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Abstract Administered subcutaneously, D-4F or L4F are
equally efficacious, but only D4F is orally efficacious be-
cause of digestion of L-4F by gut proteases. Orally adminis-
tering niclosamide (a chlorinated salicylanilide used as a
molluscicide, antihelminthic, and lampricide) in temporal
proximity to oral L4F (but not niclosamide alone) in apoE
null mice resulted in significant improvement (P < 0.001) in
the HDL-inflammatory index (HII), which measures the
ability of HDL to inhibit LDL-induced monocyte chemotac-
tic activity in endothelial cell cultures. Oral administration
of L-[113-122]apo] with niclosamide also resulted in signifi-
cant improvement (P< 0.001) in HII. Oral administration of
niclosamide and L-4F together with pravastatin to female
apoE null mice at 9.5 months of age for six months signifi-
cantly reduced aortic sinus lesion area (P = 0.02), en face
lesion area (P = 0.033), and macrophage lesion area (P =
0.02) compared with pretreatment, indicating lesion regres-
sion. In contrast, lesions were significantly larger in mice
receiving only niclosamide and pravastatin or L-4F and
pravastatin (P< 0.001). In vitro niclosamide and L-4F tightly
associated rendering the peptide resistant to trypsin diges-
tion. Niclosamide itself did not inhibit trypsin activity.Eli
The combination of niclosamide with apolipoprotein mi-
metic peptides appears to be a promising method for oral
delivery of these peptides.—Navab, M. P., Ruchala, A. ]J.
Waring, R. I. Lehrer, S. Hama, G. Hough, M. N. Palgunach-
ari, G. M. Anantharamaiah, and A. M. Fogelman. A novel
method for oral delivery of apolipoprotein mimetic pep-
tides synthesized from all L-amino acids. J. Lipid Res. 2009.
50: 1538-1547.
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We previously reported that when the apolipoprotein
Al (apoA-I) mimetic peptide 4F was synthesized from all
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L-amino acids and administered orally to mice, it was inef-
fective in improving lipoprotein inflammatory properties
(1). In contrast, when the peptide was synthesized from all
D-amino acids and administered orally, lipoprotein inflam-
matory properties were improved and lesions were decreased
in these mouse models of atherosclerosis (1). Oral admin-
istration of the 4F peptide synthesized from all L-amino
acids resulted in degraded peptide, whereas the oral ad-
ministration of the peptide synthesized from all D-amino
acids resulted in intact peptide in the circulation (1).

When D-4F and L-4F were directly compared after sub-
cutaneous injection in cholesterol-fed rabbits, the peptides
were found to be equivalent in their ability to inhibit ath-
erosclerotic lesions (2). Therefore, it appeared likely that
D-4F and L-4F only differed in their ability to resist enzy-
matic degradation after oral administration. Based on the
work of Garber et al. (3), we would predict that resistance
to enzymatic degradation would be an advantage for oral
administration of a peptide synthesized from D-amino ac-
ids, but after absorption by any route, it would likely re-
main undegraded in tissues for prolonged periods. As
injected L-4F was equally efficacious to injected D-4F in
reducing atherosclerosis and inflammation (as measured
by serum amyloid A levels) (2), we set out to find a method
that would allow oral delivery of L-4F. Quite by accident,
we discovered that if L-4F and niclosamide were coadmin-
istered orally in a mouse model of atherosclerosis, L-4F
retained its biologic activity. Niclosamide is a drug that has
been in clinical use for more than three decades for the
treatment of tapeworm and other parasitic infections (4).
It is a salicylanilide (Fig. 1) with low toxicity for mammals.
The studies reported here suggest that niclosamide inter-
acts with L-4F to protect the peptide from tyrpsin diges-
tion, thus allowing its absorption.

Abbreviations: apoA-l, apolipoprotein A-I; HII, HDL-inflammatory
index; LPS, bacterial lipopolysaccaride; TFA, trifluroacetic acid; FTIR,
Fourier transform infrared; ATR, attenuated total reflectance.
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Fig. 1. Structure of niclosamide.

L-4F is a class A amphipathic helical peptide. We previ-
ously reported that a class G* amphipathic peptide taken
from the sequence of apo J (residues 113-122) and synthe-
sized from all D-amino acids (D-[113-122]apo]) had bio-
logic activity after oral administration similar to D-4F (i.e.,
a similar ability to improve lipoprotein inflammatory prop-
erties and ameliorate atherosclerosis) (5). As also reported
in this manuscript, administration of niclosamide with the
[113-122]apo] peptide synthesized from all L-amino acids
(L-[113-122]apo]) resulted in biologic activity after oral ad-
ministration, suggesting that coadministering niclosamide
maybe a general method for oral administration of apolipo-
protein mimetic peptides synthesized from L-amino acids.

METHODS

Materials

Niclosamide was purchased from Sigma-Aldrich, St. Louis,
MO (Catalogue Number N3510). The structure of niclosamide is
shown in Fig. 1. Trypsin was purchased from Pierce (Catalogue
Number 20233). All other materials were from previously re-
ported sources (2). L-4F and D-4F were synthesized from all L- or
all D-amino acids as previously described (2). The sequence for
4F is Ac-D-W-F-K-A-FY-D-K-V-A-E-K-F-K-E-A-F-NH2. As in all of
our previous studies, this peptide was blocked at both the C- and
N- termini. For the synthesis of 14C—L—4F, in the last step of the
synthesis when the peptide was on the resin, “C-acetic acid was
used for the acetylation. Residual free N-terminal blocking was
completed with an excess of cold acetic acid. The rest of the pro-
cedures were not altered, and the radioactive peptide (like the
nonradioactive peptide) was blocked at both the C-and N- termini.
L-[113-122]apo] was synthesized from all L-amino acids as previ-
ously described (5). The sequence for [113-122]apo] is Ac-L-V-G-R-
Q-L-E-E-F-L-NH2. This peptide was also blocked at both the C-and
N- termini as was the case previously for D-[113-122]apo] (5).

Mice

ApoE null mice, originally purchased from Jackson laborato-
ries on a C57BL/6] background, were obtained from the breed-
ing colony of the Department of Laboratory and Animal Medicine
at the David Geffen School of Medicine at UCLA. The mice were
maintained on a chow diet (Ralston Purina). To obtain blood for
assays, the mice were subjected to a terminal bleed in which 250
wl of blood was removed from each mouse from the retro-orbital
sinus under mild isoflurane anesthesia into heparinized capillary
tubes and chilled plasma separator tubes (Becton-Dickson). All
experiments were performed using protocols approved by the
Animal Research Committee at UCLA.

Lipoprotein inflammatory indexes

Mouse plasma was obtained from heparinized blood and was
sucrose-cyropreserved by adding 20% by volume of a 5x stock of
filter sterilized 50% w/v sucrose, 150 mM NaCl, 0.24 mM EDTA,

pH 7.4 in pyrogen-free water. The plasma was frozen and stored
at —80°C until it was separated by fast protein liquid chromatog-
raphy (FPLC) as previously described (6). Briefly, the column
was eluted with an isocratic buffer containing 154 mmol/L NaCl,
and 0.02% sodium azide, pH 8.2, at a flow rate of 0.5 ml/min,
pumped by a nonmetallic Beckman high-performance liquid
chromatography (HPLC) pump. Forty-eight 1-ml fractions were
collected. Cholesterol concentrations were determined in frac-
tions #13-36 to get a complete profile of the void volume through
the postHDL fractions. The cholesterol profile was used to iden-
tify the apoB-containing (VLDL and LDL) and nonapoB-con-
taining (HDL) regions. For LDL, fractions #18-23 or fractions
#19-24 were pooled depending on the FPLC cholesterol profile.
For HDL, fractions #25-31 or fractions #25-32 or fractions
#26-32 were pooled depending on the cholesterol profile. The
LDL and HDL fractions were collected and tested in cultures of
human aortic endothelial cells as described previously (2).
Briefly, a standard control human LDL prepared by ultracentrif-
ugation of the plasma of a healthy volunteer was added as an in-
ternal standard to all cultures at a concentration of 100 pug/ml
cholesterol. After 8 h the supernatants were collected and the
monocyte chemotactic activity (which is largely due to the activity
of monocyte chemoattractant protein-1) in the supernatant was
determined as previously described (1, 7). The values for the
control internal standard LDL were normalized to 1.0. For deter-
mination of the HDL-inflammatory index (HII), a standard con-
trol human HDL prepared by ultracentrifugation of the plasma
of a healthy volunteer or mouse HDL prepared by FPLC was
added at 50 pg/ml cholesterol together with the control human
internal standard LDL at 100 pg/ml cholesterol. Monocyte
chemotactic activity was measured as migrated monocytes per
high-powered field, in triplicates in six separate fields after incu-
bation of the endothelial cells with the lipoproteins. The value
obtained by addition of the control human internal standard
LDL together with the test HDL was divided by the monocyte
chemotactic activity obtained after adding this LDL to the en-
dothelial cells without HDL. In this assay anti-inflammatory HDL
results in HII values less than 1.0, and pro-inflammatory HDL
results in HII values greater than 1.0. For determination of the
LDL-inflammatory index (LII), the test mouse LDL was added to
the cells at 100 pwg/ml cholesterol without added HDL, and the
resulting monocyte chemotactic activity was divided by the mono-
cyte chemotactic activity obtained after addition of the control
human internal standard LDL at 100 pg/ml cholesterol without
added HDL. In this assay, if the test LDL induces more monocyte
chemotactic activity than the control human internal standard
LDL, the LII value will be greater than 1.0. Conversely, if the test
LDL produces less monocyte chemotactic activity than the con-
trol human internal standard LDL, the LII value will be less than
1.0. For both the HII and LII assay, the value for monocyte
chemotactic activity of wells containing endothelial cells without
addition of lipoproteins was subtracted. As shown in Results,
treatment modalities in some instances reduced the monocyte
chemotactic activity to below that seen with no addition of lipo-
proteins and resulted in negative numbers. In most instances,
blood for this assay was obtained from mice 6-8 h after adminis-
tration of a test agent as this time was previously found to give a
near maximal response for the lipoprotein inflammatory index

(1,7).
Pre- HDL

Pre-B HDL levels were determined using two-dimensional gel
electrophoresis. Plasma was fractionated by agarose electropho-
resis in the first dimension and native PAGE in the second di-
mension, subjected to Western analysis with anti-mouse apoA-I,
and then scanned and quantified as previously described (6).
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Paraoxonase activity

Paraoxonase activity was determined as described previously
(6) using paraoxon as a substrate. The wells contained 1.0 mM
paraoxon in 20 mM Tris/HCI, pH 8.0. The reaction was initiated
by the addition of the plasma or lipoprotein sample, and the in-
crease in the absorbance at 405 nm was recorded over a 12-min
period. Blanks were included to correct for the spontaneous hy-
drolysis of paraoxon. Enzymatic activity was calculated from the
molar extinction coefficient 1310 M em™. A unit of paraoxonase
activity is defined as 1 nmol of 4-nitrophenol formed per min
under the above assay conditions.

Atherosclerosis lesion area

Atherosclerosis lesion area in aortic root sinus sections and
atherosclerosis lesion area in en face preparations were deter-
mined as previously described (8). Macrophage lesion area was
determined by immunostaining of aortic root sinus sections us-
ing antibodies for the recognition of mouse tissue macrophages
and methods for quantifying areas of interest as previously de-
scribed (9, 10). The number of mice chosen for each experiment
was based on power calculations designed to achieve a signifi-
cance level of 0.05 with a power of 80% using GraphPad STAT-
Mate 2.00 (GraphPad Software, San Diego, CA).

Association of L-4F with niclosamide in vitro and
determination of the sensitivity to trypsin digestion

Niclosamide is practically insoluble in water (11). However, in
the presence of L-4F, the solubility of niclosamide was greatly in-
creased. Since the pH of the stomach is approximately pH 1.0, we
sought to determine if I-4F and niclosamide would associate in
vitro at pH 1.0. To this end, 5 mg of L-4F alone, 50 mg of niclos-
amide alone (purity greater than 98%), or 5 mg of L-4F plus 50
mg niclosamide were homogenized in 5 ml of 0.01 N HCl in an
all-glass homogenizer yielding a suspension. The mixtures were
incubated at 37°C with gentle mixing for 48 h under sterile con-
ditions. After sitting overnight at room temperature, the tubes
were centrifuged at 1800 g, which removed free niclosamide as a
pellet. The 1800 g supernatant from the incubation with L-4F
plus niclosamide contained niclosamide associated with L-4F, as
well as free L-4F, but it contained no free niclosamide. The 1800
gsupernatant from the incubations with L-4F alone or L-4F plus
niclosamide were adjusted to pH 7.0 with 5 mM ammonium bi-
carbonate, yielding a concentration of L-4F of 133.3 ug/ml.
Trypsin was added to the tubes at a concentration of 2.963 pg/
ml, yielding a ratio of L-4F to trypsin of 45:1 (mg:mg). The tubes
were incubated at 37°C for one h, and the trypsin digestion
mixture was sampled at various times. At each time, a sample
was removed, and the reaction was stopped by the addition of
trifluroacetic acid (TFA). The samples were then injected into a
Varian ProStar 210 HPLC system equipped with a ProStar 325
Dual Wavelength UV-Vis detector with the wavelengths set at 215
nM and 280 nm (Varian Inc., Palo Alto, CA). Mobile phases con-
sisted of solvent A (0.1% TFA in water) and solvent B (0.1% TFA
in acetonitrile). Analyses were performed with a reversed-phase
C-18 column (Vydac 218TP54, 4.6 x 250 mm, Hesperia, CA) ap-
plying a linear gradient of solvent B of 0-100% over 100 min
(flow rate: 1 ml/minute).

To determine if niclosamide inhibited the enzymatic activity
of trypsin, we incubated 20 pg/ml of TPCK-treated trypsin
(Pierce, Rockford, IL) with 0.5 mg/ml (1.15 mM) Na-Benzoyl-
D,L-arginine 4-nitroanilide or 0.25 mg/ml (0.39 mM) Na-tosyl-
gly-pro-lys-4-nitroanalide (Sigma, St. Louis MO) * 0.1 mg/ml
(3 mM) of niclosamide (Sigma) in 200 wl of a pH 8.2 buffer con-
taining 50 mM Tris and 30% ethanol. The ensuing reaction was
monitored by taking absorbance readings 405 nM on a Spectra-
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Max 250 microplate spectrophotometer (Molecular Devoices,
Mountain View, CA) every 30-60 s at room temperature (24 C).

FTIR-ATR

The 1800 gsupernatant, prepared as described above and con-
taining L-4F associated with niclosamide as well as free L-4F, was
centrifuged at 12,000 g. The pellet, which contained only L-4F
associated with niclosamide but no free L-4F, was analyzed by
Fourier transform infrared (FTIR) spectroscopy-attenuated total
reflectance (ATR). Infrared spectra were recorded at 25°C using
a Bruker Vector 22™ FTIR spectrometer with a DTGS detector,
averaged over 256 scans at a gain of 4 and a resolution of 2 em’,
Peptide samples were prepared by spreading the material onto a
50 x 20 x 2 mm, 45-degree ATR crystal fitted for the Bruker (Pike
Technologies) spectrometer (12). The dry sample was hydrated
by passing nitrogen gas that had been saturated with 99.996%
pure deuterated water (D20) (Aldrich Chemical, Milwaukee,
WI) through the sample chamber for one h prior to measure-
ment. For determination of the infrared spectrum of L-4F in
ethanol, the sample was air-dried from a solution of the solvent
onto the ATR crystal surface. Then, the sample was carefully cov-
ered with ethanol to saturate the peptide with this solvent. FTIR
of the L-4F that was tightly associated with niclosamide was deter-
mined by spreading of the peptide-niclosamide centrifuge pellet
on the ATR crystal surface using a TeflonTM spatula, allowing it
to dry, and then rehydrating with D20 vapor for one h before
measuring the spectrum of the sample. The spectrum of L-4F was
then obtained by digital subtraction of a peptide-free niclosamide
paste spread on the ATR as for the peptide-niclosamide sample
above and then hydrated with D20 vapor. The proportions of
a-helix, B-turn, B-sheet, and “disordered conformations” were
determined by area calculations of component peaks of the
FTIR spectra using curve-fitting software supplied Galactic
Software (GRAMS/AI, version 8.0; Thermo Electron Corp.,
Waltham, MA). “Disordered” (also called “random” or “un-
folded”) conformations exhibit high conformational flexibility
and frequently occur in small, solvent-exposed peptides (13).
The frequency limits for the different structures were a-helix
(1662-1645 cm™), B-sheet (1637-1613 and 1710-1682 cm™),
B-turns (1682-1662 cm‘l), and disordered or random (1650-
1637 cm™) (13).

Other methods

HPLC, gel electrophoresis, lipid and lipoprotein and protein
determinations, and mass spectrometry were determined by
methods described previously (6). Plasma levels of 4F were deter-
mined as described previously (6, 14).

Statistical analyses

Statistical analyses were performed by ANOVA or unpaired
two-tail £test using GraphPad InStat version 3.05, 32 bit for Win-
dows 95/NT (GraphPad Software, San Diego, CA).

RESULTS

Niclosamide significantly increases the bioactivity of
oral L4F

Administration of L-4F by stomach tube to apoE null
mice immediately after administration by stomach tube of
niclosamide improved the HDL-inflammatory index in a
niclosamide-dose dependent manner (Fig. 2A). Similar re-
sults were obtained for the LDL-inflammatory index (Fig.
2B). The LDL-inflammatory index was more or less linear
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with the dose of niclosamide administered, but that was
not the case for the HDL-inflammatory index.

Oral administration of a solution prepared with both
niclosamide and L-4F significantly improved the HDL-
inflammatory index (Fig. 3). However, a solution prepared
with niclosamide alone was ineffective. The HDL-inflam-
matory index values in Figs. 2A and 4 are in agreement
with regard to the direction of change. However, the dif-
ference in absolute values demonstrates the variability in
response that may be due to the different ages of the mice,
the different preparation of the compounds, the different
presentation of the compounds, the different doses of the
compounds, and the inherent variability of such measure-
ments of biologic activity in these mice.

A | }D<0.l|)01 |
i
[
g F<o.001
:,H = O
2 T F

0 0 10 10 10 10 10

pg L4F:
pg Niclosamide 0 0 100 50 25 125 65
HDIL.: None Human Mouse

B p<0.001

p<0.01 |

p<0.001

-

LDL Inflammatory Index

pg L-4F: 0 10 10 10 10 10
pg Niclosamide: 0 100 50 25 12.5 6.5
LDL: Human Mouse

Fig. 2. Administration of L-4F immediately after administration
of niclosamide improves the HDL-inflammatory index (A) and the
LDL-inflammatory index (B). Twelve-month-old apoE null mice (n =
4 per group) were administered by stomach tube 100 pl water or
100 pl water containing niclosamide in suspension at the dose
shown on the X-axis. Immediately after the administration of the
first 100 ul, the mice were given a second 100 pl of water contain-
ing 10 g of L-4F. The mice were fasted for 7 h and then bled. A:
The HDL-inflammatory index was determined as described in
Methods. The first bar on the left is the control human LDL added
to the cells in the absence of other additions. This value was nor-
malized to 1.0 as described in Methods. B: The LDL-inflammatory
index was determined as described in Methods. The first bar on
the left is the control human LDL added to the cells in the absence
of other additions. This value was normalized to 1.0 as described in
Methods. The data shown are the mean + SD.

Adding both L-4F and niclosamide to mouse chow or
administering niclosamide in the chow and adding the
L4F to the drinking water produced similar improvements
in the lipoprotein inflammatory indexes (data not shown).

In the presence of niclosamide D-4F and L-4F have
similar oral bioactivities

Oral administration of L-4F together with niclosamide
in apoE null mice improved the HDL-inflammatory index
(Fig. 4) to a degree that was similar to that achieved with
administration of D-4F and niclosamide. The increase in
paraoxonase activity after administration of L-4F and D-4F
with niclosamide was also similar, and the dose response
was similar to that observed in Fig. 4 (data not shown).
The increased formation of pre—3 HDL was similar after
oral administration of D-4F without niclosamide compared
with L-4F with niclosamide, but the doses required for
both L-4F and D-4F for pre—3 HDL formation were higher
than was the case for the HDL-inflammatory index and
paraoxonase activity (data not shown).

Niclosamide increases L-4F plasma levels in apoE
null mice

Fasted female apoE null mice 6 months of age (n =4 per
group) were administered by stomach tube MCL4F
(21,000 dpm containing 10 pg of L-4F per mouse) with or
without 100 pg of niclosamide. Fasting was continued, and
the mice were bled nine times over 5-240 min, and the
dpm per ml plasma was determined each time. Five min-
utes after oral administration of '*C-L-4F in the absence of
niclosamide, the plasma concentration was 79 ng/ml and

<0.001 B
1
g
=
= p<0.001
t‘
3
£
g
:
2
0
pe L-4F 0 0 0 0 12.5 25 50
pg Niclosamide 0 0 0 500 125 250 500
HDL 0 h m m m m m

Fig. 3. Niclosamide was added to water at 10 mg/ml or to water
containing 1.0 mg/ml of L-4F and was homogenized in a glass-glass
homogenizer. The mixtures were stored at 4°C for ten days at
which time the supernatants were removed. The supernatant from
niclosamide without I-4F contained no niclosamide (i.e., all of the
niclosamide had precipitated in the tubes that did not contain
L-4F). The solutions were serially diluted and given by stomach
tube to seven month-old female apoE null mice (n = 8 per group).
Blood was collected 6 h following treatment, and the HDL-inflam-
matory index was determined as described in Methods. A control
normal anti-inflammatory human HDL (h) was included in the as-
say and all other HDL were from the mice (m). The first bar on the
left is the control human LDL added to the cells in the absence of
other additions. This value was normalized to 1.0 as described in
Methods. The data shown are the mean + SD.
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0
pg D-4F 0 0 0 25 50 100 o 0 0
pg L-4F 0 0 0 0 0 0 25 5.0 100
ug Niclosamide 0 0 100 25 S0 100 25 50 100
HDL 0 h m m m m m m m

Fig. 4. Oral administration of L-4F together with niclosamide im-
proved the HDL-inflammatory index to a degree that was similar to
that achieved with administration of D-4F and niclosamide. Niclos-
amide was homogenized in a glass-glass homogenizer with or with-
out D-4F or L-4F in a ratio of 10:1 (niclosamide:peptide; wt:wt) in
50 mM ammonium bicarbonate buffer, pH 7.0, containing 0.1 mg/
ml Tween-20 (ABCT) and incubated at 37°C for 1 h. The buffer
without peptide or with the peptides at the concentrations shown
on the X-axis was administered to three-month-old fasting female
apoE null mice (n = 8 per group) in a total volume of 100 wl by
stomach tube. Six h later the mice were bled, and the HDL-inflam-
matory index was determined as described in Methods. A control
normal anti-inflammatory human HDL (h) was included in the assay
and all other HDL were from the mice (m). The first bar on the left
is the control human LDL added to the cells in the absence of other
additions. This value was normalized to 1.0 as described in Methods.

rapidly declined thereafter. When "*C-L-4F was adminis-
tered with niclosamide, the maximal plasma concentra-
tion 5 min after oral administration was 150 ng/ml, and
plasma levels above 100 ng/ml were sustained for another
h (data not shown).

Niclosamide increases the oral bioactivity of an apo]
mimetic peptide

4F is a class A amphipathic helical peptide. We have pre-
viously published that an apo] mimetic peptide that is a
class G* amphipathic helical peptide when synthesized
from all D-amino acids (D-[113-122]apo]) was orally bioac-
tive in improving HDL inflammatory properties and re-
ducing atherosclerosis in apoE null mice (5). To determine
if niclosamide administration would allow this peptide syn-
thesized from L-amino acids to be orally bioactive, the
L-amino acid peptide was administered to apoE null mice
orally with and without niclosamide. Coadministration of
L-[113-122]apo] and niclosamide improved the HDL-in-
flammatory index to a degree similar to L-4F given with
niclosamide and achieving an HDL-inflammatory index
comparable to that obtained with normal human anti-
inflammatory HDL (Fig. 5).

L-4F plus niclosamide and pravastatin (but not L-4F
and pravastatin without niclosamide or niclosamide and
pravastatin without L-4F) reduces atherosclerotic lesion
area in apoE null mice

Three separate experiments were performed to deter-
mine if oral L-4F plus niclosamide would reduce athero-
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sclerotic lesion area in apoE null mice. Since we previously
demonstrated that pravastatin and D-4F synergized to im-
prove HDL inflammatory properties and reduce lesions in
apoE null mice (9), we included pravastatin in the proto-
cols. The first experiment tested the ability of this oral
regimen to prevent lesion formation. The second experi-
ment tested the ability of this regimen to cause lesion re-
gression. The third experiment compared regimens with
initial periods of subcutaneously administered peptide to
an all-oral regimen. Only the data from the second experi-
ment are shown (Fig. 6), but all three experiments were
concordant and indicated that oral L-4F with niclosamide
and pravastatin is a potent regimen to prevent lesion for-
mation and cause lesion regression in apoE null mice. The
data in Fig. 6 indicate that after six months of treatment
with L-4F plus niclosamide and pravastatin, the lesion area
was actually less than was the case prior to starting treatment.
In contrast, the lesion area continued to increase in the
mice that only received L-4F and pravastatin without
niclosamide or received niclosamide and pravastatin with-
out L4F.

In the third experiment, subcutaneous L-4F was admin-
istered to some of the mice together with oral pravastatin
for the first three months during which peak plasma levels
of L4F of 5 to over 45 ng/ml were achieved, compared
with plasma levels of approximately 100 ng/ml with the
all-oral regimen. The initial period of subcutaneous ad-
ministration of L-4F did not significantly improve lesions

p<0.001 compared to Niclosamide alone

z
=
g
e
21
H
§
:
0
LDL + + + + + + + +
HDL 0 + + + + + + +
mg Niclosamide ( 0 2 0 2 2 2 2
pe [113-122] ¢ 0 0 200 200 100 O 0
pg L-4F 0 0 0 0 0 0 200 100

Fig. 5. Oral administration of niclosamide with an apo] mimetic
peptide synthesized from all L-amino acids significantly enhances
the ability of the peptide to improve the HDL-inflammatory index
of apoE null mice. Ten-month-old apoE null mice (n =4 per group)
were administered by stomach tube 2 mg of niclosamide or 200 ug
of L-[113-122]apo] or 2 mg of niclosamide plus 100 pg or 200 ug
of L-[113-122]apo] or the mice were administered 2 mg of niclos-
amide plus 100 pg or 200 pg of L-4F. Eight h later the mice were
bled, and the HDL-inflammatory index was determined as de-
scribed in Methods. A control normal anti-inflammatory human
HDL was included in the assay and all other HDL were from the
mice. The first bar on the left is the control human LDL added to
the cells in the absence of other additions. This value was normal-
ized to 1.0 as described in Methods. The data shown are the mean
+SD.
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beyond that achieved with the all-oral regimen (data not
shown).

L-4F and niclosamide tightly associate in vitro and are
orally bioactive

The time of elution in an HPLC system using a C-18
column and a 0-100% acetonitrile gradient in the pres-
ence of 0.1% TFA clearly distinguished L-4F from niclos-
amide (Fig. 7). The incubation of niclosamide and L-4F at
aratio of 10:1 (wt:wt) at acid conditions at 37°C resulted in
the tight association of L-4F with niclosamide that was eas-
ily separated by differential centrifugation from free L-4F
and free niclosamide (Fig. 7). Analysis by mass spectrom-
etry did not reveal any evidence of a covalent linkage be-
tween L4F and niclosamide and confirmed that free L-4F
and niclosamide that were sham treated were not altered
(data not shown). Therefore, the small peaks in Fig. 7C at
33.0 and 39.5 min likely represent products generated
during the process of dissolving the 12,000 gpelletin TFA.
When administered orally, the 12,000 g pellet, which con-
tained L-4F tightly associated with niclosamide, was highly
effective in improving the HDL-inflammatory index of
apoE null mice, whereas neither L-4F alone nor niclos-
amide alone were effective when administered orally
(Fig. 8). As previously reported for rabbits (2), subcuta-
neous injection of L-4F into apoE null mice was also
highly effective in improving the HDL-inflammatory in-
dex (data not shown). In contrast, subcutaneous injec-
tion of niclosamide did not alter the HDL-inflammatory
index of the apoE null mice (data not shown), indicating
that niclosamide only acts to enhance the oral bioactivity
of L-4F but does not influence the HDL-inflammatory
index.

The L-4F-niclosamide complex is resistant to trypsin
digestion in vitro

Intact L-4F was easily quantified by HPLC (Fig. 9A). In-
cubating L-4F with trypsin in vitro resulted in rapid diges-
tion of the peptide (Figs. 9B, 9C). In contrast, L-4F tightly
associated with niclosamide was substantially protected
from degradation by trypsin (Figs. 9B, 9C). This protec-
tion could have resulted either from steric hindrance or
from an inhibitory effect of niclosamide on the enzymatic
properties of trypsin. To exclude the latter possibility, we
tested trypsin’s ability to hydrolyze two chromogenic sub-
strate: Na-Benzoyl-D,L-arginine 4-nitroanilide (BAPNA)
and Na-Tosyl-glycyl-prolyl-lysyl-4 nitroanilide (TGPKNA)
in the presence or absence of 3 mM niclosamide. To do so,
it was necessary to identify a buffer solution that would
support the enzymatic activity of trypsin and keep niclos-
amide and the substrates in solution. Preliminary experi-
ments showed that 50 mM Tris buffer, pH 8.2 containing
30% v/v ethanol met these criteria. Other preliminary ex-
periments showed that niclosamide was stable in this me-
dium, and that it was not itself a trypsin substrate (data not
shown). Fig. 9D shows that even when present in over 2.5-
fold molar excess relative to BAPNA or a 7.7-fold excess
relative to TGPKNA, niclosamide did not interfere with
trypsin’s enzymatic activity.
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Fig. 6. L-4F plus niclosamide and pravastatin cause lesion regres-
sion in old apoE null mice. Female apoE null mice age 9.5 months
were divided into four groups. The first group was sacrificed to es-
tablish baseline lesion areas. The second group received niclos-
amide (Niclos.) 2 mg/mouse/day in chow. The third group
received L-4F at 200 wg/mouse/day in chow. The fourth group
received 2 mg/mouse/day niclosamide plus 200 pg/mouse/day of
L-4F in chow. All groups continued past baseline received pravasta-
tin 50 pg/mouse/day in drinking water. After six months the mice
were sacrificed and aortic sinus lesion area (A), en face lesion area
(B) and macrophage lesion area (C) were determined as described
in Methods. The large circles represent the mean + SD.
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Fig. 7. Chromatography of L-4F alone or niclosamide alone or L-4F tightly associated with niclosamide.
Chromatography was performed under standard conditions using a C-18 column and a 1% min” gradient of
acetonitrile in 0.1% trifluoroacetic acid (TFA). A: Niclosamide (100 pg in 100 pl of ethanol) and L-4F (100
g in 100 pl of buffer) were chromatographed separately under standard conditions. B: Samples were pre-
pared by incubating 50 mg of L-4F in 40 ml of 0.01 N HCI + 500 mg niclosamide at 37°C for 48 h under sterile
conditions. After 48 h, the mixtures were centrifuged for 5 min at 1500 g, and the recovered supernatants
were centrifuged again for 5 min at 1800 g. After storing the resulting supernatants at room temperature
overnight, 25 pl was chromatographed under standard conditions. No niclosamide was found in the 1800 g
supernatant in niclosamide-only incubations (data not shown). C: After overnight storage, the 1800 gsuper-
natant was subjected to a 12,000 gspin. The pellet that resulted was dissolved in 100 pl of 1% TFA and sub-
jected to HPLC under standard conditions. The supernatant from this spin was also chromatographed and

contained only L-4F (data not shown).

FTIR-ATR confirms that niclosamide decreases L-4F
self-association

First, the L4F peptide was examined in ethanol, in
which it is freely soluble. FTIR spectra for L-4F in ethanol
had a major amide I band centered at 1655 em”, indicat-
ing a predominant a-helical conformation with only mi-
nor contributions from turn and disordered conformations
(Table 1). When the L-4F was hydrated with D,O vapor to
simulate the peptide in water, there was a decrease in heli-
cal conformations and an enhanced B-sheet population,
indicated by a signature amide I band at 1630 cm™ and a
minor band at 1690 cm™. As B-sheets require forming mul-
tiple intermolecular hydrogen bonds, the occurrence of a
sizable B-sheet population suggests either that, at the con-
centrations used in this study, L-4F underwent a dramatic
(and thermodynamically unlikely) intramolecular shape
change or that the peptide self-associated and formed mo-
lecular aggregates. We favor the second explanation.

When the L-4F peptide was cosolvated with niclosamide
and hydrated with D,O, the helical amide band shifted
from 1655 cm™ to 1650 cm_l, indicating that the dominant
helical conformation was slightly less ordered (15) and
there was a greater representation of random conforma-
tions compared with the peptide in ethanol (Table 1). The
spectra obtained under the three conditions are shown in
Fig. 10A. Interestingly there was very little evidence of -
sheet conformations, suggesting that cosolvating the pep-
tide with niclosamide conserved the peptide’s helical

1544 Journal of Lipid Research Volume 50, 2009

structure and minimized the formation of B-sheet aggre-
gates. A spectrum of niclosamide alone hydrated with D,O
is shown in Fig. 10B.

These FTIR-ATR studies suggest that L-4F forms a stable
helical structure in ethanol similar to the level observed in
previous circular dichroism (CD) studies with lipid disper-
sions of this class A helical peptide (16). At the concentra-
tions of peptide used in the present FTIR study, in the
absence of niclosamide there was a sizable B-sheet popula-
tion in hydrated samples, consistent with the hypothesis
that L-4F self-associates in the absence of lipid or some
other structure-promoting solvent and consistent with pre-
viously published studies using different methods (16).
Cosolvating the L-4F peptide with niclosamide minimized
the formation of B-sheets and helped conserve the helical
structure of the peptide in aqueous environments.

DISCUSSION

Niclosamide is a chlorinated salicylanilide (Fig. 1) that
is used as a molluscicide, antihelminthic, and lampricide.
Niclosamide has been in clinical use for decades and has
shown low toxicity for mammals including humans (4).
Niclosamide itself did not inhibit trypsin activity (Fig. 9D).
However, L-4F that was tightly associated with niclosamide
was highly resistant to trypsin degradation (Figs. 9B, 9C).
The interaction of niclosamide with L-4F resulted in less
self-association of the peptide in an aqueous environment
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Fig. 8. L-4F that was tightly associated with niclosamide when ad-
ministered orally significantly improved the HDL-inflammatory
index of apoE null mice while neither I-4F alone nor niclosamide
alone did. The various fractions from Fig. 7 were administered
orally to fasting six-month-old female apoE null mice (n = 4 per
group). Vehicle alone (ABCT), 200 pl, or 200 wl ABCT containing
10 g of niclosamide alone (Niclos. Alone), or 10 pg of L-4F con-
tained in the 1,800 g supernatant after incubation of L-4F plus
niclosamide (1800S), or 10 ug of L-4F contained in the 12,000 g
pellet after incubation of L-4F plus niclosamide (12KP), or 10 pg of
L-4F contained in the 12,000 gsupernatant after incubation of L-4F
plus niclosamide (12KS) were administered to the mice by stomach
tube. Six h later the mice were bled and their lipoproteins fraction-
ated by HPLC, and the HDL-inflammatory index was determined
as described in Methods. A control normal anti-inflammatory hu-
man HDL (h) was included in the assay and all other HDL were
from the mice (m). The first bar on the left is the control human
LDL added to the cells in the absence of other additions. This
value was normalized to 1.0 as described in Methods. The data
shown are the mean + SD.

(Table 1 and Fig. 10A). Preliminary molecular modeling
suggests that resistance to the action of trypsin maybe due
to niclosamide surrounding L-4F in the complex (data not
shown), thus protecting the peptide from the action of
trypsin, which acts at the C terminus of lysine and arginine
residues. The result was a biologic activity after oral admin-
istration that was similar to D-4F in a mouse model of ath-
erosclerosis (Fig. 4). In unpublished studies, we have seen
that the plasma clearance of L-4F and D-4F are similar as
was previously reported by Garber et al. (3) to be the case
for the prototypic class A amphipathic helix peptide 18A
synthesized from all L- or all D-amino acids. In contrast,
the tissue clearance of L-4F and D-4F were quite different,
as was the case for the L- and D-peptides reported by
Garber et al. (3). L4F is rapidly degraded once it leaves
the circulation, similar to apoA-I (17), whereas D-4F is not
(data not shown). Little is known about the binding of
niclosamide to peptides and proteins. Zhang and Yap pre-
dicted that niclosamide would bind to the SARS-associated
coronavirus main proteinase (18), but actual binding stud-
ies were not conducted. Since niclosamide is unionized at
pH 4 or less (19), one would predict that the association of
niclosamide with L-4F in the experiments described in
Figs. 7 and 8, in which niclosamide and L-4F were incu-
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Fig. 9. L-4F tightly associated with niclosamide resists trypsin di-
gestion. A: L-4F was easily quantified by HPLC, as described in
Methods. B: L4F or L-4F tightly associated with niclosamide was
incubated with trypsin as described in Methods, and the intact pep-
tide was quantified by HPLC. C: The data shown in (B) were loga-
rithmically transformed. D: The ability of trypsin to digest
trypsin-sensitive substrates was determined in the presence and ab-
sence of niclosamide. The incubations were done at room temper-
ature in 200 pl of buffer that contained 50 mM Tris, pH 8.2 and
30% v/v ethanol, using 1.15 mM BAPNA (circles) or 0.39 mM TG-
PKNA (triangles) as chromogenic substrates. Open symbols show
substrate hydrolysis in the absence of niclosamide, and solid sym-
bols show it in the presence of 3 mM niclosamide. For BAPNA (Na-
Benzoyl-D,L-arginine 4-nitroanilide), the trypsin was used at 20
pg/ml, and for TGPKNA (Na-Tosyl-glycyl-prolyl-lysyl-4 nitroa-
nilide) trypsin was used at 0.2 pg/ml. Niclosamide has appreciable
absorption at 405 nm, and for this reason the “+ niclosamide”
curves start higher on the Y-axis. Nic, Niclosamide.

bated at pH 1.0, was likely not due to charge but to a non-
ionic interaction of L-4F with niclosamide. The exact
nature of this interaction remains to be determined by fu-
ture studies.

The data presented in this article indicate that it is
highly likely that L-4F forms a complex with niclosamide.
Since the pH of the stomach is approximately 1.0, we
tested the effects of incubating L-4F with niclosamide at
this pH. We found that niclosamide alone or L-4F alone
was not altered under these conditions. However, when
the two were incubated together under these conditions, a
tight association resulted, and the L-4F that was associated
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TABLE 1. Conformational analysis

% Conformation

a-helix Turns B-sheet Random
LA4F - ethanol 67.26 16.30 0.00 16.44
L-4F — water” 34.80 2.20 46.95 16.05
LAF — Niclosamide” 42.43 15.64 18.72 23.21

Mean proportions of secondary structural conformation for L-4F
in various structure-promoting environments, as determined by FTIR
spectroscopic analysis. FTIR spectra for I-4F tightly associated with
niclosamide (L-4F-Niclosamide) were acquired by spreading a peptide-
niclosamide paste on the ATR sample surface as detailed in Methods.
Tabulated results are mean values from four highly consistent
(maximum SEM, 2.4%) measurements. FTIR, Fourier transform
infrared spectroscopy.

“DyO-hydrated sample.

with niclosamide could be isolated by differential cen-
trifugation. Centrifugation at 1,800 g easily removed free
niclosamide. The 1,800 g supernatant, following incuba-
tion of niclosamide with 1-4F, contained both niclosamide
and L4F (Fig. 7). Subjecting this 1,800 g supernatant to
centrifugation at 12,000 g brought down a pellet that con-
tained both L-4F and niclosamide. The 12, 000 g superna-
tant contained only L-4F; there was no niclosamide present.
Orally administering the 12,000 g pellet to apoE null mice
(Fig. 8) reproduced the biologic activity of orally administer-
ing L-4F and niclosamide as separate agents given in close
temporal proximity (i.e., improved the HDL-inflammatory
index as shown in Fig. 2). However, oral administration
of the 12,000 g supernatant containing only L-4F or oral
administration of niclosamide alone was ineffective
(Fig. 8). We believe this is compelling evidence that a
complex was formed by the interaction of L-4F with
niclosamide. However, we have not established the exact
molecular weight or stoichiometry of the complex. We
have demonstrated by mass spectrometry and analytical
HPLC that L-4F tightly associated with niclosamide was un-
changed, indicating that there was no covalent modifica-
tion. Because we have not characterized the complex
sufficiently, we have described the interaction between
L-4F and niclosamide as “a tight association of L-4F with
niclosamide” avoiding the use of the word “complex.” Pre-
sumably, this “tight association between L-4F and niclos-
amide” is overcome once the peptide has been absorbed.
The oral administration of L-4F with niclosamide im-
proved the HDL-inflammatory index the same as when
L-4F was administered by injection without niclosamide,
but injection of niclosamide without L-4F did not alter the
HDL-inflammatory index. How the “tight association” of
L-4F with niclosamide is overcome after absorption to al-
low the L-4F to interact with cells and lipoproteins, and
how the niclosamide is subsequently cleared, are impor-
tant questions for future studies.

The ability of niclosamide to enhance the biologic activ-
ity of an apolipoprotein mimetic peptide after oral admin-
istration appears to extend beyond class A amphipathic
helical peptides, such as 4F, to at least G* peptides, such as
L-[113-122]apo] (Fig. 5).

The enhanced oral bioavailability of L-4F given with
niclosamide was sufficient to prevent and even cause
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Fig. 10. Cosolvating L-4F with niclosamide minimized the forma-
tion of B-sheets and helped conserve the helical structure of the
peptide in aqueous environments as determined by Fourier trans-
form infrared spectroscopy (FTIR)-attenuated total reflectance
(ATR). A: FTIR-ATR spectra were obtained for samples prepared
as described in Methods. B: FTIR spectrum of D20-hydrated niclos-
amide paste showing amide I and amide Il infrared spectral region.
Sample instrumental parameters are the same as those described
in Methods.

regression of atherosclerotic lesions in apoE null mice also
given pravastatin (Fig. 6). The fact that niclosamide by it-
self was ineffective in altering the HDL-inflammatory
index when given orally (Figs. 2, 8) or when given by
subcutaneous injection (data not shown), and the fact
niclosamide alone failed to alter atherosclerotic lesions
even when given with pravastatin (Fig. 6) strongly suggest
that niclosamide acted only to enhance the oral bioactivity
of L-4F. The minimal effect of oral L-4F by itself (Fig. 8) or
when given with pravastatin without niclosamide (Fig. 6)
strongly suggests that apolipoprotein mimetic peptides
such as L-4F will need to be given with niclosamide or
some other agent that would protect the peptide from
proteolytic digestion to be orally effective.
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Studies with ApoA-IMilano (20) and recombinant HDL
(21) in humans suggest that a good clinical strategy might
be an initial period of treatment with apoA-I given paren-
terally, followed by long-term treatment with an oral sta-
tin. In the case of an apoA-I mimetic peptide, it may be
that maximal benefit can be achieved by an all-oral regi-
men as an initial period of treatment with injected L-4F
given with oral pravastatin was no better in reducing ath-
erosclerotic lesions in apoE null mice than an all-oral regi-
men in which L-4F was given orally with niclosamide and
pravastatin (data not shown).

The studies reported here suggest that forming a com-
plex between apolipoprotein mimetic peptides synthe-
sized from all L-amino acids and a salicylanilide such as
niclosamide maybe an effective method for orally adminis-
tering these peptides.

M.N., S.H., GM.A,, and A.M.F. are principals in Bruin Pharma,
and A.M.F. is an officer in Bruin Pharma.
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