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correlates with intracellular metabolic conversion of

the drug

Laura E. Pope,!* John F. Marcelletti,* Lee R. Katz,* and David H. Katz**
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Abstract The 22-carbon fatty alcohol, n-docosanol, exhibits
in vitro antiviral activity against several lipid-enveloped vi-
ruses including herpes simplex viruses 1 and 2 by a mecha-
nism that interferes with normal viral entry into target cells.
We previously reported that mammalian cells incorporate
significant quantities of radiolabeled n-docosanol. Herein, we
report that cells extensively metabolize the internalized fatty
alcohol. This is evidenced by incorporation of up to 60% of
cell-associated radiolabel into phospholipids that copurify
with phosphatidylcholine and phosphatidylethanolamine.
Analysis by chemical (Vitride) reduction suggests that a sig-
nificant portion of n-docosanol is oxidized to n-docosanoic
acid and then incorporated as an acyl group on polar lipids.
A measurable amount of radiolabel, however, is resistant to
Vitride reduction, consistent with incorporation of n-do-
cosanol into ether lipids. The rate and extent of metabolic
conversion of n-docosanol vary with the cell type and surfac-
tant used to suspend the compound. Furthermore, the anti-
HSV activity of n-docosanol is quantitatively proportional to
the amount of metabolism observed. 8 These findings sug-
gest that the anti-HSV activity of n-docosanol involves cellular
uptake and metabolism of the drug.—Pope, L. E., J. F. Mar-
celletti, L. R. Katz, and D. H. Katz. Anti-herpes simplex virus
activity of n-docosanol correlates with intracellular metabolic
conversion of the drug. J. Lipid Res. 1996. 37: 2167-2178.
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We have previously established that n-docosanol, a
22-carbon saturated fatty alcohol, inhibits herpes sim-
plex virus in vitro and HSV-mediated disease in vivo (1,
2). In addition, it has been documented that n-docosanol
is nontoxic, nonmutagenic, and nonteratogenic (3).
These characteristics suggest unique clinical benefits of
the compound for the treatment of viral diseases. A
topical formulation of the compound has shown efficacy
in humans with recurrent herpes labialis in a double-
blind, placebo-controlled phase II clinical trial (4) and
the drug is currently under investigation in phase III
clinical trials for the same indication.

For use in tissue culture or for systemic in vivo studies,
we suspend the water-insoluble molecule in the inert,
nonionic, and nontoxic surfactant Pluronic F-68 (Plu) or
in Tetronic 908 (Tet), both block copolymers of polyeth-
ylene oxide and polypropylene oxide. The long-chain
alcohol can also be solubilized with more common
laboratory surfactants such as Triton X-100, but these
surfactants are not physiologically compatible. In con-
trast, polyethylene oxide/polypropylene oxide copoly-
mers have a long history of safe use by the pharmaceu-
tical industry (5). When appropriately formulated, the
suspensions are extremely homogenous with a mean
size of 0.1 microns and a size-range of 0.045 to 0.3
microns with a bell-shaped distribution. We have estab-
lished that n-docosanol, when formulated as described
herein, inhibits the replication of a number of lipid-en-
veloped viruses including herpes simplex viruses 1 and
2 and certain retroviruses in vivo and in vitro (1, 2) as
well as respiratory syncytial virus, cytomegalovirus, and
HIV in vitro (1, 2). Control solutions of Plu or Tet
without n-docosanol exhibit no antiviral activity.

Considering the therapeutic potential of n-docosanol,
it is important to understand its mode of action. The
compound is not directly viricidal (1). Non-enveloped
viruses appear resistant to the effects of n-docosanol as
do most enveloped viruses that enter cells by receptor-
mediated endocytosis (1; L. E. Pope, ]. F. Marcelletti, L.
R. Katz, D. L. Barnard, and D. H. Katz, unpublished
results). Moreover, the finding that n-docosanol must be
present at the time of viral addition, but is no longer
required after 30 min of viral-cell interaction, suggests

Abbreviations: Plu, Pluronic F-68; HSV, herpes simplex virus;
DMEM, Dulbecco's high glucose modified Eagle's medium; FCS, fetal
calf serum; pfu, plaque-forming units; Tet, Tetronic 908.
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that n-docosanol acts very early in the infectious process
(1, 2). Although binding of HSV to cells is not inhibited
by n-docosanol, the compound substantially reduces the
rate of viral entry into the cytosol and prevents localiza-
tion of virus in the nucleus (1, 2). These results indicate
that n-docosanol interferes with the normal process of
viral entry into host cells.

Optimal viral inhibitory activity in vitro requires incu-
bation of n-docosanol/Plu suspensions with target cells
for at least 8 h before addition of virus. This pre-incuba-
tion requirement indicated that time-dependent inter-
actions of n-docosanol with the target cell are essential
for its antiviral activity. Thus, to discern the means by
which n-docosanol exerts its antiviral activity, we have
performed studies on the uptake, distribution, and me-
tabolism of n-docosanol from surfactant-stabilized sus-
pensions. As shown herein, the results of these studies
with cultured cell lines indicate that 1) significant
amounts of the alcohol are incorporated into cell mem-
branes; 2) the molecule is extensively metabolized; and
3) the rate and extent of metabolism vary with both the
characteristics of the surfactant used to solubilize the
alcohol and the nature of the cell type treated. As
predicted, based on the known enzymology of long
chain farty alcohols (6-10), some of the resulting meta-
bolic products exhibit characteristics of two of the major
phosphatide classes, phosphatidylcholine and phospha-
tidylethanolamine. Most importantly, evidence from
these studies suggests that metabolic conversion of n-do-
cosanol is correlated with the antiviral activity of the
compound.

MATERIALS AND METHODS

Formulation of n-docosanol in Plu or Tet

n-Docosanol (98% pure; M. Michel, New York) was
suspended in Plu (poloxamer 188; M, 8400; BASF,
Parsippany, NJ) or in Tet (Tetronic 908; M; 25,000;
BASF) as follows. Unless otherwise indicated, Plu or Tet
were diluted to 8.3 mM or 2.8 mM, respectively, in sterile
DMEM at 37°C, and the solution (125 ml in an Erlen-
meyer flask) was then heated to 50°C. n-Docosanol (60
mM, final concentration) was added to the Plu (or Tet)
in DMEM and the mixture was sonicated (Branson 450
sonifier; fitted with a %% inch tapped horn and a flat tip)
for 21 min at an initial output of 65 W; this warmed the
suspension to 86°C. The resulting suspension consists
of very fine globular particles with an average size of 0.1
wm as measured by transmission electron microscopy
and by laser light scattering analysis performed by Delta
Analytical, North Huntington, PA on a Horiba LA-900.
Where indicated, the concentrations of surfactant or
n-docosanol were varied without other changes in the
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procedure. Control suspensions lacking n-docosanol
were sonicated under identical conditions.

Preparation of n-[!*C]docosanol suspensions

Radioactively labeled suspensions were prepared by
including n-[1-1*C]docosanol (55 mCi/mmol in ethanol,
American Radiolabeled Chemicals, St. Louis, MO) dur-
ing preparation of suspensions. Typically, 4 pCi of the
radioactive compound per ml of suspension to be pre-
pared was placed into a vessel. The ethanol was evapo-
rated under a stream of nitrogen and then n-docosanol-
containing Plu or Tet suspensions were prepared in this
vessel as described for nonlabeled n-docosanol.

Viruses and cell lines

Cell lines obtained from the American Type Culture
Collection were: ¢) Vero (African Green monkey kidney;
ATCC no. CCL 81), #) MDBK (epithelial-like bovine
kidney; ATCC no. CCL 22), i) normal human skin
fibroblasts (ATCC no. CRL 1900), ¢v) human fetal fore-
skin (Hs68, ATCC no. CRL 1635), and v) human fetal
lung (HFL-1, ATCC no. CCL 159). All cell lines were
maintained and cultures for viral assays were performed
in DMEM supplemented with 1 mM Na pyruvate, 4 mM
L-glutamine, 50 units/ml penicillin plus 50 ug/ml strep-
tomycin, and 10 mM HEPES buffer (denoted DMEM)
and further supplemented with 5% (simian and bovine
cells) or 10% (human cell lines) fetal calf serum (FCS;
HYCLONE Laboratories, Logan, UT). All cultures were
maintained at 37°C in humidified 10% COs.

The viruses HSV-1 (Maclntyre strain, no. VR-539) and
HSV-2 (MS strain, no. VR-540) were obtained from the
American Type Culture Collection. Stock preparations
were generated and titered for levels of plaque-forming
units (pfu) in Vero cells and stored frozen at -70°C.

Virus assays in cell culture

Cultured cells were plated either in 16-mm (1 ml; 1.5
x 105 cells/ml) or in 35-mm wells (2 ml; 3 x 105 cells/ml)
in DMEM supplemented with 5% (simian and bovine
cells) or 10% (human cell lines) FCS. Varying concentra-
tions of n-docosanol suspension or the corresponding
control vehicle (lacking n-docosanol) were added at the
outset of the culture. All cultures were then inoculated
with 50 pl containing 50 (16-mm wells) or 175 (35-mm
wells) pfu of HSV-1 or HSV-2. The cultures were incu-
bated for an additional 42-44 h, washed once with fresh
medium, stained and fixed (the staining/fixative con-
sists of 1.25 mg/ml of carbol-fuchsin plus 2.5 mg/ml of
methylene blue in methanol) and then scored for HSV-
induced plaques using a dissecting microscope (10 X
magnification). The data are averages of duplicate cul-
tures, which varied by no more than 5-10%.
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n-Docosanol uptake by intact cells

Adherent cell cultures in 35-mm wells were incubated
with various quantities of n-[1- 14C]docosanol in Plu or
in Tet. For incubation times greater than 20 h, n-do-
cosanol-containing suspensions were added at the onset
of culture; for shorter incubation periods, the cells were
incubated first for 18-20 h to allow for adherence. After
the required time of incubation, the suspension was
removed, the wells were washed extensively with saline,
and the cells were recovered by treatment with 10 pg/ml
of trypsin for 10 min at 37°C. Cell-associated n-[1-
1C]docosanol was quantified after the addition of 6 ml
Scintiverse BD (Fisher Scientific) to the total sample
using a Beckman LS6000 scintillation counter. Values
were corrected for nonspecific binding observed in wells
lacking cells, typically less than 200 cpm/well.

Cell fractionation of n-[1- 1*C]docosanol-treated Vero
cells

n-[1- 1¥C]docosanol was added at the onset of culture
to Vero cells (3 x 105 cells/ml, 50 ml) at the indicated
concentrations. After 37°C/COg incubation for the de-
sired time, cells were extensively washed with saline and
harvested with trypsin-EDTA (0.5 mg/ml trypsin; 0.2
mg/ml EDTA). After suspension in hypotonic buffer (1
mM NaHCOs3, 2 mM CaClp, 5 mM MgCly, pH = 7.8) and
lysis by sonication, cells were fractionated into mem-
brane or cytoplasm by differential centrifugation as
described by Storrie and Madden (11). Nuclei were
isolated by centrifuging through sucrose after lysis of
whole cells with Nonidet P40 (12).

Lipid extraction and thin-layer chromatographic
analysis of n-docosanol-treated cells

Cells cultured in 35-mm wells with n-[1- 14C]docosanol
were washed extensively with saline before trypsiniza-
tion with 0.6 ml of trypsin-EDTA (0.5 mg/ml trypsin;
0.2 mg/ml EDTA) for 10 min. Lipids were extracted
with slight modifications of the procedure of Folch,
Lees, and Sloane Stanley (13) by vigorous shaking with
an equal volume of chloroform-methanol 3:2 (v/v)
followed by centrifugation for 10 min in an Eppendorf
centrifuge. The resulting chloroform layer was evapo-
rated to dryness under nitrogen, resuspended in 100 pl
chloroform-methanol 3:2 (v/v), evaporated to dryness
again, and resuspended in a final volume of 20 pl that
was applied to silica thinlayer chromatogram sheets
(Eastman Kodak) and developed with hexane-diethyl
ether-acetic acid 40:60:1 (v/v). The chromatograms
were cut into 0.5-cm strips, 6 ml Scintiverse BD was
added and the samples were then analyzed by scintilla-
tion counting. The migration positions of n-docosanol
(R¢ = 0.55) and n-docosanoic acid (Rf = 0.81) standards
were also determined.

Cellular lipid fractionation

Confluent cultures of n{1- 1#C]docosanol-treated cells
(in T-175 flasks) were washed, harvested, and extracted
with chloroform-methanol as described above. Cells
from one flask were resuspended in 5.0 ml saline before
extraction (2x) with an equal volume of chloro-
form-methanol 3:2 (v/v). The chloroform layer was
reduced to 1.25 ml and applied to a column of silica (0.4
ml, Kieselgel 60, 230-400 mesh; EM Sciences,
Gibbstown, NJ). The column was eluted sequentially, as
described by Kates (14), with 4 ml chloroform, 16 ml
acetone, and 4 ml methanol to separate the lipids into
major classes.

Fractionation of phospholipids

The phosphatide-containing methanol eluate from the
silica cellular lipid fractionation described above was
further analyzed by TLC as described previously (15). A
portion (0.5 ml) was evaporated under nitrogen, resus-
pended in 20 pl chloroform-methanol 3:2 (v/v) and
applied to a plastic-backed silica sheet. Phosphatidyl-
choline, phosphatidylethanolamine, and phosphatidyl-
serine standards (Sigma, St. Louis, MO) were also included.
After development with chioroform-methanol-acetic acid-
water 60:50:1:4 (v/v) the sheet was divided into 5-mm
strips, the positions of the standards were determined
by staining with iodine vapor, and the cpm per fraction
were determined by scintillation counting.

Vitride reduction

Phosphatides were reduced with Vitride
[NaAlH2(OCH2CH2OCHs)z, 70% in benzene; Kodak,
Rochester, NY] as described by Snyder, Blank, and
Wykle (16). Methanol eluates (3.5 ml/flask) obtained
using the above fractionation procedure were evapo-
rated to dryness and the remaining material was redis-
solved in 1.25 ml diethyl ether containing 20% (v/v)
benzene. The samples were heated in closed tubes at
37°C for 60 min. After adding 3 ml of 4% acetic acid,
the products were recovered by extracting 3 times with
3 ml diethyl ether and analyzed by TLC chromatography
on silica developed with diethyl ether-acetic acid
100:0.5 (v/v). This system separates the products of
Vitride reduction of phospholipids-glycerides (R¢= 0.49)
and fatty alcohols (R¢ = 0.90). Fatty alcohols produced
were formerly acyl moieties of the phospholipids. Ether-
linked groups are resistant to reduction and are not
liberated from the glycerides. No attempt was made to
distinguish alkyl ethers from plasmalogens (alk-1-enyl
lipids).

Pope et al. Metabolism of n-docosanol 2169
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HPLC analysis of n-alcohols liberated by Vitride
reduction

The n-alcohol-containing fraction was cut from a
preparative silica TLC plate developed as described
above. Radioactively labeled sample was eluted with a
minimal volume of chloroform-methanol 1:1 (v/v). The
sample was evaporated to dryness under nitrogen, re-
suspended in 100 pl acetonitrile, and injected onto a
uBondapak Fatty Acid Analysis (Waters; Milford, MA)
column 3.9 x 300 mm in length containing 10 y particles
and following a Waters iBondapak phenyl guard col-
umn. Samples were eluted with acetonitrile-water-tetra-
hydrofuran 55:25:20 (v/v) at 1 ml/min using a Waters
HPLC 600E pumping system equipped with U6K injec-
tor. Radioactivity was monitored with a Radiomatic
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Fig. 1. A:Radioactivity from n-{1- “C]docosanol is incorporated into
polar metabolites. Vero cells (3 x 10 cells/m}; 2 ml total in DMEM
with 5% FCS) were plated in 6-well dishes and incubated for 24 h with
6 mm n-{1- “Cldocosanol (0.83 mM Plu). The cells were washed and
harvested and then extracted with an equal volume of chloro-
form-methanol as described in Materials and Methods. The chloro-
form layers were evaporated under nitrogen and the samples were
resuspended in 20 ul of chloroform-methanol 3:2 (v/v) before appli-
cation to silica sheets and development with hexane-diethyl
ether-acetic acid 60:40:1 (v/v). B: n-[1- 1“C]docosanol is metabolized
more rapidly from a Tet than from a Plu suspension in Vero cells.
Vero cells (5 x 105 cells/m]l DMEM containing 5% FCS; 2 ml total
volume) were allowed to adhere to 6-well plates during a 12-h incuba-
tion at 37°C in 10% humidified CO.. Media were removed and
replaced with 6 mM n-[1- ¥C]docosanol suspended with either 0.83
mM Plu or with 0.28 mMm Tet (equivalent weights). Cultures were
incubated at 37°C/CO: for the indicated times. Values in parentheses
indicate total nmoles n-docosanol equivalents bound/well, expressed
as the average of duplicates that varied by less than 5%. An identical
set of cells was washed, harvested, extracted with chloroform-metha-
nol and analyzed on TLC as described for Fig. 1A. The percentage of
cpm remaining at the origin is referred to as percent cpm in polar
metabolite. C: Essentially all n-[1- “C]docosanol is metabolized after
a48-h chase. Vero cells (3 x 10° cells/ ml DMEM + 5% FCS) were added
to 6-well dishes and incubated 24 h with 6 mM n-{1- 1“C]docosanol (0.83
mM Plu). Cell monolayers were washed extensively and then incubated
for the indicated times with fresh DMEM containing 5% FCS. Cells
were washed, harvested, extracted with chloroform-methanol, and
analyzed by TLC as described for Fig. 1A.

A-140A flow scintillation counter (Packard; Meriden,
CT) equipped with a 1.0 ml cell.

RESULTS

Cellular uptake and distribution of
n-[1- 1"C]docosanol by simian (Vero) cells

Our previous work documented that n-[1- 14C]do-
cosanol solubilized with Plu is taken up gradually by
adherent cell monolayers. Incorporation of n-docosanol
into Vero cells after a 24-h incubation increased linearly
as a function of concentration between 0 and 3 mM; 3
mM was saturating (1). In a separate experiment, at
saturating conditions, Vero cells incorporated 3.3 nmol
n-docosanol/108 cells in 4 h. This is less than 1% of the
total n-docosanol added to culture and is equivalent to
2 x 10° molecules/cell. Binding of n-docosanol ap-
peared to be irreversible as it could not be removed even
with extensive washing at 37°C with DMEM or saline
solutions with or without 0.2 M CsBr, which removes
nonspecifically-associated particles (17). The time de-
pendence of uptake in a monolayer of Vero cells is
complicated by the fact that the cells are proliferating.
Thus, while uptake on a per cell basis peaks between 8
and 12 h, the total number of molecules bound to the
cell population increases dramatically between 32 and
48 h, because the cells are growing exponentially (not
shown). These studies were performed in cell monolay-
ers for the times indicated in order to study incorpora-
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tion of n-docosanol under conditions similar to those
used in HSV viral plaque assays.

To determine the intracellular distribution of n-do-
cosanol, Vero cells were incubated with 3 mM n-1-
14C)docosanol suspended in Plu. After 24 h, the cells
were extensively washed, harvested, ruptured by sonica-
tion, and the membrane and cytoplasmic components
were separated by differential centrifugation. In a typi-
cal experiment, most of the radioactivity (73%) localized
in membranous fractions; much less (27%) was associ-
ated with the high-spin soluble (cytoplasmic) fraction.
Total radioactivity recovered was 86%. Nuclei from a
parallel culture of Vero cells similarly labeled with n-{1-
14C]docosanol were isolated by treatment with Nonidet-
P40 and subsequent centrifugation through sucrose.
Less than 1% of the incorporated radioactivity was
found associated with the nuclear fraction.

Metabolism of n-docosanol in Vero cells

To assay for possible metabolic conversions of cell-as-
sociated n-docosanol, Vero cells were incubated with 6
mM n-[1- 14Cldocosanol suspended in Plu. After 24 h,
the cells were washed and harvested. Lipids were ex-
tracted, applied to silica sheets, and analyzed as de-
scribed in Materials and Methods. The chromatograms
were developed with hexane-diethyl ether-acetic acid
40:60:1 (v/v) which separates nonpolar lipids including
fatty alcohols and fatty acids (14) from more polar lipids,
including the phosphatides, which do not migrate in this
system and thus remain at the origin. As shown in Fig.
1A, almost all the extracted radioactivity localized either
at the position of the n-docosanol standard (53%) or at
the origin of the chromatogram (47%). No radioactivity
above background was detected eluting with n-do-
cosanoic acid. This elution profile is highly reproducible
and indicates that Vero cells metabolize a large portion
of the incorporated n-docosanol.

n-[1- MC]docosanol is metabolized in Vero cells more
rapidly from a Tet than from a Plu suspension

Uptake and metabolism of n-docosanol was studied as
a function of the surfactant used to suspend and deliver
the molecule, Plu versus Tet. Plu is a difunctional poly-
mer (M, = 8,400) produced by addition of propylene
oxide and ethylene oxide to propylene glycol; Tet is a
tetrafunctional copolymer (M, = 25,000) produced by
adding the same components to ethylenediamine (5,
18). The total amount of radiolabel from n-[1- 14C]do-
cosanol incorporated by Vero cells is not significantly
affected by the surfactant used to solubilize the com-
pound. These values appear in parentheses in Fig. 1B.
However, the rate and extent of metabolism of the
compound to the more polar material are significantly
higher with the Tet than the Plu suspension (Fig. 1B).
At 3 h after the addition of n-{1- 14C]docosanol suspen-

sions, the proportion of radioactivity in the polar frac-
tions of cells treated with Tet suspensions of the fatty
alcohol is approximately twice the proportion appearing
in the same fractions from cells treated with Plu suspen-
sions of the same molecule. Vero cells transformed 50%
of the n-docosanol in 3 h when it was added in a Tet
suspension, whereas it took 7 h for 50% conversion
when it was added in a Plu suspension.

Essentially all n-{1- #C]docosanol is metabolized
after a 48-h chase

As described previously, we have been unable to wash
out radioactive n-docosanol from treated cells. It ap-
peared to become irreversibly associated with the cells.
In the pulse/chase study shown in Fig. 1C, cells were
incubated with radiolabeled drug for 24 h. The drug was
then removed, fresh media were added, and the cells
were incubated for the indicated times. Essentially all
the radiolabel from n-{1-'4C]docosanol was transformed
into the more polar material during the prolonged chase
period without added drug.

Metabolic inhibitors block both cellular uptake and
conversion of n-{1- 1“C]docosanol to polar
compounds

As illustrated in Fig. 2A, the amount of radiolabeled
n-docosanol incorporated into Vero cells is reduced 77%
and 75% after 3 and 6 h, respectively, by the inclusion
of 5 mM sodium azide and 50 mM 2-deoxyglucose (effec-
tive metabolic inhibitors) in the culture. Furthermore,
of the percentage of n-docosanol that is absorbed, me-
tabolism into the more polar fraction is inhibited by
these agents 67% and 75% after 3 and 6 h, respectively,
(Fig. 2B). Metabolic inhibitors thus inhibit both uptake
and metabolism of #n-docosanol independently.

Radiolabeled polar metabolites of n-docosanol
exhibit chromatographic properties of
phosphatidylcholine and phosphatidylethanolamine
A predictable fate for long chain fatty alcohols is their
incorporation into phospholipids through either an
ether or, after oxidation, an ester linkage (19, 20). To
characterize the metabolic products remaining at the
origin in the TLC system described above, polar meta-
bolites were isolated and subjected to further analysis as
follows. Vero cells were incubated with 3 mM =n{1-
14C]docosanol (suspended in Plu) and, after 72 h, the
cells were washed, harvested, and extracted. To isolate
the polar fraction, the chloroform extract was applied
to a silica column that was then eluted sequentially with
chloroform, acetone, and methanol. Radioactivity was
recovered in the chloroform fraction, containing neu-
tral metabolites including underivatized n-docosanol
(38%), or in the methanol fraction (61%), containing
phosphatides. The methanol eluate was further ana-
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Fig. 2. Sodium azide and 2-deoxyglucose block n-docosanol uptake and metabolism. Vero cells (5 x 10 cells/ml
DMEM containing 5% FCS; 2 ml total volume) were allowed to adhere to 6-well plates during a 12-h incubation
at 37°C in 10% humidified CO.. The monolayers were washed with saline before the addition of fresh media
containing 6 mM n-{1- 1C]docosanol and 0.83 mm Plu. Sodium azide (5 mM) and 2-deoxyglucose (50 mM) were
added to the cultures as indicated. After incubating for the indicated times at 37°C in humidified COg, half of
the cell cultures was washed with saline and total radioactivity incorporated was determined by scintllation
counting as described in Materials and Methods (Fig. 2A). To quantify polar metabolites (Fig. 2B), a parallel set
of treated Vero cells was washed and harvested and then extracted with an equal volume of chloroform-metha-
nol. The chloroform layers from duplicate wells were combined, evaporated under nitrogen, and the samples
were dissolved in 20 ul of chloroform-methanol 3:2 (v/v) before application to silica sheets and development

with hexane-diethy! ether-acetic acid 60:40:1 (v/v).

lyzed by TLC on silica gel with a chromatography system
{chloroform-methanol-acetic acid-water 60:50:1:4 (v/v}]
optimized for the separation of major classes of phos-
pholipids. In a typical experiment (Fig. 3), 60% and 40%
of recovered cpm migrated in the region of phospha-
tidylcholine and phosphatidylethanolamine, respec-
tively. When n-docosanol was suspended with Tet in-
stead of Plu, 60-70% of counts migrated with an Ryvalue
equivalent to phosphatidylcholine, 20-25% with Ry val-
ues equivalent to phosphatidylethanolamine, and
5-10% with an R value equal to that of phosphatidylser-
ine. Thus, the radioactive portion (carbon 1) of n-do-
cosanol suspended either with Tet or Plu is incorporated
into molecules possessing the properties of the phospha-
tides.

Vitride reduction of polar metabolites releases
material with the HPLC retention time of n-docosanol

To further define the chemical nature of the radioac-
tive products, Vero cells (in T-175 flasks) were incubated
with 9 mM n-docosanol for 24 h. Lipids were extracted
and subjected to silica fractionation. Polar metabolites
eluting in the methanol fraction were concentrated and
reduced with Vitride as described in Materials and Meth-
ods. After this treatment and analysis by TLC, 60-70%
of radioactivity was associated with the liberated fatty
alcohol fraction. This represents material that had for-
merly been linked to the glycerol backbone as an acyl
group. Most of the remaining counts (20-30%) mi-
grated as did alkyl glycerol standards (e.g., chimy} alco-
hol; average R¢ = 0.49) and consistent with radioactivity

2172 Journal of Lipid Research Volume 37, 1996

incorporated through ether lipids. No attempt was
made to differentiate non-hydrolyzable products of plas-
malogens (alk-1-enyl-lipids) from those of alkylglycerols.
To verify that the Vitride reaction had gone to comple-
tion and that the glyceride fraction was resistant to
reduction, it was eluted from the silica TLC plate, con-
centrated, and subjected to a second treatment with
Vitride and TLC analysis. More than 70% of radioactiv-
ity migrated again with the glyceride-containing frac-
tion, not the alcohol.

As described in Materials and Methods, the alcohol-
containing fraction released by Vitride reduction was
eluted from preparative TLC and analyzed in an HPLC
system optimized to separate fatty alcohols of varying
chain lengths. The elution times of n-octadecanol (C-18,
peak 1) and n-docosanol (peak 2) standards are illus-
trated in Fig. 4A. A chromatogram of the radiolabeled
fatty alcohols is shown in Fig. 4B. A significant propor-
tion of radioactivity (21.5% of the released alcohols)
eluted with the retention time of n-docosanol. The
remaining counts eluted in a broad peak with a shorter
retention time characteristic of shorter chain fatty alco-
hols or acids. Palmitic acid, for example, exhibits a
retention time of 5.5-6.0 min in this HPLC system.

Role for the polar metabolites in the antiviral
activity of n-docosanol

The metabolic processes described above could be
required for the antiviral activity of n-docosanol. Alter-
natively, metabolism could reduce the amount of bioac-
tive species. We therefore conducted experiments to
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Fig. 3. Radioactive metabolites of n-{1-'*C]docosanol display the
properties of phosphatidylcholine and phosphatidylethanolamine. A
portion (0.5 ml) of the methanol eluate of the silica fractionation
described in Materials and Methods was evaporated under nitrogen,
resuspended in 20 pl chloroform-methanol 3:2 (v/v), and analyzed by
TLC with chloroform-methanol-acetic acid-water 60:50:1:4 (v/v) as
the solvent. The migration positions of phosphatidylcholine (PC),
phosphatidylethanolamine (PE), and phosphatidylserine standards
(PS) are indicated.

investigate the relationship between enzymatic conver-
sion and antiviral activity. As shown below, results of
such studies have demonstrated that the efficiency of
metabolic conversion correlates with the magnitude of
the antiviral activity of n-docosanol.

n-Docosanol suspended in Tet exhibits greater antiviral
activity than similar Plu suspensions. To investigate the
role of metabolism in antiviral activity we utilized the
previously described observation that n-docosanol is
metabolized in Vero cells more rapidly from a Tet than
from a Plu suspension (Fig. 1B). When antiviral efficacy
with the two types of suspensions was compared as
assayed by plaque formation in Vero cells, we found that
the ECso for inhibition of HSV replication by n-do-
cosanol is reduced from an average of 15.3 mM when
suspended with Plu to approximately 5.6 mM in the
corresponding Tet suspension (Table 1) with the same
conditions. Hence n-docosanol exhibits a 2.7-fold lower
ECso (Table 1) and a 2-fold greater rate and extent of
metabolism (Fig. 1B) when suspended with Tet than
with Phu.

Additionally, the requisite preincubation (before the
addition of HSV) of Vero cells in order to obtain signifi-
cant inhibitory activity with n-docosanol/Plu suspen-
sions is not so critical when the alcohol is suspended with
Tet. Thus, n-docosanol at 18 mM in Tet inhibited HSV-1
plaque production by 64% when added concurrently

with virus (not shown). Although this is less than the 99%
inhibition seen with a 24-h preincubation, it is substan-
tially more than the limited inhibitory activity (less than
20%) observed at this n-docosanol concentration with
Plu suspensions without preincubation. Plu and Tet
controls lacking n-docosanol exhibited no significant
levels of antiviral activity.

n-Docosanol is a more efficient inhibitor of HSV-1 plaque
Jormation in Vero cells than in MDBK cells; Vero cells
metabolize more n-docosanol than MDBK cells. We also
examined the relationship between observed antiviral
activity and drug metabolism in the epithelial-like bovine
kidney cell line, MDBK. This cell line exhibits an inter-
esting apparent resistance to the anti-HSV activity of
n-docosanol. The highest concentration of n-docosanol
(suspended in Tet) examined in this system, 15 mM,
completely inhibits plaque production in Vero cells,
whereas only 30% inhibition is observed with the same
concentration and surfactant in MDBK cells (not
shown). The ECsp value in MDBK cells listed in Table 1
was estimated by extrapolation of the data and indicates
that approximately 4x more n-docosanol would be re-
quired in MDBK as compared to Vero cells to elicit a
50% reduction in HSV plaque production.

Total cellular uptake and relative conversion to polar
metabolites were determined in Vero and MDBK celis.
Both parameters were higher in Vero cells (Table 2) and
the differences increased with longer incubation times.
MDBK cells metabolize, proportionally, 10%, 17%, and
19% less n-docosanol at 24, 48, and 72 h, respectively,
than Vero cells. The ultimate effect of decreased uptake
combined with decreased metabolism is illustrated in
the last column of Table 2 and in Fig. 5, which shows
that after 72 h Vero cells contained 4.6-fold higher
amounts of phosphatidelike metabolites than do
MDBK cells. Small amounts of radioactivity retained the
Rs of n-docosanol and an additional peak, more pro-
nounced in Vero than in MDBK cells, was observed with
an Ry of approximately 0.4. (The identity of this species
has not been determined; the Ry value is consistent with
observed values for diglycerides.) Therefore, 4-fold
lower amounts of n-docosanol (in Tet) required in Vero
as compared to MDBK cells for 50% reduction in HSV
plaque formation (Table 1) correlates closely with the
increased production of metabolites in Vero cells.

Antiviral activity corresponds to the level of metabolites but
not to the level of n-docosanol in host cells. Radioactively
labeled n-docosanol is also incorporated into monolay-
ers of several human fibroblast lines including cells
derived from normal skin (ATCC no. CRL 1900), fetal
foreskin (Hs68, ATCC no. CRL 1635), and fetal lung
(HFL-1, ATCC no. CCL 159). Human fibroblasts incor-
porate much more labeled n-docosanol than do the
same number of simian Vero cells; however, the amount
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Fig. 4. n-Docosanol is a major component of radiolabeled n-alcohols
released by Vitride reduction of the polar lipid fraction of Vero cells
incubated with n-{1- “Cldocosanol. Vero cells (in T-175 flasks) were
incubated with 9 mM n-docosanol (0.06 mM Tet) for 24 h. Lipids were
extracted and subjected to silica fractionation. Polar metabolites
eluting in the methanol fraction were concentrated and reduced with
Vitride; the resulting n-alcohol-containing fraction was obtained after
preparative TLC; and the alcohols were analyzed by HPLC as de-
scribed in Materials and Methods. Elution patterns of fatty alcohol
standards are illustrated in panel A: peak 1 = n-octadecanol; peak 2 =
n-docosanol. Peak 1 was integrated from 6.4 to 9.4 min with a retention
time of 7.3 min. Peak 2 was integrated from 10.0 to 13.7 min with a
retention time of 10.7 min. The elution pattern of the fatty alcohol
fraction liberated by Vitride reduction of the sample is shown in panel
B. The majority of radioactivity eluted from 5.5 to 7.5 min (60.82%)
with a retention time of 6.2 min or from 9.9 to 11.8 min with a
retention time of 10.5 min (21.49%).
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of metabolites formed per cell is roughly equivalent
(Table 2). For example, by 48 h, human skin fibroblasts
(CRL 1900) accumulated almost twice the total radioac-
tivity as incorporated by the same number of Vero cells;
at 72 h, the human skin cells contained almost four times
the total radioactivity per cell. Additionally, after 72 h,
the human skin cells began to appear highly vacuolized
when examined by light microscopy. In contrast, the
proportion of radioactivity in the polar fraction was
consistently and significantly greater in Vero cells than
in CRL 1900 cells, more than 2 times greater at 48 h and
4 times greater at 72 h. As a result, the absolute amount
of radiolabeled metabolites per cell was roughly equiva-
lent in the two cell types.

Although there is greater accumulation of n-do-
cosanol in human fibroblasts as compared to Vero cells,
the ECsp for n-docosanol inhibition of HSV replication
is approximately the same in both cell types (Table 1).
Thus, antiviral activity does not correlate with the total
amount of n-docosanol accumulated but does correlate
with the amount of polar metabolites formed.

DISCUSSION

Because of its potential clinical effectiveness, we have
conducted studies designed to delineate the mechanism
by which n-docosanol exerts its antiviral activity (1, 2).
These studies suggest that the compound appears to
interfere with one or more of the pathways of viral entry
into the cell and subsequent migration to and entry into
the nucleus of infected target cells. The key points of
evidence supporting this hypothesis are summarized as
follows. First, unlike shorter chain-length alcohols (21)
the compound has no direct viricidal activity, as virus
can be mixed with a n-docosanol suspension, then recov-
ered from the suspension and shown to retain normal
infectivity (1). Second, the compound does not interfere
with binding of herpes virus to heparan sulfate receptors
on target cells (1, 2); however, in the presence of n-do-
cosanol HSV virions which have bound to target celt
receptors remain on the cell surface for a prolonged
time (2). Third, migration of radiolabeled virus to the
nucleus is significantly inhibited in n-docosanol-treated
cells resulting in substantially diminished viral DNA and
protein synthesis and progeny virions (2). Finally, sus-
ceptibility to the antiviral effects of n-docosanol is gen-
erally confined to lipid-enveloped viruses that enter cells
by fusion with the plasma membrane (L. E. Pope, J. F.
Marcelletti, L. R. Katz, D. L. Barnard, and D. H. Katz,
unpublished observations). One exception to this pat-
tern is influenza A, an enveloped virus that has been
reported to enter cells via receptor-mediated endocy-
tosis (22) but which is effectively inhibited by n-do-
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TABLE 1. Antiviral effectiveness of n-docosanol varies with cell type and surfactant

Cell Type Surfactant HSV ECsp SD n
mM™ mMm

Vero Pluronic 15.3 3.3 2

Vero Tetronic 5.6 1.7 3

MDBK Tetronic >20 N.A. 3

Normal skin fibroblasts Pluronic 109 2.9 3

ECso refers to the concentration required for 50% inhibition of HSV-2 plaque production in the cell type
indicated as described in Materials and Methods. Cells were incubated 24 h at 37°C/CO; with varying
concentrations of n-docosanol in Tet or Plu before the addition of virus. Values listed are the averages of multiple

determinations (n).

cosanol. Reasons for this apparent anomoly remain to
be determined.

We previously reported that a substantial incubation
(at least 8 h) of target cells with n-docosanol/Plu suspen-
sions was required before introduction of virus to ob-
serve optimal antiviral activity. The pre-incubation re-
quirement suggested that the antiviral activity of
n-docosanol involves an interaction of drug and target
cells. Therefore, to further elucidate the mechanism of
the antiviral activity of n-docosanol, we conducted stud-
ies on the cellular uptake, distribution, and metabolism
of n-docosanol from surfactant-stabilized suspensions
under conditions that duplicate the conditions of the in
vitro viral plaque assay.

Adherent monolayers of Vero cells readily incorpo-
rate significant quantities of n-docosanol. We previously
reported that Vero cells exhibit biphasic kinetics of
uptake of 3 mM n-docosanol (1); an initially rapid rate
during the first 30 min (0.12 nmol/min) is followed by
a more gradual rate (0.4 nmol/h). The inefficiency in
n-docosanol transfer from thermodynamically stable
particles that remain suspended in media to viral host
cells at the bottom of the tissue culture wells explains
the relatively high doses (mM) required for in vitro
efficacy. However, as more than 300 mM n-docosanol is
nontoxic for a variety of cultured cell types, an ECs of
2-3 mM equates to a favorable selectivity ratio of ap-
proximately 100.

The cellular incorporation of fatty alcohols up to 18
carbons in length has been described (23, 24) and the
results are comparable to those reported here. For
example, Ehrlich ascites cells incorporated, also into a
non-exchangeable form, approximately 2 x 10° mole-
cules of hexadecanol (solubilized by binding to albumin)
per cellin 60 min (24). Cellular uptake of lipid molecules
from particles such as those used here (as demonstrated
by electron microscopy studies) generally occurs by one
of four mechanisms: a) fusion, &) endocytosis, ¢) stable
adsorption, or d) lipid transfer (25). Further study would
be necessary to define which mode(s) is (are) operational
and to determine the fate of the surfactant. The differ-
ing relative amounts incorporated per cell in Vero ver-

sus normal skin cells (Table 2) and the appearance of
translucent vacuoles in the latter suggest that different
modes may predominate in different cell types. Metabo-
lic inhibitors block independently both the uptake and
metabolism of radiolabeled n-docosanol by Vero cells.
The combination of sodium azide and 2-deoxyglucose
is commonly used to inhibit endocytosis (26), which
would also be inhibited in this system.

The distribution and metabolism of n-docosanol in
cultured cells suggests that it is incorporated into the
cellular lipid pool and undergoes expected anabolic and
catabolic reactions. Within 3 h in Vero cells, more than
30% (from a Plu suspension) or more than 70% (from a
Tet suspension) of radioactivity is incorporated into
molecules possessing the properties of phosphatides
(Fig. 1B). Based on the release of radioactivity as n-do-
cosanol after Vitride reduction, a significant proportion
of the n-docosanol incorporated is apparently oxidized
to the acid and incorporated onto the glycerol backbone
(Fig. 4). The acid, however, does not accumulate to any
extent as TLC analysis of lipid extracts from Vero cells
treated with n-docosanol did not reveal any counts
migrating with an Ry equivalent to n-docosanoic acid. A
smaller percentage of radioactivity in the polar fraction
is resistant to Vitride reduction. This is consistent with
assimilation of n-docosanol into polar metabolites with
an ether linkage without oxidation to the fatty acid
equivalent. The incorporation of fatty alcohols into
ether lipids is known to occur in the peroxisomes of a
wide variety of mammalian cells (27-31). For example,
n-[1- 1¥C]hexadecanol and n{1- *¥C]octadecanol incor-
porate into the phospholipids of Ehrlich ascites cells
with the proportion of alkyl versus acyl linkages varying
with the concentration of hexadecanol added to the
culture media (27). Although these types of metabolites
are normal components of cells, incorporation of the
22-carbon alcohol will predictably alter the normal mem-
brane lipid distribution, although this has not yet been
quantified experimentally.

The rate and extent of metabolism of n-docosanol
appear to be determining factors in the antiviral activity
of the drug. Conditions that optimize antiviral activity
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TABLE 2. Uptake and metabolism of n-{1- *C]docosanol differs with cell type

Hours % CPM
Celi Type Incubation Total Uptake in Polar Fraction Polar Metabolites
nmol/10° cells nmol/10° cells
Experiment 1
MDBK 24 33 24 0.79
MDBK 48 2.5 32 0.80
MDBK 72 2.4 37 0.89
Vero 24 4.6 34 1.6
Vero 48 4.3 49 2.1
Vero 72 7.3 56 4.1
Experiment 2
CRL 1900 24 3.2 20 0.64
CRL-1900 48 5.8 16.5 0.96
CRL-1900 72 19.2 9.7 1.9
Vero 24 4.2 25 1.1
Vero 48 3.1 46 1.4
Vero 72 4.9 51 2.5

In experiment 1, cells were plated in 6-well plates, 2 ml per well, at 3 x 105 cells/ml with 6 mm n-{1-
14C]docosanol (sp act = 85,000 cpm/pmol) suspended with 0.28 mm Tet. In experiment 2, Vero cells or normal
skin fibroblasts were incubated in 6-well dishes (5 x 10° cells in 2 ml media) at 37°C for the indicated times with
3 mu n-1- C]docosanol (sp act = 108,000 cpm/pmol) in 0.5 mum Plu. In both experiments, cells were washed,
harvested, extracted, and analyzed by TL.C with hexane-diethyl ether-acetic acid 40:60:1 (v/v) as described in
Materials and Methods. Cell number was determined in identical wells treated with equivalent non-radioactive
n-docosanol; cells were harvested and the number of viable cells (determined by trypan blue exclusion) were
counted with a hemocytometer. All measurements were made on duplicate wells which generally varied from

2 to 5%.

tend to increase the rate and/or extent of metabolism.
For instance, higher viral inhibition and a faster rate of
metabolism were observed with n-docosanol delivered
in Tet suspensions as opposed to that from Plu suspen-
sions even though the total amount of incorporated
radioactivity was not significantly different. The same
relationship is not apparent with respect to the amount
of unmodified n-docosanol. Greater accumulation of
n-docosanol was observed in the human skin cell lines
than in the Vero cell line (Table 2), but inhibition of HSV
replication by n-docosanol and the amount of polar
metabolites formed were similar in the two lines. (It is
noted that the cellular distribution of polar metabolites
was not determined; as Vero cells are much smaller than
CRL 1900 cells the density of polar metabolites in the
plasma membrane may be less than in Vero cells.)
Moreover, a lower amount of both uptake and metabo-
lism of n-docosanol in MDBK versus Vero cells also
correlates with the relative insensitivity of MDBK cells
to the anti-HSV activity of the compound. Thus far, all
the available evidence support the hypothesis that an-
tiviral activity with n-docosanol requires cellular uptake
and metabolism of the compound.

Observations of Roos and Choppin (32, 33) provide
precedence that alterations in normal membrane lipid
composition may affect fusion events. They demon-
strated that resistance of mouse fibroblasts to polyethyl-
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ene glycol-induced fusion correlated with an increase in
both free fatty alcohols and an elevation in glycerides,
including an ether-linked compound that would be
analogous to some of the products obtained via meta-
bolic conversion of n-docosanol as described above.
Subsequently, Roos et al. (34) demonstrated that the
same cells exhibited an increased susceptibility to virally
induced fusion. Viral/cell fusion is thought to be essen-
tial for HSV entry into cells, and activities of this sort
would be consistent with the observed antiviral proper-
ties of this drug.

Lemay, Ceccarelli, and Epand (35) observed in 1994
that long-chain aliphatic alcohols, including #-do-
cosanol, do not inhibit fusion of influenza to liposomes.
We have demonstrated, however, that n-docosanol treat-
ment of Vero cells renders them resistant to infection
by influenza A (2). As liposomes are not metabolically
active, n-docosanol metabolism does not occur in this
system. Thus inhibition of viral/cell fusion after n-do-
cosanol metabolism remains a likely mechanism for its
antiviral activity.

Numerous different lipid metabolites could be re-
sponsible for the observed anti-HSV activity. A wide
range of radiolabeled metabolic products are expected
including those resulting from B-oxidation and perhaps
re-incorporation of radiolabel from released 2-carbon
units. Isolation of the radiolabeled 22-carbon fatty alco-
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Fig. 5. Vero cells metabolize more n-docosanol than MDBK cells.
Vero or MDBK cells were plated as described in Fig. 1A. n-[1- C]Do-
cosanol was added to 6 mm (0.28 mMm Tet) and the cultures were
incubated 72 h at 37°C/COs. Cells were extracted and analyzed on
TLC with hexane-diethyl ether-acetic acid 20:30:1 (v/v) as the devel-
oping solvent as described in Fig. 1. Duplicate plates were treated with
an identical suspension lacking the radioactive label. After extensive
washing with 0.9% saline and incubation with trypsin-EDTA (0.5
mg/ml trypsin; 0.2 mg/ml EDTA) for 15 min at 37°C, the number of
cells/well excluding trypan blue were enumerated by counting on a
hemocytometer.

hol as the major identifiable species after Vitride reduc-
tion, however, suggests that significant levels of anabolic
products are formed during incubation of n-docosanol
with cultured cells.

The results described herein are also consistent with
the possibility that metabolism of n-docosanol occurs
concomitantly with other processes required for antivi-
ral activity. For example, it could induce a cellular
metabolic pathway that results in inhibition of HSV
replication. The amount of induction could vary with
cell type or the surfactant used to suspend the com-
pound. The most convincing evidence that metabolism
is required for antiviral activity would be to demonstrate
such activity with a fraction containing metabolites but
lacking n-docosanol. Concentrated fractions of cellular
lipids eluted from silica with chloroform, acetone, or
methanol were tested in a plaque assay as described in
Materials and Methods. At the attainable concentrations
(limited due to cellular toxicity of the solvent), no antivi-
ral activity was detected for any of these fractions.
Specific bioactive product(s) may have to be generated
from 1 #docosanol in situ. Alternatively, the membrane
lipid composition could be altered after incorporation
and metabolism of added n-docosanol in such a way as
to make the cell membrane resistant to viral/cell fusion.
This again would be consistent with the observations of
Roos and Choppin (32, 33) discussed above. Further

characterization of the metabolism of n-docosanol
should not only help to elucidate the mechanism for its
antiviral activity, but might also allow us to develop more
effectively its therapeutic potential as a treatment for
diseases resulting from host infection by lipid-enveloped
viruses. i
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