention and overall increased toxicity. Consistent with a
mechanism of cholesterol-dependent induced cytotoxicity,
it was shown that cholesterol depletion in PC12 cells
made them more vulnerable to amyloid b-cytotoxicity (38).
Our observations lead us to conclude that BDF and
DiF molecules intercalate into the hydrophobic region of
DPPC composed of the hydrocarbon tails. The XR data
allow us to calculate the number of lipid molecules per
molecule of BDF or DiF, giving values of 3.4 for BDF
and 7.7 for DiF (Table 1). Lipid/drug calculations are
made by determining the differences in electron density between the monolayer with an SW and the monolayer with
the vehicle (methanol). These values are due to intercalation
of the SW, and are not due to changes in water content or to
the presence of methanol. It is possible that methanol could
have induced changes in the lipids; however, control studies
done in DPPC monolayers show that injection of 1 mL of
methanol resulted in no change in the collected XR data
of the monolayer (Fig. S1).
When present at the same concentration (10 mM), fewer
DiF molecules intercalate in the monolayer compared to
BDF. DiF, but not BDF, decreased DPPC head density,
and DiF caused a larger increase in head region length
(Table 1). These results suggest that despite their structural
similarity, the presence of the bromine in BDF enhances
interactions with DPPC, as supported by the data shown
in Fig. 3. The observed excess electron density for BDF
(Fig. 3 B, pink) occurs in both the tail and head regions of
DPPC, whereas the electron excess for DiF (Fig. 3 B,
purple) is located only in the hydrocarbon tails of the
DPPC monolayer. This allows us to speculate that the
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bromine end of BDF is located within the polar region of
DPPC and the 4-hydroxycoumarin end is located in the
tail region. Although it is likely that DiF has a similar orientation, the experimental data do not provide direct support
for this conclusion. These results suggest that the presence
of the bromine atom confers a stronger affinity of BDF for
membranes, which may help explain biological differences
(lethal dose, half-life, and increased tissue retention) between BDF and DiF.
Our results demonstrate that membrane cholesterol/
lipid ratios modulate resistance to SWs, which may help
explain differences in tissue retention and overall increased
toxicity. Further, general membrane properties such as
charge or gel/liquid membrane phase composition may
also play a role in these nonspecific interactions. Higher
adsorption of BDF and its restricted orientation within
the membrane may explain heightened tissue retention.
Molecular replacement of cholesterol with BDF could
cause metabolic stress within the cell; this could reduce
the production of steroids and other sterols within the
cell. The approximate lethal doses for BDF and DiF range
from 0.1 to 0.5 mg/kg for many mammalian species. If
we assume that 1 kg body mass corresponds to ~1 L of
pure water, the LD50 corresponds to 0.1–0.5 mg/L, or
0.2–1.0 mM. Surface scattering experiments show that
BDF and DiF induce changes in DPPC monolayers at
doses as low as 1.0 mM, suggesting that these events could
occur under physiological conditions.
Previous studies of the interactions of SWs with membranes are limited. In one study (39), artificial membranes
immobilized onto silica were used to probe thermodynamic
interactions of rodenticides binding to phosphatidyl choline.
Similar to our findings, those studies showed that the SWs
BDF, DiF, and bromadiolone had the highest binding constant for phosphatidyl choline and that interactions with
both the tail and head regions contributed to binding.
In contrast to our findings, they found that Warf also bound
to phosphatidyl choline, although its affinity was lower than
that of SWs.
CONCLUSIONS
Using high-resolution surface X-ray methods, we characterized SW binding and penetration into model phospholipid
membranes. X-ray studies confirm that in the presence of
SWs, membrane density and packing can be altered. Our
in vitro studies are consistent with this assumption, since
both BDF and DiF can induce significant alterations in
cellular metabolism and survival. Whether those alterations
lead to dysregulation of vital metabolic processes (e.g.,
reduced mitochondrial function), or perturbation of other
cellular or subcellular membranes (e.g., alterations in interactions between VKORC1 and the endoplasmic reticulum
membrane) necessary for enzymatic activity (40,41) remains to be determined. It could also be that cholesterol
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replacement by SWs within the cellular membranes causes
similar results by disrupting the regulation or production
of steroids and other sterols by compromising membrane
function. Together, our findings highlight a nonspecific molecular interaction governing the distribution and selectivity
of SWs within phospholipid membranes, and they raise the
possibility that membrane cholesterol can modulate cellular
responses to these agents, and potentially to other hydrophobic molecules.
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