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ABBREVIATIONS:

ALA, a-Lipoic acid

AT, a-tocopherol

CEES, half mustard or 2-chloroethyl-ethyl sulfide
CAM, calcein AM

Car-DCFH DA, carboxy-dichloroflurescin diaceatate
DEVD-AFC, peptido (DEVD)-7-Amino-4-trifluoromethylcoumarin
DMSO, dimethyl sulfoxide, a solvent

GSH, reduced glutathione and an antioxidant

GT, y-tocopherol

HD, sulfur mustard or bis-2-(chloroethyl) sulfide
IL-1B, interleukin-1 beta

LPS, lipopolysaccaride

MNNG, N-methyl-N'-nitro-N-nitrosoguanidine
MTT, 3-(4, 5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide
NAC, N-acetyl-L-cysteine

NF«B, nuclear factor kappa-B

PI, propidium iodide

PMA, phorbol myristate acetate

ROS, reactive oxygen species

TBHP, tert-butyl hydroperoxide

TNF-a, tumor necrosis factor-alpha



INTRODUCTION:

Sulfur Mustard (HD): The sulfur mustard (bis-2-(chloroethyl) sulfide) could effectively
be used to produce casualties in the battlefield and to force opposing troops to wear full
protective equipment thereby slowing down the tempo of military operations. It could also
be used with devastating results against civilian targets, and such use of HD by S.
Hussein’s military forces in Iraq has been well documented. The extensive and slow
healing skin lesions following exposure to HD would also place a heavy burden on the
medical services of military and public health organizations.

Effects of HD on human skin: A characteristic of sulfur mustard exposure is the
occurrence of a symptom free period of some hours post exposure. The duration of this
period and the severity of the subsequent lesions are dependent upon the mode of exposure,
the environmental temperature and individual to individual variations. In the first hour after
exposure to mustard gas vapor or liquid there are usually no signs or symptoms but nausea,
vomiting and eye smarting have been occasionally reported. Post-exposure (up to 24
hours) skin inflammation ensues followed by lesion formation and blistering.

Treatment of HD: There is no antidote or effective treatment for mustard gas toxicity
either for skin or lung exposure.

Mechanism of CEES/HD-induced skin damage: Oxidative stress is an important
mechanism for HD induced skin injury. HD and its analog 2-chloroethylethyl sulfide
(CEES) induce alkylation of DNA and rapid oxidation of intracellular proteins and lipids.
CEES and HD are known also to react with the major intracellular antioxidant GSH;
depleting it with a subsequent loss of protection against reactive oxygen species (ROS) and
an activation of inflammatory responses.

Considerable evidence suggests that HD toxicity is associated with an increased generation
of damaging free radical production and promote apoptosis. As detailed below, we have
found that oxidative stress and pro-inflammatory cytokines play a key role in the toxicity
of CEES. The PI’s laboratory is part of a DOD funded group termed the “Advanced
Medical Countermeasure Consortium”. This group is systematically evaluating the overall
hypothesis that oxidative stress, pro-inflammatory agents, and apoptotic cell signaling are
the key factors in the toxicity of mustard gas. In recent years, there has been an enormous
expansion of findings on the molecular mechanism of inflammatory responses and its
relationship to oxidative stress [1-4].

We are currently taking advantage of this rich wealth of background information to help
define the molecular links between inflammatory agents, oxidative stress and mustard gas
toxicity. We have found that macrophages exposed to CEES have a decreased level of
intracellular GSH, which is even further diminished in the presence of LPS [5].
Pretreatment of the macrophages with N-acetyl cysteine (NAC) protects against the loss of
intracellular GSH. NAC serves to promote the synthesis of GSH and this is the likely



mechanism for the protective effect of NAC against CEES/HD toxicity as reported by the
PI’s laboratory and other researchers.

The HD-induced depletion of GSH together with protein and lipid oxidation has far
reaching consequences that have not been previously appreciated. HD-induced
pathophysiology may occur in large part due to a disruption of redox homeostasis. Redox
homeostasis is dependent upon the balance between oxidants and antioxidants. Redox
sensitive gene expression is determined by the cellular redox status. Signal transduction
events induced by endogenous stimuli alter the redox state of the cell. GSH depletion
influences a variety of cellular signaling process, such as activation and phosphorylation of
stress kinases (JNK, p38, PI-3K) via sensitive cysteine-rich domains; activation of
sphingomyelinase ceramide pathway, and activation of AP-1 and NFkB, with subsequent
gene transcription [6, 7]. GSH levels are inversely related to the activity of NFkB [9].
NFkB regulates many genes involved in inflammation such as: inducible nitric oxide
sythase (iNOS), proinflammatory cytokines, I1-1, TNF-alpha, interleukin 6 (IL-6),
chemokine, IL-8, E-selectin, vascular cell adhesion molecule 1 (ICAM-1), and
granulocyte-macrophage colony stimulating factor (GM-CSF) [6, 8].

Arroyo et al. [9] found a dose dependent increase in TNF- alpha, IL-6, IL1 beta in SM
treated human keratinocyte cells. Signal transduction has also been demonstrated for
CEES, wherein TNF-alpha, sphingomyelinase levels, caspase 3, 8, and 9 were all elevated
[10]. Stone et al. [5] have found that inflammatory cytokines exacerbate the toxicity of
CEES. In proliferating cells GSH levels are rapidly depleted by TNF-alpha. It is postulated
that oxidative stress induced by CEES is further amplified by the loss of GSH and
inflammatory cytokine production, thus exacerbating CEES-induced pathophysiology.

Rationale for the use of Liposomal Antioxidants: One way of reversing or preventing
the ROS-induced cellular injury to skin is via topical application of antioxidants. Vitamin E
(tocopherols and tocotrienols), GSH, N-acetylcysteine (NAC), a-Lipoic acid (ALA), ethyl
pyruvate are very effective antioxidants. Their antioxidative potential and importance in
skin pathophysiology had been tested previously in a large number of investigations [2, 11-
14]. However, the delivery of antioxidants to skin remains problematic in some cases as
intact skin allows the passage of small lipophilic substances but, in most cases, efficiently
retards the diffusion of water-soluble molecules.

Liposomes are phospholipid vesicles composed of lipid bilayers enclosing an aqueous
compartment. Hydrophilic molecules can be encapsulated in the aqueous spaces and
lipophilic molecules can be incorporated into the lipid bilayers. Liposomes are unique in
their ability to simultaneously deliver both water-soluble (in their aqueous inner space) and
lipid-soluble antioxidants (in the phospholipid bilayer) to cells and tissues. They represent
an ideal drug delivery system that enhances penetration of the active ingredient into the
skin, localizes the drug at the site of action, and reduces percutaneous absorption.

The term “antioxidant liposome is relatively new and refers to liposomes containing lipid
soluble chemical antioxidants, water-soluble chemical antioxidants, enzymatic



antioxidants, or combinations of these various antioxidants. Stone et al. [15] have reviewed
the use of antioxidant liposomes in the general area of free radical biology and medicine as
well as the relevant application of this technology to weapons of mass destruction.
Antioxidant liposomes hold great promise for the treatment of many diseases and
conditions in which oxidative stress plays a prominent role. Several studies have clearly
indicated that the liposomal antioxidant formulations compared to that of the free non-
encapsulated antioxidants exert a far superior protective effect against oxidative stress-
induced tissue injuries.

Military Significance: The overall objective of this study was to develop an effective
prophylactic therapy against CEES-induced skin damage (analogous to HD effect) based
on the topical application of antioxidant liposomes. Our preliminary data suggested that
antioxidant liposomes are very effective in preventing CEES toxicity to stimulated
macrophages. This study examined the effectiveness of various liposome formulations in
ameliorating the CEES-induced skin injury in a human skin model (EpiDerm).

We have found liposomal preparations that would be useful in treating both lung and skin
injuries in the battlefield thus preserving combat effectiveness. Furthermore, the timely
administration of this treatment regimen will also avert the devastating results of CEES/HD
against civilians that might be exposed during a terrorist attack. In this investigation, we
also addressed practical issues with regards to large scale preparation, storage and
pharmacological stability.



BODY

We originally proposed using EpiDerm cultured human skin tissues as a working model to
study CEES cytotoxicity and the potential protective effects of antioxidant liposomes.
However, EpiDerm tissues are very expensive and, in order to optimally utilize our
resources, we utilized cultured normal human epidermal keratinocytes (NHEK) purchased
from Cambrex in our first series of experiments. In addition, we used cultured 1106
KERTr human keratinocytes (ATCC) and immortalized human keratinocytes HaCaT
purchased from Cell-Lines-Service (Germany), which are easy to culture and allow
unlimited number of passages, whereas NHEK spontaneously transform after a few
passages (a major and costly limitation). These issues were discussed and recommended by
USAMRICD scientist Dr. R. Ray who specializes in studies of HD toxicity mechanisms.
We studied the protective effect of antioxidant liposomes in cultured human keratinocytes,
optimized antioxidant liposome formulations, and then performed the final experiments
with the human EpiDerm tissues. In this report, we will detail the results of each specific
task (hyperlinked below). In addition, our final series of experiments with the Epiderm
Model are detailed separately.

Task 1: We characterized the toxicity of CEES to keratinocytes or the EpiDerm model as
a function of CEES dose and exposure time. We determined: (1) how apoptosis contributes
to CEES induced toxicity by measuring both capase-3; (2) if immuno-stimulators (LPS,
PMA) and pro-inflammatory cytokines (TNF-a, IL-1p) increase CEES toxicity to human
keratinocytes/EpiDerm tissues. It is postulated that apoptosis is the major cell death
mechanism at low doses of CEES or HD whereas necrosis is the dominant mechanism at
higher concentrations of CEES or HD and long-time exposures. We further anticipated that
immuno-stimulators such as pro-inflammatory cytokines, LPS and PMA would enhance
CEES toxicity to human keratinocytes.

Task 2:. We determined the influence of CEES on various oxidative stress parameters
using cultured human keratinocytes and later, the EpiDerm model.

Task 3: We examined the pharmacokinetics of antioxidant liposomes following their
topical application to the human keratinocytes or EpiDerm tissues.

Task 4: Cultured human keratinocytes and EpiDerm system were utilized to determine the
most protective antioxidant liposome formulations.

Task 5: We explored the possibility of manufacturing antioxidant liposomes in large scale
industrial quantities and attempted to optimize the antioxidant liposome formulations in
order to enhance their long-term physical, chemical and therapeutic stability.



Results

Task 5- Characterization of Antioxidant Liposomes

As mentioned in the Introduction, liposomes are unique in their ability to effectively
deliver both water- and lipid-soluble antioxidants to skin cells. As liposomes are artificially
made vehicles, the question of their long-term stability especially under non-optimal
conditions (high temperature, dry air) is of high importance. Therefore, we addressed the
question of the liposome stability at the beginning of our studies.

Relevant to Task S, we obtained the instrumentation required to prepare antioxidant
liposomes in large quantities and characterize their particle size distribution. In order to
manufacture large unilamellar antioxidant liposomes in quantities up to 10-20 L per day,
we have optimized a micro-fluidizing technique. Using the M-110L Laboratory
Microfluidizer® Processo,r we can produce liposomes at a rate of 270 ml/min at 18,000
PSI. This device was chosen since this technique can be scaled-up to industrial levels
without changing liposomes properties/characteristics, which is important for future FDA
considerations.

The PI and Dr. Hongsong Yang were trained by the Field Representative of Microfluidics
Company on the use of M-110L Laboratory Microfluidizer® Processor and the Model 380
Nicomp particle size analyzer.

A long range consideration in the formulation of antioxidant liposomes is the very high
cost of highly purified phosphatidyl choline typically used to make antioxidant liposomes.
Purified phosphatidyl choline (i.e., dipalmitoyl phosphatidyl choline), although useful for
in vitro testing would be too expensive for a commercial product useful to the DOD. The
PI, therefore, initiated conversations with the American Lecithin Co.
(www.americanlecithin.com ) which has extensive experience and expertise in the use of
soybean phosphatidyl choline to make liposomes. We have tested PL 85 G phosphatidyl
choline, phospholipon 90G and phospholipon 90H (fully hydrogenated) in our preparations
of antioxidant liposomes. These products possess high quality at low cost and relevant
FDA files are on record. Liposomes prepared from phospholipon 90H and 90G showed the
highest uniformity and stability and, therefore, were used in our studies focused on
protecting human keratinocytes from a mustard gas analog toxicity.

In our previous results, we found that alpha-tocopherol containing liposomes were
effective in protecting macrophages from CEES induced cytotoxicity. a-Tocopherol is the
primary form of vitamin E found in plasma and is the primary lipid soluble antioxidant in
blood. We have found, however, that y-tocopherol is taken up by cells in culture to higher
extent then a-tocopherol [16]. In the experiments preformed here, we tested liposomes
made with either a-tocopherol or y-tocopherol or mixtures of both. y-Tocopherol is also
very expensive and a commercial antioxidant-liposome formulation based on this vitamin
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E isoform would be prohibitively expensive. The PI has, therefore, also made contact with
commercial suppliers of mixed tocopherols with high a content of y-tocopherol. The DSM
Nutritional Products (www.dsm.com ) supplied us with 100 g quantities of mixed tocopherols
(with a very high content of y-tocopherol) for testing in the antioxidant liposomes.

The liposomes have been characterized by measuring: 1) particle size distribution using a
dynamic light scattering Model 380 Nicomp particle analyzer; (2) liposome antioxidant
(e.g., vitamin E) content composition and stability; and (3) potential liposome cytotoxicity
in human skin cells using the MTT assay (see Task 1). In addition, liposomes containing
encapsulated water-soluble antioxidants, such as GSH and NAC, were tested on their
chemical stability (GSH oxidation) and physical stability (GSH leakiness).

Table 1 shows the typical chemical compositions of our antioxidant liposome formulation
along with their average size distribution. The following large unilamellar liposomal
(LUV) formulations were made: (1) “Blank liposomes” ; (2) “G-liposomes” [G-L]
containing 75 mM GSH); (3) “T-liposomes” [T-L] with 6.67% mol./mol. a-tocopherol ;
(4) “2x-T-liposomes” [2xT-L] with 13.33% mol./mol. a-tocopherol); (5) “G/T-liposomes”
[GT-L] with a lipid

composition the same as
for “T-]iposomes”’ Individual Value Plot of Mean Diam. (nm) vs Passes
containing 75 mM GSH; 300+ .
(6) “NAC-liposomes” 275 :
containing 75 mM
NAC); (7) “NAC/T-
liposomes” [NT-L] with
the same lipid
composition “T-
liposomes” and
containing 75 mM 1501
NAC);. Aliquots of °
these liposomes were: !
(1) stored at room

Mean Diam. (nm)

Passes

temperature; (2) Figure 1. Three passes through the microfluidizing Processor makes smaller but more
. o[ . uniform liposomes. The liposomes prepared using M-110L Laboratory Microfluidizer®
refrlgerator at4 C’ (3) Processor; vesicle size distribution analyzed using the Model 380 Nicomp particle size

stored with or without analyzer.
EDTA or urate as
chelating agents.

Particle size distribution: Our results with respect to size distribution lead us to conclude
that: (1) typical liposome preparation mostly contains vesicles with sizes distributed within
100-300 nm interval; (2) three passes through the homogenizer produces slightly smaller
but more uniform liposomes (Figure 1), further increase of the number of passes dos not
does not improve the vesicle size distribution; (3) encapsulation of a water-soluble
antioxidant, such as NAC or GSH does not significantly alter the liposome size

10


http://www.dsm.com/

distribution; (4) addition of a lipophilic antioxidant, such as a-tocopherol, in the liposome
formulation slightly changes average particle size with high levels increasing and medium
levels not having much of an effect (Figure 2).

Antioxidant content composition and stability: We measured the leakiness of GSH, a
water-soluble encapsulated antioxidant, during prolonged storage (see Figure 3). In this
experiment, GSH was encapsulated within the liposomes, and the external, non-
encapsulated GSH removed by exhaustive dialysis. The liposomes were stored either at RT
or at 4° C, and GSH concentration in the buffer monitored using Tietze’s method [17] [18].
GSH leakage from the liposomes to the buffer is a measure of liposome membrane stability
as charged GSH molecules cannot penetrate through an intact lipid bilayer. Our results
show that the liposomes maintained high membrane stability within at least 1 month of
storage. Only 3% of the GSH content was lost from the GSH or GSH/a-tocopherol
containing liposomes.

Individual Value Plot of Mean Diam. (nm) vs VE

300 A °

275

250

225

200

Mean Diam. (nm)

1754

150

T T
Blank High Mid
VE

Figure 2. Vitamin E influences liposome size distribution. Blank: “Blank liposomes”
(contain no antioxidants); High VE: “T-liposomes” (6.67% mol./mol. a-tocopherol); Mid.
VE: “2x-T-liposomes” (13.33% mol./mol. a-tocopherol). The liposomes prepared using M-
110L Laboratory Microfluidizer® Processor; vesicle size distribution analyzed using the
Model 380 Nicomp patrticle size analyzer.
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Table 1 Chemical and Physical Characterization of Liposomes

Type of Liposomes
Composition Blank [B-L] | GSH[G-L] |aT(T-L) | GSH/aT[GT-L] | NAC/T[NT-]
Lipid Mole Fractions/Concentration
Components
PL/type 0.71/85G 0.71/85G 0.67/85G 0.67/85G 0.62/90H
PA 0 0 0 0 0.006
cholesterol 0.29 0.29 0.27 0.27 0.248
AT/mM 0/0 0/0 0.07/3.33 0.07/3.33 0.062/3.1
GT/mM 0/0 0/0 0/0 0/0 0.062/3.1
Aqueous Mole Fractions/Concentration
Components
GSH/mM 0 75 0 75 0
NAC/mM 0 0 0 0 75
Size (nm)/% 29.6+£5.3 90.2+16 74.2+15.4 78.6+13.4 152.1£31.4
Peak 1 8% 23.5% 34.6% 37.2% 37.2%
Size (nm)/% 141.84£28.5 190.3+41.2 248.5+45.8 | 273.9+61.2 1326.3+292.6
Peak 2 92% 69.3% 65.4% 62.8 68.6%

Also we have analyzed changes in lipid composition of vitamin E containing liposomes
during prolonged storage. Table 2 shows changes in vitamin E content of a- or y-
tocopherol containing liposome preparations stored for 4 weeks. Tocopherols were
determined within the liposome samples using HPLC with electro-chemical detection. As
we mentioned above, the liposome membrane is fairly stable physically, even at room

temperature (leakage of a
water-soluble compound
from the inner space is
minimal). However,
addition of vitamin E to
the lipid composition of
liposomes influences the

lipid bilayer organization.

As we mentioned above
vitamin E content of
liposomes changes their
vesicle size distribution
(Figure 2). In addition,
we found that liposomes
containing a-tocopherol
are less physically stable,
in general, as compared

GSH Leakage from Liposomes during Prolongrd Storage

[E Bl

Leakage, %
N

—+—G-lipos, RT
—m—GT-lipos, RT
—#—G-lipos, 4C
—x— GT-lipos, 4C
0 T T T T T
0 5 10 15 20 25 30
Storage time, days

Figure 3. GSH-Liposome leakiness during pro-longed storage. 1 mL of “G-liposomes” or
“G/T-liposomes” were put in sterile dialysis bag (8 kDa cut off) and dialyzed twice against 50
mL PBS. Dialyzed liposome samples were put in fresh PBS and incubated continuously at
RT or at 4 C (fridge). GSH concentration within the each liposome sample and in the buffer
was measured during 4 week incubation. Liposome leakiness was expressed as a percent
of GSH in the buffer from the total GSH of each liposome sample.
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with “Blank” or “G-liposomes”. Vitamin E containing liposomes, if stored at RT,
completely loose their physical stability (phase separation was visually registered) during
the 4™ week of storage. We conclude that the inclusion of high amounts of vitamin E (more
than 6% mol./mol.) reduces the physical stability of the liposomes due to the lipid bilayer
perturbations. Liposomes stored at 4° C maintained their physical stability and average
particle size but lost up to 60% of their vitamin E content due to its oxidation (Table 2).
There were no significant differences in long-term stability between liposomes containing
a-tocopherol or y-tocopherol.

Table 2. Changes in vitamin E content of the liposomes during 4-week storage at 4° C

Description | “T-liposomes” (6.67% mol/mol) “2x-T-liposomes” (13.33%
mol/mol)
a -Tocopherol, mM
a -Tocopherol, mM
Day 1 2.98 +£0.08 4.68+0.10
Day 28 0.00 +0.01 0.00 +0.01
Day 28 0.68 = 0.04 1.43+£0.15

In addition, we analyzed the chemical stability of the water-soluble content (GSH)
encapsulated within the liposomes. Figure 4 shows the loss of GSH due to oxidation to
form GSSG (in GSH equivalents) as a function of storage time for the GSH-liposomes and
the GSH/o-

Tocopherol (G/T-) GSH Oxidation in Liposomes during Prolonged Storage
Containing liposomes (Relative Amount of GSH Being Converted to GSSH)

at RT or 4° C. These 100 ,

da‘Fa 'show thgt GSH is 80 | :;“ﬁ;; FF:I

oxidized rapidly at < e Glipos, 4C /
room temperature g 60 |- GTlipos, 4C

compared to 4° C. e s X
Moreover, the g 401 /{
presence of a- 20 |

tocopherol does not

retard GSH oxidation. 0 * : ‘ ‘ ‘ ‘

In addition, G/T- 0 5 10 15 20 25 30
liposomes, similar to Storage time, days

a-tocopherol
containing liposomes,
loose their physical
stability (visible
phase separation)
during the 4™ week of storage at RT.

Figure 4. GSH oxidation (conversion to GSSG) within liposome fraction during pro-longed
storage. “G-liposomes” or “G/T liposomes” were stored at room temperature (RT) or at 4 C.
GSH and GSSG concentrations within the liposome samples was measured after 3, 5, 7, 14,
21 and 28 days of storage. Oxidation of GSH content of the liposomes was expressed as a
percent of GSH converted to GSSG relatively to the total GSH/GSSG content of each sample.
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The experiments describe
above were done in the
absence of a metal ion
chelator. Chelators act as
antioxidants by
minimizing oxidation
catalyzed by iron ions (a
contaminant in all
buffers). We have,
therefore, analyzed the
influence of metal ion
chelators, such as
ethylenediamine-
tetraacetic acid (EDTA)
and urate, on GSH
chemical stability within
the liposomes.

Figure S shows the effect
of the chelators on GSH
oxidation within the G/T-
liposomes. Both urate and
EDTA only slightly protect
the GSH content of G/T-
liposomes during storage at
4° C. GSH oxidation
within G-liposomes
showed similar rate at 4° C
as for G/T-liposomes (data
not shown). However,
neither urate nor EDTA
protected the GSH content
of T-liposomes during
storage at 4° C. Similar
pattern was observed at
both 4° C and RT:
chelators slightly protected
the GSH of G/T-liposomes

Chelator Effect on GSH Oxidation in Liposomes during
Prolonged Storage at T =4 C (G/T-liposomes)

80 - X
X
X 60 1
c
i) 2
g %] g
5 —x— no chelator
20 T —x— With urate
B = —s&—with EDTA
Ve
0 T T T
0 10 20 30 40

Storage time, days

Figure 5. Chelator effect on GSH oxidation (conversion to GSSG) within liposome fraction
during pro-longed storage. “G/T-liposomes” were stored at 4C (fridge). GSH and GSSG
concentrations in the liposome samples was measured after 2, 6, 14, and 35 days of
storage. Oxidation of GSH content of the liposomes was expressed as a percent of GSH
converted to GSSG relatively to the total GSH/GSSG content of each liposome sample.

Chelator effect on GSH oxidation in liposomes during 2-week
storage (Room Temp. vs. T =4C)
80
m Room Temp. |:|T=4C‘
60 -
S
S
2 40+
&
S
S 20 A
0-
none urate EDTA none urate EDTA
“G-liposomes” “G/T-liposomes”

Figure 6. Chelator effect on GSH oxidation (conversion to GSSG) within liposome fraction
during 2-week storage. “G-liposomes” or “G/T-liposomes” were stored at RT or 4 C (fridge).
GSH and GSSG concentrations in the liposome samples was measured after 14 days of
storage. Oxidation of GSH content of the liposomes was expressed as a percent of GSH
converted to GSSG relatively to the total GSH/GSSG content of each liposome sample.

but not that of the G-liposomes stored at RT (Figure 6).

Based on the studies, we conclude that antioxidant liposomes posses a high degree of
membrane stability even at RT. We found that the loss of antioxidative potency of the
liposomes due to the chemical oxidation of the antioxidants is the major difficulty during
long-term storage. Both lipid- and water-soluble antioxidant contents are being preserved
much better if the liposomes are stored at 4° C. These data suggest that GSH and/or
vitamin E containing liposomes would have to be either used relatively soon after being
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formulated (perhaps within a week) or to be stored at 4° C for up to 4 weeks. Using
lyophilized preparations is also a viable option.

Task 1 Investigate the cytotoxic effect of CEES on cultured human
keratinocytes

Figure 7 shows the dose and time response of the NHEK keratinocytes exposed to CEES.
In these experiments, the CEES was first dissolved in ethanol and then added to the culture
medium with the final concentration of ethanol being no more than 2% by volume. Figure
7 shows cell viability (as measured by the MTT assay) as a function of CEES dose after 16
or 48 hours of incubation. We found that NHEK cells were much more resistant to CEES
induced inhibition of cell growth than other cell lines tested with a similar experimental
design. As anticipated, higher doses and longer time of CEES incubation resulted in
increased growth inhibition.

In order to determine
if the addition of
immuno-stimulators

CEES Gytotoxic Hfect on NHEK Cells

(LPS, PMA) and pro- 07

inflammatory 06| _

cytokines (TNF-a, i?‘/é\x\f .
IL-1B) could increase 0s . A
CEES toxicity to 4 — .

human keratinocytes,
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we performed o] |—%—18hous
experiments with ) X dhars

NHEK cells exposed o

to various levels of Vehide am i . o

CEES (data not

shown). None of _ _ A . .

. Figure 7. Cytotoxic effect of CEES on NHEK cells during long-time incubations. NHEK
these immuno- cells (Cambrex) were treated with various levels of CEES for up to 48 hours. CEES was
. applied as a stock solution in ethanol (final concentration of ethanol was no more than
stlrpqlators enhanced 2% vol.). Cell viability was measured as absorbance at 580nm (standard MTT assay).

toxicity of CEES as

measured by the MTT
assay. These results differ with our previous results obtained with murine macrophages
simultaneously exposed to CEES and LPS [5].

The fact that LPS and other stimulators do not alter CEES toxicity in human keratinocytes possibly
reflects a multi-step reaction to CEES/HD toxicity in human, which involves at least two major
types of cells — skin cells and immune cells. We anticipate that, in the simplest case, CEES
promotes cytokine release in keratinocytes which then induces the activation of macrophages and
other immune cells (mast cells for instance), which in turn produce a feed-back reaction in
keratinocytes stimulating apoptosis [12] [19] [20] [8] [21] [9] [22] [23] [24].
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In the experiments described above we applied CEES in ethanol. According to the
USAMRICD studies, human skin exposed to 300 uM concentration of HD will

demonstrate oxidative stress,
cytokine release, and massive
apoptosis followed by necrosis.
As a less toxic analog of HD,
CEES would be expected to
produce similar changes in
keratinocytes at concentrations
3-4 times higher, i.e., 1 mM. [25]
[21][26].

We, however, did not observe
substantial cell death in human
keratinocytes exposed to fairly
high levels of CEES applied as a
stock solution in ethanol. This
method of CEES application
appeared to result in a phase
separation of the CEES from the
cell culture medium thereby
decreasing its effective
concentration. We discussed this
difficulty with a USAMRICD
specialist Dr. R. Ray at the
Bioscience Review 2006
Conference. Dr. R. Ray
recommended two alternative
methods of CEES application. The
first method requires directly
adding CEES to a plastic tube with
the culture medium followed by
extensive vortexing and
immediately applying this mixture
to cells in a multi-well plate. The
second method requires
preparation of a CEES stock
solution in dimethyl sulfoxide

CEES/DMSO Toxicity in CCD 1106 KERTr Cells
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Figure 8. Cytotoxic effect of CEES/DMSO on NHEK cells during 24 h incubation. CCD 1106
KERTT cells were placed into 96-well plate in 0.25 ml/well of medium and treated with CEES
applied either as pre-mixed solution in the media or as a stock solution in DMSO (final conc.
2% vol/vol). Cell viability was measured as absorbance at 580nm (standard MTT assav).
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Figure 9. Cytotoxic effect of CEES/DMSO on NHEK cells during 24 h incubation. CCD 1106
KERTT cells were placed into 96-well plate in 0.25 mi/well of medium and treated with CEES
applied as a stock solution in DMSO (final conc. 2% vol/vol). Cell viability was measured as
absorbance at 580nm (standard MTT assay).

(DMSO) which is then added to cells in a multi-well plate with gentle mixing. DMSO is
known to be a very effective vehicle for a delivery of organic compounds to skin and

enhances HD toxicity [27] [28].

We tried both these methods of CEES application and the results as shown in Figure 8.
CEES directly mixed with medium and applied to CCD 1106 KERTr keratinocytes showed
moderate toxicity. In marked contrast, CEES in DMSO was much more toxic. Figure 9
shows CEES/DMSO toxicity for low level of the toxicant.
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The experiments above reported above utilized
normal human NHEK cells. However, fully
grown NHEK cells slowly, undergo terminal
differentiation and are more resistant to genotoxic
agents, such as CEES or HD, than actively
proliferating cell cultures. Also, NHEK cells are 60 |
expensive. In order to overcome such limitations 40 |
we also utilized a continuously proliferating 20 1
immortalized HaCaT human cell line (Cell-Lines- 0
Service, Germany). We found that immortalized
HaCaT human keratinocyte, unlike NHEK cells,
have a higher susceptibility to CEES toxicity.
Therefore, HaCaT keratinocytes were used for the Figure 10. Influence of CEES Hydrolysis on Its Toxicity. 1.5

L. ; mM CEES in media was applied to HaCaT cells in 96-well plate
majority of the experiments reported below. after various time delays, as indicated. Cell viability was

measured by the MTT assay after 24 hours.
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Figure 11- Influence of CEES Applications Technique on Cell Viability. CEES (0.2 — 10 mM) was applied to HaCaT cells in
a 96-well plate: (1) directly as a stock solution in DMSO, (2) directly as a stock solution in EtOH, (3) as a stock solution pre-
mixed in media. Left: Cell viability was measured by the MTT assay after 24 hours. Right: Amount of dead cells was
measured by the PI assay after 24 hours.

As shown above, the technique for CEES application to our cell model systems is very
important variable since CEES undergoes rapid hydrolysis in aqueous solutions [30, 31].
CEES/HD can be applied without any vehicle by direct mixing in the medium immediately
prior the application. Although the latter method of CEES application is widely used, it
allows hydrolysis to some extent. It takes a few minutes to pipette HD or CEES into the
medium, and then into a multi-well plate. During this time hydrolysis will not only lower
the “real” concentration of CEES but also make the effective CEES concentration different
from the first to the last sample. Therefore, a more stable stock solution of CEES in a dry
organic solvent would be preferable. Previously, we showed that DMSO was a very
effective vehicle for CEES delivery to the cells. We found, also, that DMSO is a more
effective vehicle than ethanol. CEES/DMSO stock solution provides a better application
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model than direct dispersing of CEES in a large bolus of cell culture medium prior the
experiment.

In order to determine if CEES hydrolysis in culture medium has an effect on its toxicity,
we performed a simple time-course experiment. CEES (50 mM stock in DMSO) was
mixed with appropriate volume of media to obtain a 1.5 mM final concentration, and then
applied to HaCaT keratinocytes in a 96-well plate after various time delays. As shown in
Figure 10, a quick drop in CEES toxicity was noted with only a 5 min delay. After 15
minutes, CEES was no longer toxic to the cells. These data support view that CEES
hydrolysis is a critical experimental parameter in cellular toxicity studies.

Although we found that DMSO itself possesses a mild cytotoxic effect, such a drawback
can be minimized by using a low vehicle concentration (1% (vol./vol.)). We have
preformed a number of experiments to optimize the CEES application technique. Our
results indicate that preparing a 100x stock solution in DMSO followed by quick mixing
with media for only a limited number of repeated samples (up to 8) is very effective. We
found that CEES hydrolysis is minimal with this technique (data not shown).

Figure 11 illustrates the effect of various application techniques on cell viability (MTT
assay) or cell death (PI assay). The assay for cell viability is based on the reduction of 3-(4,
5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide (MTT) by mitochondrial
dehydrogenase in viable cells yielding a purple formazan product. Cell viability was
measured as the absorbance of the formazan product at 575 nm (monitored with a
Molecular Devices microplate reader). The PI assay uses propidium iodide (PI) dye to
differentiate live and dead cell. Cells that have lost membrane integrity cannot exclude PI,
which emits a red fluoresce after binding to nuclear DNA or double stranded RNA. PI
fluorescence was measured using a Fluostar Galaxy microplate reader using an excitation
wavelength of 485 nm and an emission wavelength of 650 nm.

Applying CEES in DMSO directly to

the well as cultured cells resulted in 25

maximum loss of cell viability %

(Figure 11, left) and maximum cell < 207

death (Figure 11, right). This is due 2 15|

to minimizing CEES hydrolysis and 3

exposing the cells to a transiently high > 101

level of CEES. The transiently high 3

level of CEES is an uncontrolled >

variable and this fact minimizes the 0 ‘ ‘ ‘ ‘ |
usefulness of direct application of 0 10 20 30 40 50
stock CEES in DMSO. Adding the TNF-alpha, ng/mL

CEES in DMSO followed by rapid

mixing in the media also produces marked

SSRIEET : Figure 12. TNF Attenuates CEES Toxicity in Human Keratinocytes.
los?, of viability and increased cell death. HaCaT cells were treated with 1 mM CEES and various levels of TNF-alpha
This method has the advantage of not (simultaneously). Cell viability was measured by the CAM assay after 24
exposing the cells to a transiently high hours.
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level of CEES and provides reproducible results with an ICsy of about 1 mM, which is in
agreement with other studies [32-34]. Applying CEES directly in ethanol was less effective
(than DMSO) at reducing cell viability and inducing cell death.

In order to determine if an addition of immuno-stimulators (LPS, PMA) and pro-
inflammatory cytokines (TNF-a, IL-1P) increase CEES toxicity in immortalized HaCaT
keratinocytes, we performed additional experiments with these cells exposed to various
levels of CEES. None of these immuno-stimulators enhanced toxicity of CEES in NHEK
keratinocytes as we reported previously for murine macrophages [5]. However, in
proliferating HaCaT cells TNF-a did show a dose-dependent enhancement of CEES
toxicity (Figure 12), although LPS and IL-1p did not have any significant effect (data not
shown). The difference between NHEK and HaCaT cell reaction to the TNF-a treatment
can be explained by the fact that HaCaT keratinocytes, unlike NHEK cells, proliferate
continuously and do not undergo terminal differentiation. As a consequence, HaCaT cells
are much more susceptible to the CEES/HD toxicity. The response of HaCaT cells to TNF-
a is in agreement with our previous observations obtained with murine macrophages
simultaneously exposed to CEES and various immuno-stimulators [5].

Using the direct CEES/DMSO
application, we studied the cell
death mechanisms in CCD
1106 KERTr keratinocytes. As
a first step, we evaluated
apoptosis as measured by the
activation of caspase 3 activity
in response to various levels of
CEES after 24 hours (Figure
13). In this experiment CEES
toxicity was relatively high, as
we did not pre-mix the stock
solution with media, but added
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Caspase-3 activity (slope/min/mg protein)

it directly into a well which 0 25 50125 250 500 stauro (0.4)

permits a transiently high local CEES(uM)

concentration of CEES/DMSO Figure 13. CEES-mediated Apoptosis in Human Keratinocytes.
to exist before mixing is CEES (0.025 — 0.5 mM) was applied to CCD 1106 cells in a 96-well as a
complete We found that the stock solution in DMSO. Apoptosis was measured after 24 hours as

caspase-3 activity in cell lysates normalized to protein levels.
low doses of CEES (50 - 100 uM) Staurosporin (0.4 uM) was used as a positive control.

induced apoptosis but the higher

doses did not. These data suggest that necrosis, rather than apoptosis, was the cause of cell
death at the higher concentration. Staurosporin, a broad-spectrum kinase inhibitor, was
used as a positive control since it is a well known caspase activator and apoptosis inducer.
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We next examined the time
course for apoptosis at the
low doses of CEES. As
shown in Figure 14, we
found that CEES induced
activation of caspase 3 was
maximal after 12 hours of
incubation, which is in
agreement with other
reports regarding CEES or
HD toxicity in human skin
cells [29, 32, 35].

Caspase-3 activity (slope/min/mg protein)

120

100 -

80 -

60

40 4

20

-20

—@— 50 uM CEES
—- 125 uM CEES
—A— 250 uM CEES

5 10 15 20 25 30

Time (hours)

Figure 14. CEES-mediated Apoptosis in Human
Keratinocytes. CEES (0.05 — 0.25 mM) was applied to CCD
1106 cells in a 96-well as a stock solution in DMSO. Apoptosis
was measured after 24 hours as caspase-3 activity in cell lysates
normalized to protein levels.
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TASK 2 Determine the influence of CEES on various oxidative
stress parameters

We monitored oxidative stress parameters in CEES/ethanol treated human keratinocytes.
Figure 15 shows the generation of intracellular superoxide anion (O2*) in NHEK cells
during 4 hours of incubation with 10 mM CEES. Superoxide levels were measured using
specific fluorescent dye, dihydroethidium (HEt). Intracellular oxidation of HEt (measured
as fluorescence of the product) reflects superoxide generation in cytoplasm. NHEK cells
were loaded with 10 uM HEt for 1 h, then washed, and exposed to CEES. As was expected,
10 mM CEES induced high levels of superoxide production in NHEK cells. Interestingly,
the production superoxide anion in NHEK cells appears to increase in a similar manner as
CEES induced toxicity. HEt fluorescence increases with higher levels of CEES, whereas
cell viability drops down (Figure 15). These data confirm that oxidative stress, and ROS
generation in particular, is an important factor in CEES induced cell death.

We also measured intracellular
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Figure 16. H202 generation (measured as DCFH-DA intracellular oxidation) in NHEK cells
during 4 h incubation with CEES/ethanol. NHEK cells were loaded with 20 uM DCFH-DA
for 1 h, washed by Hank’s salt solution, and treated with CEES; or CEES and100 ug/mL
LPS; or CEES and 100 ug/mL LPS, and 100 uM BSO (as indicated). DCFH-DA oxidation
was continuously monitored (kinetic assay) as fluorescence at 485nm/520nm (ex./em.).



Pretreatment of the cells with buthionine-sulfoximine (BSO), which depletes intracellular
GSH and thus alters CEES induced oxidative stress, slightly affected H202 production in
LPS/CEES treated keratinocytes. However, DCFH-DA oxidation, in general, was still
suppressed but not elevated in response to CEES treatments.

These results can be potentially explained by the fact that DCFH-DA also sensitive to
intracellular NO. Previously, we have shown that CEES inhibits NO production in murine
macrophages [5]. It is possible that a similar effect occurred in the human keratinocytes.
Additional experiments to measure NO production in keratinocytes have also been
performed.

Since CEES induces caspase-dependant apoptotic cell death in human keratinocytes it
would be important to explore the relationship between apoptosis and oxidative stress in
these cells. We stained HaCaT cells incubated with 2 mM CEES for 8 hours with carboxy
dichloroflurescin diaceatate (Car-DCFH DA), a membrane-permeable dye sensitive to
reactive oxygen species (ROS) in the cytosol.

The cells were simultaneously stained with propidium iodide (PI), which is membrane-
impermeable DNA sensitive dye capable of staining of nuclei of dead cells. Figure 17B
shows cell death after CEES treatment as most of the nuclei are stained with PI; however,
Car-DCFH DA staining did not reveal massive ROS production in these cells (Figure
17A). Figure 1C and D show a positive control: HaCaT cells incubated with 0.1 mM tert-
butyl hydroperoxide (TBHP). In this case, Car-DCFH DA staining resulted in 4 fold higher
fluorescence indicating massive generation of hydrogen peroxide and other ROS; however,
cell survival was much greater in comparison with CEES treatment (Figure 17C and D,
respectively). Although we did not detect oxidative stress changes in CEES treated
keratinocytes in this experiment, we believe that the present data do not provide sufficient
evidence to make a final conclusion. We will repeat similar experiments using other
markers of oxidative stress, such as dihydroxyethidium and dihydrorhodamine 123.
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Figure 17. Oxidative Stress in Human Keratinocytes. HaCaT cells were incubated with 2 mM
CEES (A, B) or 0.1 mM TBHP (C,D) for 8 hours in a 96-well plate. Oxidative stress was
monitored by Car-DCFH DA staining (green fluorescence, on the left); cell death was monitored
by PI staining (red fluorescence, on the right) under fluorescent microscope.

Although the direct measurement of ROS generation during CEES treatment was not yet
successful in our experiments, we found indirect evidence for oxidative stress related
changes in the experiments presented in the Figure 18. It is known that HD/CEES toxicity
is associated with glutathione depletion, which is the major cytosolic antioxidant. Such
depletion greatly reduces anti-oxidative potential of the cell, making it susceptible even to
moderate oxidative changes. In order to explore the sensitivity of CEES treated cells to
exogenous oxidative stimuli we examined CEES mediated toxicity in the presence or
absence of TBHP, an agent promoting massive intracellular ROS generation.
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Figure 18. Oxidative Stress Enhances CEES Toxicity in Human Keratinocytes.
HaCaT cells were incubated with CEES (as indicated) in the presence or absence of
25uM or 100 uM TBHP for 24 hours in a 96-well plate. Cell viability was monitored by
calcein AM (CAM) staining (panel A), cell death was monitored by PI staining (panel B).

Interestingly, non-toxic doses of TBHP (up to 0.1 mM) significantly increased the toxic
effect of CEES as measured via calcein AM (CAM) and PI staining (Figure 18A and 18B,
respectively). CAM is a fluorescent marker of viable cells, whereas PI is a marker of dead
cells. The data obtained with CAM staining were also confirmed with the MTT cell
viability assay (data not shown). This effect of CEES is similar to our earlier observation in
murine macrophages, where lipopolysaccaride (LPS) enhanced toxicity of the CEES. LPS
is a potent inducer of oxidative stress in immune cells [5]. We believe that CEES mediated
sensitivity to oxidative stress is important in HD/CEES toxicity in vivo.

Whether CEES directly induces ROS generation in keratinocytes is still unclear. We cannot
find any evidence of such effect in the literature. However, HD is well known to induce
ROS generation in endothelial and immune cells [36, 37]. Thus, oxidative stress may occur
in vivo as a result of immune cell attack in response to keratinocyte-derived pro-
inflammatory cytokines, such as TNF-a [9].

We also performed a series of experiments in order to monitor oxidative stress related

changes in HaCaT keratinocytes treated with CEES. Using fluorescent dyes CMAC (7-
amino-4-chloromethylcoumarin) and CMF-DA (5-chloromethylfluorescein diacetate) [42]
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we attempted to compare intracellular GSH levels (CMAC staining) or levels of non-
protein cellular thiols (CMF-DA staining) in keratinocytes treated for 16 h with 1) 1%
DMSO (vehicle), 2) 2mM CEES, 3) 2mM CEES + 10mM NAC, 4) 0.1mM TBHP (tert-
butyl hydroperoxide — oxidative stress positive control).

Figure 19 shows HaCaT cells stained with GSH-sensitive CMAC dye (blue squares),
thiol-sensitive CMF-DA staining (green squares) and dead cells stained by PI (red
squares) as examined under fluorescent microscope. Surprisingly, both GSH and thiol-
sensitive dyes revealed that CEES-treated keratinocytes are not completely depleted of
cellular thiols (green) and GSH in particular (blue) compared to TBHP-treated cells;
although PI staining confirmed toxic effect for both CEES and TBHP treated cells (red).
As expected NAC treatment increased thiol levels (blue and green) and viability (red) of
CEES treated keratinocytes. These data are in agreement with our observation reported
above showing as no free radical generation (carboxy-dichlorofluorescin diacetate
(carDCFH-DA) staining) in CEES treated HaCaT cells after 8 hours. Combined together
these findings suggest that oxidative stress in keratinocytes might be a relatively late event,
which starts within 12-24 hours postexposure. At that time in HD-treated cells, cytokine
release [9, 43] is maximal and the cell death pathway is being switched from apoptosis to
necrosis [44].

CEES
TBHP CEES+NAC
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Figure 19. Oxidative stress related changes in human keratinocytes. HaCaT cells were
incubated with 1% DMSO (vehicle), or 2 mM CEES, or 2mM CEES and 10mM NAC, or 0.1mM
TBHP (as indicated) for 18 hours. Intracellular GSH levels were examined under a fluorescent
microscope using 20 uM CMAC (blue); levels of non-protein cellular thiols were monitored using 20
UM CMF-DA (green) cell death was monitored by 2uM PI (red).

Another indirect evidence for the role of oxidative stress in HD/CEES toxicity is the
protective effect of NAC. This potent antioxidant is capable of restoring intracellular GSH
level, and has already been shown to be protective against CEES toxicity in vivo [38]. We
have extensively studied the effect of NAC in CEES treated human keratinocytes. Using
two independent caspase-3 assays we have shown that NAC effectively down-regulates
CEES induced apoptosis in HaCaT cells. NAC (10 mM) reduces caspase-3 activity after 12
hour incubation (Figure 20). Caspase 3 activity was measured in cell lysates using the
fluorescent substrate peptido (DEVD)-7-Amino-4-trifluoromethylcoumarin (DEVD-AFC)
and normalized to the total cellular protein. We also performed Live Cell NucView 488
Caspase 3 assay, which allows detection of active caspase-3 in living cells. NucView 488
Caspase 3 substrate permeates the cell and undergoes specific enzymatic cleavage by
caspase-3; the product is fluorescent and binds nuclear DNA. Thus, this method not only
marks viable cells with activated caspase-3, but also reveals chromatin condensation in the
apoptotic nuclei.
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Figure 20. NAC Effect on CEES Induced Apoptosis in Human Keratinocytes.
HaCaT cells were incubated with CEES (as indicated) in the presence or absence
of 10 mM NAC for 24 h. Caspase-3 activity was measured in the cell lysates using
DEVD-AFC substrate and normalized to the total protein.

Figure 21 shows CEES induced apoptosis in human keratinocytes. CEES (2 mM)
promoted intensive green staining in HaCaT cells after 18 hours (Figure 21C); whereas
similar incubation with 1% DMSO (vehicle) had no effect (Figure 21A). The green
background reflects a phase-contrast view of the cells, which was merged with the
fluorescent image. Figure 21B and 21D show positive (5 uM staurosporine) and negative
controls (5 uM staurosporine with caspase-3 inhibitor), respectively.

Figure 22 shows the protective effect of NAC against CEES induced apoptosis in human
keratinocytes. Figure 22A and 22B display CEES induced caspase-3 activation after 18
hours. Green fluorescence marks caspase-cleaved fluorescent product as it stains apoptotic
nuclei; blue fluorescence (DAPI) stains nuclei of apoptotic cells. Markers at the pictures
point to nuclei with clear visible chromatin condensation. Although NAC does not
completely prevent CEES induced apoptosis (Figure 22C and 22D), it reduces the number
of apoptotic cells as it can be seen with intense DAPI staining. Phase-contrast images of
the same cells revealed dense confluent cell layers for both CEES and CEES/NAC
treatments (not shown).
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Figure 21. CEES-induced Apoptosis in Human Keratinocytes. HaCaT cells were incubated
with vehicle (A), or 5uM staursporine (B), or 2 mM CEES (C), or 5uM staursporine with
caspase-3 inhibitor (D) for 18 h. Caspase-3 activity was monitored using Live Cell NucView 488
Caspase-3 assay kit under fluorescent microscope.

We also measured the protective effect of NAC quantitatively using the MTT assay.
Figure 23A shows that 5 mM NAC significantly increased cell viability if applied
simultaneously with 2mM CEES. Figure 23B shows the increased cell viability of CEES
treated keratinocytes as a function of NAC concentration. Notably, neither pre-treatment
nor post-treatment of the CEES treated HaCaT cells with 10 mM NAC (cells were
incubated 5 hours prior or after the CEES application) had any protective effect (data not
shown).
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Figure 22. NAC Protects against CEES-induced Apoptosis in Human Keratinocytes.
HaCaT cells were incubated with 2 mM CEES in the absence (A, B) or presence (C, D) of 10
mM NAC for 18 h. Caspase-3 activity was monitored using Live Cell NucView 488 Caspase-3
assay kit (green, left panels) under fluorescent microscope. Excessive DAPI staining (blue, right
panels) shows apoptotic nuclei. Markers point to apoptotic nuclei with condensed chromatin.
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Figure 23. NAC Protects against CEES-induced Toxicity in Human Keratinocytes.
HaCaT cells were incubated with CEES (as indicated) in the absence or presence of 5 mM
NAC (panel A). HaCaT cells were incubated with 2 mM CEES in the presence of NAC (as
indicated) (panel B). NAC was added to the media immediately after the CEES application.
Cell viability was measured via standard MTT assay after 24 hours.
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Task 4- The effectiveness of topical application of the optimal
antioxidant liposome formulations

We performed experiments with four different types of antioxidant liposomes in order to
test their protective abilities against CEES toxicity. Figure 24 shows the effect of NAC/T-
liposomes on NHEK cell viability when incubated for 24 hours with 10 mM CEES applied

as a stock solution in
ethanol.
Interestingly,
NAC/T-liposomes
were not only
protective, but also
stimulated
proliferation of
NHEK cells both in
the presence and in
the absence of
CEES. Blank
liposomes not
containing
antioxidants did not
show any protective
effect, as was
expected.

Figure 25 illustrates

the influence of Blank
liposomes, G-liposomes,
G/T-liposomes, or T-
liposomes on NHEK cell
growth inhibition after
48 hr of incubation with
10 mM CEES/ethanol.
After 48 hours blank-
liposomes were not
protective against CEES
(67%) and decreased
cell viability to 69%
without CEES; GSH
containing liposomes
were also not protective
against CEES (71%) and
decreased cell viability
to 71% without CEES;
alpha-tocopherol
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Figure 24. Protecting effect of NAC/T-liposomes (NAC/Toc) was compared to the effect of
Blank liposomes (Blank) on NHEK cells treated with 10 mM CEES for 24 h. CEES was applied
as a stock solution in ethanol. Control: cells treated with ethanol or CEES in the absence of
liposomes. Cell viability was measured as absorbance at 580nm (standard MTT assay).
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Figure 25. Protecting effect of antioxidant liposomes in NHEK cells treated with 10 mM
CEES/ethanol for 48 hours. Control: cells treated with ethanol or CEES in the absence of
liposomes; Blank: Blank liposomes; GSH: G-liposomes; GSH/Toc: G/T-liposomes; Toc: T-
liposomes. Cell viability was measured as absorbance at 580 nm (standard MTT assay).

containing liposomes were also not protective against CEES (72%) and decreased cell
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viability to 88% without CEES; only liposomes containing both GSH and alpha-tocopherol
were protective against CEES (87%) and increased cell proliferation without CEES to

113%.

Interestingly, antioxidant liposomes not only showed protective effect against CEES-
induced cell damage in keratinocytes, but also stimulate the cell growth and proliferation.

Using CEES/DMSO
application, we tested five
different types of antioxidant
liposomes (see Table 1) for
their ability to inhibit CEES
toxicity in HaCaT keratinocytes.
The liposomal formulations
were: (1) Blank liposomes (no
water- or lipid-soluble
antioxidants); (2) glutathione
containing GSH-liposomes (75
mM GSH); (3) alpha-tocopherol
containing AT-liposomes (3.33
mM alpha-tocopherol); (4)
alpha-tocopherol and GSH
containing GSH/T-liposomes
(3.33 mM alpha-tocopherol with
75 mM GSH); (5) alpha-
tocopherol, gamma-tocopherol
and NAC containing NAC/T-
liposomes (3.1 mM alpha-
tocopherol, 3.1 mM gamma-
tocopherol with 75 mM NAC).
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Figure 26. Antioxidant Liposome Protection against CEES Toxicity. CEES
(1 mM) was applied as a stock solution in DMSO pre-mixed with media. Various
liposomes were added immediately after the CEES application. Cell viability
was measured by the MTT assay after 24 hours. None: cells treated with
DMSO or CEES in the absence of liposomes; Blank: Blank liposomes; GSH:
GSH-liposomes; GSH/T: GSH/alpha-tocopherol-liposomes; AT: alpha-
tocopherol-liposomes; NAC/T: NAC/alpha-tocopherol-liposomes.

Figure 26 shows that the NAC/T liposomes partially prevented ImM CEES-induced loss
of cell viability, as measured by an MTT assay, whereas none of the other liposomal

formulations were effective.

We later examined the protective abilities of NAC-containing liposomes against CEES
toxicity in a series of separate experiments. We treated HaCaT cells with CEES and
antioxidant liposomes simultaneously. Figure 27 shows a protective effect of various
concentrations of NAC-liposomes in comparison with blank liposomes in HaCaT cells.
Both cell proliferation ability (CAM assay) and cell death (PI assay) were monitored after
24 hour of incubation with 2 mM CEES/DMSO. NAC-liposomes (NL) showed
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Figure 27. NAC Liposomes Protect against CEES-induced Toxicity
in Human Keratinocytes. HaCaT cells were treated with 2 mM CEES;
NAC liposomes (NL) or Blank liposomes (BL) were added simultaneously
with CEES. Cell viability was monitored by CAM staining (panel A), cell
death was monitored by PI staining (panel B) after 24 hours. None: cells
treated with DMSO or CEES in the absence of liposomes; numbers show
final dilutions of the liposomes.

a protective effect in HaCaT keratinocytes treated with CEES, which was dose-dependent.
Blank liposomes (BL) made with lipids only (negative control) showed no protection, as
expected. Liposome samples were diluted in media as indicated. Dilutions of 1:10, 1:50,
and 1:250 gave 7.5 mM, 1.5 mM, and 0.3 mM final concentrations of NAC, respectively.

These data are particularly encouraging since they fully support our hypothesis that CEES
(and HD) pathophysiology is mediated, at least in part, by oxidative stress and that
antioxidant-liposomes represent an effective counter measure.

In addition, we found that mitochondria substrates, such as such as pyruvates, can be
protective against CEES/HD mediated oxidative stress and cell death. A number of studies
have shown that mitochondria substrates, attenuate mitochondria dysfunction and prevent
cell death in various types of human cells exposed to alkylating agents, such as nitrogen
mustard and N-methyl-N'-nitro-N-nitrosoguanidine (MNNG), chemical analogs of HD
used as anti-cancer drugs[39-41]. Therefore, we initiated a series of experiments aimed to
explore the possible protective effect of pyruvates (methyl pyruvate and ethyl pyruvate) on
HaCaT keratinocytes exposed to HD.

Figure 28 shows the protective effect of methyl pyruvate (Panel A) or ethyl pyruvate
(Panel B) in HaCaT cells exposed to 2 mM CEES or vehicle (DMSO). Hank’s Balanced
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Salt Solution (Sigma) supplied with 5% FBS was used instead of media in order to avoid
pyruvate presence (Keratinocyte Media from Sigma, GibCo, or Cambrex contain 0.5 mM
sodium pyruvate). The results revealed that simultaneous application of CEES and a low
level of pyruvate (0.2 — 2 mM) could reduce the toxicity of CEES both in assays measuring
cell viability (CAM assay) and the ones monitoring cell death (PI assay). These results will
be further re-evaluated in order to find an optimal pyruvate concentration and possibly
formulate antioxidant liposomes containing pyruvate for studies in the EpiDerm’ human
skin model.
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Figure 28. Alkyl Pyruvates Protect against CEES-induced Cell Death in Keratinocytes. HaCaT
cells were incubated with 2 mM CEES or vehicle (DMSO) in the absence (none) or presence of
methyl pyruvate (MetPyr; Panels A, B) or ethyl pyruvate (EtPyr; Panels C, D) (as indicated) for 24 h.
Cell viability was monitored via CAM fluorescent staining; cell death was monitored via Pl
fluorescent staining.

We next carried out a series of experiments aimed to compare protective effects of various
antioxidants in CEES-treated HaCaT cells. We compared the effects of 10mM N-
acetylcysteine (NAC), 2mM ethyl pyruvate (EtPyr) and 0.1mM a-tocopherol (AT). Hank’s
Balansed Salt Solution (Sigma) supplied with 5% FBS was used instead of media as
Keratinocyte Media from Sigma, GibCo, or Cambrex contain 0.5 mM sodium pyruvate.

Figure 29 shows that neither of the antioxidants had any protective effect on HaCaT
keratinocytes treated with 2mM CEES in Hank’s / FBS solution. However, our previous
data showed that NAC does have a protective effect in CEES-treated HaCaT cells if used
in the Keratinocyte Medium (Sigma). We have repeated the above described experiment
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using the Keratinocyte Medium (Figure 30). As expected we were able to register the
protective effect of NAC, however EtPyr and AT were still not protective. The fact that
NAC was protective only in pyruvate containing medium possibly can be explained by
combined effect of NAC and pyruvate. Notably, it has been shown earlier by other
investigators that HD treated human cell lines undergo both apoptosis and necrosis, and
NAC protects only from apoptotic cell death [45]. Thus, NAC would poorly protect
keratinocytes if majority of the cells undergo necrosis, but would be protective when
pyruvate switches the cell death pathway to apoptosis (see below). In case of lipophilic
EtPyr and tocopherols we expect more protection with the liposome encapsulation of these
agents. We will compare liposome-encapsulated antioxidants to the non-encapsulated
agents in our future experiments.
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Figure 29. Antioxidant effects in human keratinocytes (CEES/Hank’s). HaCaT cells were
incubated in a 96-well plate with various antioxidants (as indicated) in Hank’s/FBS solution
(Blanks), with 1% DMSO (vehicle), or 2 mM CEES (as indicated) for 24 hours. Cell viability was
monitored by 2uM CAM staining for 30 min using a fluorescent plate reader.
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Figure 30. Antioxidant effects in human keratinocytes (CEES/Medium). ). HaCaT cells were
incubated in a 96-well plate with various antioxidants (as indicated) in Keratinocyte Medium
(Blanks), with 1% DMSO (vehicle), or 2 mM CEES (as indicated) for 24 hours. Cell viability was
monitored by 2uM CAM staining for 30 min using a fluorescent plate reader.

We continued experiments aimed at comparing the protective effects of various
antioxidants in CEES-treated HaCaT cells. We also compared the effects of free
antioxidants to the effects of liposome-encapsulated antioxidants. Figure 31 shows the
protective effects of 5 mM water-soluble antioxidants (NAC, GSH) or 50 uM lipophilic
antioxidants (ALA, a-Toc, y-Toc) in HaCaT keratinocytes treated with 1 mM CEES. As
expected, both NAC and GSH increased cell viability as measured by the Alamar Blue
fluorescence. GSH was the most protective as it increased cell viability from 28% up to
65%. Neither of the lipophilic antioxidants was protective. This fact can be explained by
low solubility of these lipids in the tissue culture medium (lipophilic antioxidants were
diluted in fresh media from EtOH stock solutions). Next, we explored the response of
CEES-treated keratinocytes to various levels of GSH and NAC in media. Figure 32 shows
increase of the protective effect of GSH in dependence upon its concentration. Similar
experiment with NAC had been done earlier (see Progress during second year).

In the following experiments, we compared the effects of free GSH or NAC to the effects
of these antioxidants encapsulated in liposomes. Figure 33 shows the protective effect of
various levels of liposome-encapsulated GSH. Figure 34 shows the same experiments done
with liposome-encapsulated NAC. Both NAC and GSH established protection in HaCaT
cells treated with 1 mM CEES, however, GSH was more effective at lower levels. Thus, 4
mM encapsulated GSH was as effective as 10 mM encapsulated NAC, but much more
effective than 4 mM NAC. Surprisingly, 10 mM encapsulated GSH did not show any
protection. This particular result is questionable as 10 mM non-encapsulated GSH was
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protective (Figure 32). We believe that this result reflects statistical error as in many
similar experiments, especially with EpiDerm tissues, 10 mM GSH showed highest
protection (see below).

We also performed a series of experiments in order to find dose-response of the CEES-
treated keratinocytes to both free and liposomal lipophilic antioxidants (ALA, a-Toc, y-
Toc). Unfortunately, neither free (diluted in fresh media from EtOH stock solutions) nor
liposomal form of these lipid antioxidants did not establish any protective effect (data not
shown). We also explored if a lipophilic antioxidant a-tocopherol would be protective if
combined with 5 mM GSH (non-encapsulated). The experiment described in Figure 35
shows that the presence of a-tocopherol does not increase the protective effect of free GSH.
We suspect that the presence of tocopherols in the medium might quench fluorescence of
Alamar Blue product and therefore affect the result of this experiment. This experiment
also will be re-evaluated in future using the MTT assay.
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Figure 31. Protective effects of free antioxidants in human keratinocytes. HaCaT cells were
incubated in a 96-well plate with various antioxidants (as indicated) applied simultaneously with
1% DMSO (vehicle), or 1 mM CEES (as indicated) for 20 hours. Cell viability was monitored by 5%
Alamar Blue after 2 h using a fluorescent plate reader.
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Figure 32. Protective effect of free GSH in human keratinocytes. HaCaT cells were incubated
in a 96-well plate with various levels of GSH (as indicated) applied simultaneously with 1% DMSO
(vehicle), or 1 mM CEES (as indicated) for 20 hours. Cell viability was monitored by 5% Alamar
Blue after 2 h using a fluorescent plate reader.
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Figure 33. Protective effect of liposome-encapsulated GSH in human keratinocytes. HaCaT
cells were incubated in a 96-well plate with various levels of liposomal GSH (as indicated)

applied simultaneously with 1% DMSO, or 1 mM CEES (as indicated) for 20 hours. Cell viability
was monitored by 5% Alamar Blue after 2 h using a fluorescent plate reader.
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Figure 34. Protective effect of liposome-encapsulated NAC in human keratinocytes. HaCaT
cells were incubated in a 96-well plate with various levels of liposomal NAC (as indicated)

applied simultaneously with 1% DMSO, or 1 mM CEES (as indicated) for 20 hours. Cell viability
was monitored by 5% Alamar Blue after 2 h using a fluorescent plate reader.
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Figure 35. Protective effect of free GSH combined with alpha-tocopherol in human
keratinocytes. HaCaT cells were incubated in a 96-well plate with 5 mM GSH combined with
various levels of alpha-tocopherol (AT1, 1 uM; AT2, 5 uM; AT3, 10 uM; AT4, 25 uM) applied
simultaneously with 1% DMSO, or 1 mM CEES (as indicated) for 20 hours. Cell viability was
monitored by 5% Alamar Blue after 2 h using a fluorescent plate reader.

Final series of experiments in EpiDerm tissues

The ultimate aim of the Project was to develop an antioxidant liposome formulation to
effectively protect human skin against HD/CEES toxicity. As detailed above, we tested
various formulations of the liposomes containing both water-soluble (NAC, GSH) and
lipid-soluble antioxidants (tocopherols, ALA) in HaCaT keratinocytes exposed to 1 mM
CEES. The results of those studies provided data relevant to the choosing the most
protective antioxidant liposome formulations and testing these formulations in CEES-
treated human skin model. Finally, we performed a series of our experiments with the
EpiDerm’ skin model. EpiDerm" system consists of normal, human-derived epidermal
keratinocytes (NHEK) which have been cultured to form a multilayered, highly
differentiated model of the human epidermis (Figure 36). These "ready-to-use" tissues,
which are cultured on specially prepared cell culture inserts (Figure 37) using serum free
medium, attain levels of differentiation on the cutting edge of in vitro skin technology.
Structurally, the EpiDerm Skin Model closely parallels human skin, thus providing a
veryuseful in vitro means to assess toxicology.

EpiDerm is an established human epidermal model. It was successfully used to study CEES
toxicity in vitro [32, 46]. At fist, we exposed EpiDerm tissues to various levels of CEES
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(0.2 — 5 mM) to obtain dose-response. EpiDerm tissues were recovered from a
transportation stress overnight in a clear 24-well plate in the supplied medium according to
manufacturer’s protocol. Fresh CEES stock solutions in DMSO were quickly mixed with
the medium and applied topically (inside each insert) 250 pL per insert. As a control, we
used vehicle - 1% DMSO (final conc.). Tissues were incubated at 37° C in the incubator for
18 hours. Cell viability was monitored via the MTS assay. MTS is a tetrazolium compound
[3-(4,5-dimethyl-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium,
inner salt], which is converted in a soluble formazan product by living cells. MTS assay
allow us not only to measure cell viability by monitoring its product in the media, but also
to save tissues for future proteomics analyses and microscopic examinations. Figures 38
and Figure 39 show the dose response of EpiDerm tissues to topical exposure of CEES.
MTS product was monitored both topically (on the top of the tissue - Figure 38) and
apically (in the bottom media - Figure 39). High CEES levels (2.5 mM and higher) showed
stable toxic effect in the EpiDerm tissues.

In the next experiment, we confirmed the protective effect of NAC and GSH containing
antioxidant liposomes as those liposomal formulations were the most effective in HaCaT
cells treated with CEES. Figure 40 shows the protective effect of the antioxidant
liposomes in EpiDerm tissues topically exposed to 2.5 mM CEES. Liposomes (contain 200
mM NAC or GSH encapsulated) were applied simultaneously with CEES and diluted in
the medium (1:20). GSH containing liposomes were the most protective. Viability of the
tissues treated with 2.5 mM CEES in the presence of GSH-liposomes was statistically not
different from the control (tissues treated with vehicle alone). Notably, blank liposomes
(consist of phospholipids and encapsulated PBS buffer) were not toxic, but not protective.
We also monitored cellular ATP content of the keratinocytes within the tissues as ATP
depletion is an important factor of cell death [40]. Figure 41 shows that 2.5 mM CEES
induced severe ATP depletion in the keratinocytes, whereas GSH-liposomes effectively
restored cellular ATP almost up to the level of control (vehicle alone).

In the following experiment we compared the effects of GSH-liposomes in pre- and post-
treatment settings. Figure 42 shows the protective effect of GSH-liposomes in comparison
with free (non-encapsulated) GSH. We also compared simultaneous application to 1 hour
post-treatment. As expected, GSH-liposomes were highly protective in all the experimental
settings. If applied simultaneously with CEES, GSH-liposomes fully restore viability of
keratinocytes in the tissues; they were statistically more effective than free GSH. Notably,
GSH or NAC (see above) show protective effect in CEES-treated keratinocytes only if
sodium pyruvate (NaPyr) is present in the culture medium. The medium supplied by
MatTek Company for EpiDerm tissues does contain 1 mM sodium pyruvate. Therefore, it
is very likely that the protection that was documented in our experiments is due to the
combined effect of GSH and NaPyr.
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Figure 36. EpiDerm tissues from MatTek Company. Multilayer of normal human keratinocytes
is grown on an air-liquid interface onto a membrane attached to the bottom of an insert. Empty
inserts are shown separately. Although 6-well plate is shown, 24-well plates were used in our
experiments.

Figure 37. EpiDerm tissue EPI-200 under microscope. Typical microscopic image of an
EpiDerm tissue section is shown (magnification x400). Proliferating keratinocytes are at the
bottom, differentiated cells are on the top.
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Figure 38. CEES toxicity in the EpiDerm tissues (monitored topically). EpiDerm tissues
were exposed topically to CEES (as indicated) for 18 hours. Cell viability was monitored by the
MTS assay in the topical liquids.
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Figure 39. CEES toxicity in the EpiDerm tissues (monitored apically). EpiDerm tissues were
exposed topically to CEES (as indicated) for 18 hours. Cell viability was monitored by the MTS
assay in the bottom media.
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Figure 40. Protective effect of Antioxidant Liposomes in EpiDerm tissues. EpiDerm tissues
were exposed topically to 2.5 mM CEES or vehicle (1% DMSO) in the absence or presence of
Blank Liposomes (BL), NAC-Liposomes (NL), GSH-Liposomes (GL) [as indicated] for 18 hours.
Cell viability was monitored by the MTS assay in the bottom media.
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Figure 41. Antioxidant Liposomes restore cellular ATP in EpiDerm tissues. EpiDerm tissues
were exposed topically to 2.5 mM CEES or vehicle (1% DMSO) in the absence or presence of
Blank Liposomes (BL), NAC-Liposomes (NL), GSH-Liposomes (GL) [as indicated] for 18 hours.
Cellular ATP was assayed in cell lysates by the ATP kit (Sigma).
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Figure 42. Protective effect of free GSH and GSH-Liposomes in EpiDerm: tissues were
exposed topically to vehicle (1% DMSO) and 10 mM free GSH (V+GSH) or 2.5 mM CEES in
the absence or presence of free GSH or GSH-Liposomes (GL) [sim, simultaneous application;
post, 1 hour post-treatment]. Cell viability was monitored after 18 hours by the MTS assay.

We also explored if GSH-liposomes (or free GSH) influence apoptosis in keratinocytes
within the EpiDerm tissues exposed to 2.5 mM CEES. We found that although GSH does
protect the cells (increase viability and prevent ATP depletion) it does not reduce apoptosis
as measured in the caspase-3 assay (data not shown). This finding allow us to speculate
that keratinocytes exposed to relatively high levels of CEES or HD undergo necrosis to a
much higher extent than apoptosis, which prevails at lower doses of the toxicants. This is in
accordance with the recent findings that higher HD levels (more than 1 mM) induce ATP
depletion and necrosis in HaCaT keratinocytes [47].

In order to further confirm the protective effect of GSH-liposomes we performed
microscopic examinations of the EpiDerm tissues exposed to CEES. EpiDerm tissues were
exposed to 2.5 mM CEES in the presence or absence of GSH-liposomes or Blank-
liposomes; as a control tissues were exposed to vehicle (1% DMSO). After the MTS assay
at the end of overnight incubation the tissues were quickly frozen and sectioned at -20°C
using a Cryostat device. 25 um thick sections were observed and photographed under a
phase-contrast microscope (x400 magnification). Figure 43 shows the effect of GSH-
liposomes on CEES-treated keratinocytes within the tissues. CEES exposure drastically
reduces number of viable cells (blue colored cells acquired M TS stain), induces vesication
(colorless voids) and fragmentation of extracellular matrix (not shown). Unlike Blank-

45



liposomes, GSH-liposomes (applied simultaneously with CEES) effectively restore number
of viable cells, although their effect on vesication and fragmentation of extracellular matrix
was negligible. Thus, the protective effect of GSH-liposomes was confirmed at the
microscopic level.
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Figure 43. Protective effect of GSH-Liposomes in EpiDerm tissues: EpiDerm tissues were
topically exposed to vehicle (1% DMSO) or 2.5 mM CEES in the absence or presence of GSH-
Liposomes (GL). After the MTS assay EpiDerm tissues were frozen, dissected, and photographed
under a light microscope with 400x magnification.

In addition, we performed proteomics studies aimed at identifying specific redox-sensitive
proteins, expression of which might be affected by CEES/HD exposure, but restored by the
GSH-liposomes. Relative expression of the proteins was accessed with 2D gel
electrophoresis (2D-GE) technique. First, we compared protein mixtures obtained from cell
lysates of EpiDerm tissues exposed to 2.5 mM CEES or vehicle (1% DMSO). In order to
find statistically significant differences we ran three 2D gels per each sample. Proteins
expressed differently in “CEES” and “Vehicle” tissue samples were found (see Figure 44).
Next, we compared the same tissues exposed to CEES in the presence or absence of GSH-
liposomes. We successfully selected proteins whose expression was by altered by CEES
exposure but restored by the GSH-liposomes (see Figure 44 and Table 3). In future studies
we will identify these proteins utilizing LS/MS/MS analysis of in-gel digested target spots.
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Figure 44. Proteomics Study of CEES toxicity and the effect of GSH-Liposomes in EpiDerm:
tissues were exposed to vehicle or 2.5 mM CEES in the absence or presence of GSH-liposomes for
18 h. Cell lysates were separated by 2D gel electrophoresis, silver-stained and photographed (three
gels per sample). Average differences in protein expression were quantified with Dymension-2
Software. The proteins differentially expressed after CEES exposure are marked with red circles.
The proteins, which expression was partially reversed by GSH-liposomes are marked with green
circles.

Table 1: Proteins expressed differentially in EpiDerm tissues.
Quantitative differences in protein expression are expressed as average 2D
gel protein spot volume ratios normalized to “Vehicle” samples. (Positive
values mean that the proteins are up-regulated, negative values mean that
the proteins are down-regulated).

Spot MW (kDa) Volume Ratio
Vehicle CEES CEES + GL
1 50.6 1 -3.935 -1.322
2 34.1 1 -2.827 -1.049
3 28.3 1 -1.739 1.174
4 19.5 1 -2.92 -1.224
5 13.4 1 -3.186 -1.403
6 12.2 1 -2.02 1.068
7 11.7 1 1.657 -1.028
8 11.3 1 -1.591 -1.198
9 10.8 1 -2.095 -1.465
10 10.2 1 1.731 -1.219
11 9.3 1 1.761 -1.323
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KEY RESEARCH ACCOMPLISHMENTS:

e Various aspects of CEES toxicity in human keratinocytes (inhibition of cell growth,
oxidative stress parameters, influence of various immuno-stimulators) have been
studied

e CEES application techniques to the cells have been optimized in order to provide a
means of dealing with the rapid hydrolysis of CEES as an experimental variable

e Enhancement of CEES induced toxicity in HaCaT cells in the presence of TNF-a.
was documented

e We have confirmed that CEES induces apoptosis in human keratinocytes as
measured by the caspase 3 assay; apoptotic changes were shown in living cells

e Oxidative stress related changes were studied in HaCaT cells using a fluorescent
staining technique

¢ Enhancement of CEES induced toxicity in HaCaT cells was observed using an
oxidative stress inducer TBHP

e The protective effect of NAC was studied in HaCaT cells. Effective concentrations
of NAC have been shown to reduce CEES induced apoptosis and increase cell
survival

e Major types of antioxidant liposomes have been tested in prevention of CEES-
induced cell damage in human keratinocytes; protective effects have been
documented

e GSH and NAC-containing liposomes have been found to be most effective in
preventing CEES induced loss of keratinocyte viability and CEES induced cell
death of keratinocytes

e Ethyl pyruvate and methyl pyruvate have been shown to protect HaCaT
keratinocytes partially against CEES induced toxicity in dose-dependent manner

e Final series of experiments has been performed in human epidermal model
(EpiDerm tissues); the protective effect of GSH-containing liposomes has been
documented

e High levels of CEES ( > 2 mM) significantly reduced the viability of human

keratinocytes in EpiDerm tissues as measured by MTS assay and conformed by the
tissue cryo-sectioning and microscopic examination

48



e GSH-containing liposomes in the presence of sodium pyruvate are effective in
blocking CEES toxicity, but not in preventing apoptosis in EpiDerm tissues

e GSH-containing liposomes are effective in prevention of cellular ATP depletion in
EpiDerm tissues

¢ Differentially expressed proteins in EpiDerm tissues exposed to CEES in the
presence or absence GSH-Liposomes were characterized using 2D GE technique

¢ GSH-Liposomes in combination with pyruvates present a promising therapeutic
strategy for the treatment of mustard toxicity in human skin

REPORTABLE OUTCOMES:
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CONCLUSIONS:

Our experiments demonstrated CEES-induced oxidative stress and caspase-dependent
apoptosis in human keratinocytes. Apoptotic changes were shown via fluorescent imaging
in living cells at CEES levels less then 2 mM. We documented CEES-induced generation
of ROS in human keratinocytes exposed to high levels of CEES only (Fig.15), in addition,
we observed a dose-dependent enhancement of CEES toxicity by TBHP-induced oxidative
stress. We also found that the pro-inflammatory cytokine, TNF-q, is able to enhance
CEES-induced cytotoxicity in a dose-dependent manner. The latter results are in agreement
with our previous observations obtained with murine macrophages simultaneously exposed
to CEES and various immuno-stimulators [5]. In summary, these findings are in agreement
with the concept that higher CEES/HD levels induce ATP depletion, oxidative stress, and
necrosis in human keratinocytes, whereas lower levels induce apoptosis [47]. Our results
suggest that the combination of antioxidants (GSH and pyruvates) not only increase cell
viability, but also shift the cell death pathway from inflammation-inducing necrosis to less
pathological form of apoptosis. However, this hypothesis needs more experimental
evidence.

We studied the protective effect of free (non-encapsulated) and liposome-encapsulated
antioxidants (NAC, GSH, tocopherols, ALA) in human keratinocytes. Effective
concentrations of GSH and NAC have been shown to reduce CEES-induced apoptosis and
increase cell survival in a dose-dependent manner. GSH-liposomes in the presence of
sodium pyruvate were found to be the most protective.

We confirmed the protective effect of antioxidant liposomes against CEES-induced skin
cell damage in human epidermal model (EpiDerm tissues exposed to 2.5 mM CESS). GSH-
containing liposomes showed significant protective effect, and NAC-containing liposomes
have been found to be partially protective in preventing CEES-induced loss of keratinocyte
viability as measured by MTS assay and conformed by the tissue cryo-sectioning and
microscopic examination. Interestingly, we found that GSH-containing liposomes in the
presence of sodium pyruvate are effective in blocking CEES toxicity, but not in preventing
apoptosis in EpiDerm tissues; GSH-containing liposomes are effective in prevention of
cellular ATP depletion in EpiDerm tissues. These findings suggest that keratinocytes
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exposed to higher CEES/HD levels mostly undergo necrosis with elevation of
inflammation and oxidative stress; and GSH/pyruvate combination, especially if delivered
by liposomes, is highly effective in reduction of such negative processes inside the cells.

We also initiated proteomics studies in CEES-exposed/GSH-liposome treated EpiDerm
tissues. Differentially expressed proteins in EpiDerm tissues exposed to CEES in the
presence or absence GSH-Liposomes were characterized using 2D GE technique. These
proteins will be identified utilizing LS/MS/MS analysis of in-gel digested target spots. We
would like continue these studies in the future as they would help to explore the molecular
mechanisms of CEES/HD toxicity as well as the mechanisms of the antioxidant protective
effect.

We believe that antioxidants, especially encapsulated in liposomes and applied topically,
would be a highly effective therapeutic strategy against CEES-induced skin damage in
humans. Further in vivo studies in an animal model will be needed in order to fully develop
an effective treatment against HD toxicity.
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Objective: Sulfur mustard (bis-2-(chloroethyl) sulfide) is a chemical warfare agent (mil-
itary code: HD) causing extensive skin injury. The mechanisms underlying HD-induced
skin damage are not fully elucidated. This review will critically evaluate the evidence
showing that oxidative stress is an important factor in HD skin toxicity. Oxidative stress
results when the production of reactive oxygen (ROS) and/or reactive nitrogen oxide
species (RNOS) exceeds the capacity of antioxidant defense mechanisms. Methods:
This review will discuss the role of oxidative stress in the pathophysiology of HD skin
toxicity in both in vivo and in vitro model systems with emphasis on the limitations of
the various model systems. Evidence supporting the therapeutic potential of antioxidants
and antioxidant liposomes will be evaluated. Antioxidant liposomes are effective vehi-
cles for delivering both lipophilic (incorporated into the lipid bilayers) and water-soluble
(encapsulated in the aqueous inner-spaces) antioxidants to skin. The molecular mech-
anisms interconnecting oxidative stress to HD skin toxicity are also detailed. Results:
DNA repair and inflammation, in association with oxidative stress, induce intracellular
events leading to apoptosis or to a programmable form of necrosis. The free radical,
nitric oxide (NO), is of considerable interest with respect to the mechanisms of HD tox-
icity. NO signaling pathways are important in modulating inflammation, cell death, and
wound healing in skin cells. Conclusions: Potential future directions are summarized
with emphasis on a systems biology approach to studying sulfur mustard toxicity to skin
as well as the newly emerging area of redox proteomics.

SULFUR MUSTARD: A CENTURY OF THREAT

Sulfur mustard (SM) or mustard gas (bis-2-(chloroethyl) sulfide, military code: HD) is
a chemical warfare agent classified as a weapon of mass destruction. Mustard gas was
one of the first chemical weapons deployed against troops on a battlefield during World
War I, almost hundred years ago. Since then, the military use of mustard gas has been
documented in a number of situations. In 1988, HD was used with devastating results
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Figure 1. Distribution and accumulation of HD via circulation after dermal/inhalation exposure.

by Saddam Hussein’s military forces against civilian targets in Halabja and later during
the Iran-Iraq war. Mustard gas produces casualties in the battlefield and forces opposing
troops to wear full protective equipment thus slowing the tempo of military operations. It
is highly probable that mustard gas could be used by terrorists since it is a simple chemical
compound readily synthesized without elaborate technology. Moreover, as a “persistent
agent” (US Army classification) aerosolized mustard gas presents a threat for up to 1 week
under dry and warm weather conditions because it remains in the environment until fully
hydrolyzed. Along with nerve agents, mustard gas presents a major threat as a potential and
effective chemical weapon. The possibility of low technology production, easy stockpiling,
and difficulty in verifying its storage makes mustard gas a continuing worldwide threat.
Presently, there is no antidote or effective treatment for mustard gas intoxication.

PATHOPHYSIOLOGY OF SULFUR MUSTARD ON SKIN

Clinical and physiological characteristics

Mustard gas is lethal in high doses and causes severe damage to the interface organs, that
is, skin, lungs, respiratory tract, and eyes. The most prominent toxic effects of HD are on
skin where it produces severe damage including extremely slow healing lesions and blisters
which can ulcerate, vesicate, and promote secondary infections. Because of its hydrophobic
nature, mustard gas easily penetrates and accumulates in the lipid component of exposed
tissues. Upon contact with the skin, about 80% of HD evaporates and only about 20% is
absorbed by the skin. Skin not only accumulates but also distributes HD to other tissues.
Only about 10%—12% of the initially absorbed HD is retained in the skin, whereas up to
90% of HD enters circulation as indicated in Figure 1! Extractable skin reservoirs of HD
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can be found in the dermis and epidermis even 24 to 48 hours postexposure.? In the case
of a lethal poisoning, HD concentration in skin blisters remains very high even 7 days after
exposure.® Consequently, even after the initial exposure skin reservoirs continue to distribute
HD via circulation to the body tissues thereby increasing damage to several organs. Figure 1
schematically shows the distribution pathway of HD toxicity throughout the human body.
We would like to point that, although skin is the initial accumulator of HD, its toxic effect
is also prominent in distal organs. Therefore, the effect of HD after dermal exposure is not
limited only to skin tissues

While the epidermis contains no blood vessels, both the dermis and the subcutaneous
regions are rich in blood vessels. Adipose cells in the subcutaneous skin layer are likely to
be a depository for HD due to their high lipid content (as indicated in Figure 1). Moreover,
HD solublized in adipose cells would be out of contact with water and thereby resistant to
hydrolysis. After acute skin exposure, HD would be systemically delivered to various tissues
in the body via lipid rich blood cell membranes and plasma lipoproteins and accumulate in
lipid rich tissues (adipose tissues, brain, and skin). Chemical analyses following acute HD
exposure show a high accumulation in thigh fat, brain, abdominal skin, kidney, and muscle
tissues, in decreasing order.® In addition, HD can be found in the spleen, liver, and bone
marrow.* The organs acquiring the most damage after dermal and/or respiratory exposure
are indicated in Figure 1.

Skin damage caused by aerosolized HD appears after a latent period of up to 24 hours.
First symptoms, such as itching, burning, and erythema, are followed by hyperpigmenta-
tion, tissue necrosis, and blister formation in warm moist areas of the body. When a large
skin area is exposed to HD, medical conditions can be complicated by fluid imbalance,
general inflammation, systemic intoxication, and secondary infection. At high doses, HD
can also produce systemic effects with gastrointestinal symptoms (nausea and vomiting),
respiratory distress due to the bronchospasm, temporary blindness as well as corneal dam-
age. In most lethal cases, massive skin burns and wounds, as well as lung damage, are the
primary causes of death. Since it damages DNA, mustard gas promotes mutagenesis and
carcinogenesis.!'>”7 Acute and severe exposures to HD have been shown to produce skin
cancers.?

A few limited cases of HD exposure in humans provide some evidence for oxidative
stress. HD metabolites derived from hydrolysis (thiodiglycol, thiodiglycol sulphoxide), as
well as HD metabolites from glutathione (GSH) conjugates by the beta-lyase pathway, can
be found in human urine after HD exposure.!*!! Both thiodiglycol sulphoxide and beta-
lyase metabolites can be detected indicating GSH conjugation. Thiodiglycol has also been
detected in urine samples from individuals not exposed to HD and is therefore not useful
as a definitive marker for HD exposure.!! In contrast, HD metabolites from the glutathione
(GSH)/beta-lyase pathway are specific for HD exposure.'®!! These observations suggest
that GSH depletion occurs in humans, and that GSH-HD/beta-lyase pathway metabolites
provide a specific and useful biomarker for diagnosing HD exposure. GSH is a key in-
tracellular antioxidant and its depletion by HD would be expected to increase oxidative
stress.

The effects of HD in humans are very complicated and not fully elucidated. Figure 2
summarizes some of the key potential molecular mechanisms for HD toxicity in skin cells (as
discussed in more detail below). Macromolecular damage and thiol depletion are primary
and presumably the most dangerous intracellular events following HD exposure to skin
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Figure 2. Schematic representation of the hypothesized molecular mechanisms of HD toxicity in
skin cells.

cells. Macromolecular damage includes DNA damage as well as covalent modification
of proteins and inactivation of enzymes. HD can affect cellular proteins both directly or
indirectly by influencing expression and thereby altering the function of various enzymes,
causing fragmentation of the extracellular matrix and cell detachment. GSH and total cellular
thiol depletion is considered to be the major source of the oxidative stress. These primary
damaging events modulate gene expression and induce inflammation and oxidative stress,
which finally leads to apoptosis and/or necrosis (see Fig 2).

GENERAL COUNTERMEASURES

Presently, elimination of contact, decontamination, and supportive therapies are the only
primary treatments for the vesicant exposure. Respirators and protective masks are effective
in preventing inhalation, and special protective clothing can be used to eliminate skin
exposure. Various decontaminating agents can eliminate or effectively reduce the toxic
effect of HD if used immediately after the exposure. Ambergard XE-555 Resin reactive
powder, hypochlorite neutralizing solutions, reactive skin lotions, and absorbent powders
can be used to remove HD from human skin. Substantial HD reservoirs can be found in
human skin even 24 hours after exposure.!? These reservoirs can account for up to 35% of
the total dose, and it is important, therefore, to develop decontaminating techniques capable
ofthe removing such reservoirs thereby reducing further skin and systemic damage. Graham
et al'® have provided an excellent review of the strategies and current therapies for treating
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cutaneous HD toxicity and promoting wound healing. An optimal therapeutic approach is,
however, still lacking.

In this review, we will focus on the potential role of antioxidant therapy; we will review
the data from in vivo and in vitro models, suggesting that oxidative stress is an important
molecular mechanism underlying HD toxicity and that antioxidants can be therapeutically
useful. The strengths and limitations of the in vivo and in vitro models will be detailed.

MUSTARD GAS/ANALOG-INDUCED OXIDATIVE STRESS IN ANIMAL
MODELS AND THE EFFECTS OF ANTIOXIDANTS

Detailed information about HD toxicity to human skin, especially at the molecular level,
is very limited. Animal models are, therefore, the major source of information about the
pharmacokinetics and the molecular mechanisms of HD skin toxicity. Unfortunately, there
is no animal model that exactly mimics the development of HD injury in human skin.
Young swine and miniature swine skin are, however, considered to be the best models
since they have a similar skin structure (epidermis, dermis, and subcutaneous tissue) and
barrier function. Furred animals are poor models probably because their skin is not as well
keratinized as human skin, thereby permitting more rapid penetration of drugs or toxins.

Despite limitations, the mouse ear model, the rabbit, the hairless guinea pig, the nude
mouse, and the weanling swine have all been useful for studying the (1) pathophysiology,
(2) molecular mechanism of action, and (3) efficacy of countermeasures for HD injury.
Studies on the Yucatan mini-pig have demonstrated that laminin in the dermo-epithelial
junction is a target for partial protease degradation following HD exposure. The protease
cleavage of laminin networks may account for the blistering effect of HD.!* The logistics
of dealing with even miniature swine has, however, limited their use in HD studies.

In 2002, Naghii'> reviewed much of the existing literature connecting HD toxicity and
oxidative stress and suggested that further studies in animal models were well justified.
Direct evidence for free radical formation in rat lung lavage following inhalation of HD
vapor has been obtained by using electron paramagnetic resonance (EPR) and spin trapping
techniques.'® These studies show a rapid formation of ascorbyl radicals followed by the
formation of carbon-centered radicals.'®

Elsayed et al'”!® have demonstrated that subcutaneous injections of either a butyl
2-chloroethyl sulfide (a monofunctional mustard analog) or 2-chloroethyl 4-chlorobutyl
sulfide (a bifunctional mustard gas analog) in animal models caused an elevation in lung
tissue lipid peroxidation as assayed by the thiobarbituric acid (TBA) assay. The TBA assay
is, however, not very specific: rather then directly measuring levels of lipid hydroperoxide,
this assay is generally considered a measure of total “thiobarbituric acid reactive sub-
stances” (TBARS). Total (GSH+GSSG) and oxidized (GSSG) glutathione contents in lung
tissue were found to increase 1 hour and 24 hours after subcutaneous injection of butyl
2-chloroethyl sulfide.'® Subcutaneous injection of 2-chloroethyl 4-chlorobutyl sulfide was
associated with increased GSSG and decreased GSH at 1 hour postexposure. The increased
formation of GSSG and TBARS in lung tissues following subcutaneous injection of mustard
analogs is consistent with oxidative stress and suggests that dermal exposure can impact
distal organs. This notion is supported by the work of Vijayaraghavan et al,!” who found
that dermally applied HD induces hepatic lipid peroxidation and GSH depletion in mice. In
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this study, the generation of malondialdehyde (MDA) was used as an indirect measure of
lipid peroxidation Vitamin E or flavonoids, while not influencing hepatic GSH depletion,
did reduce MDA levels, suggesting a therapeutic potential.!®

The effects of topically applied HD on key antioxidant enzymes has been measured
but with conflicting results. For example, Husain et al** found that HD decreased the
levels of glutathione peroxidase in white blood cells, spleen, and liver compared to control.
Elsayed et al,'® however, found an increased level of glutathione peroxidase compared to
controls. Elsayed!” interpreted the increased level of glutathione peroxidase (and other
antioxidant enzymes) as an upregulation in response to oxidative stress, whereas Husain
et al?® interpreted the decreased levels of glutathione peroxidase as a potential cause of
oxidative stress. Careful in vitro work with purified enzymes may help clarify these issues.

Despite the importance of skin itself as a primary target for HD toxicity, this organ
has not been extensively studied with respect to oxidative stress. Yourick et al,>! using the
hairless guinea pig model, analyzed the skin NAD+ and NADP+ content as a function of
time after HD exposure. Skin NAD+ content was found to decrease to a minimum after 16
hours (20% of control) whereas NADP+ levels increased (260%) between 1 and 2 hours and
returned to control levels at 4 hours. This marked increase in NADP+ levels was thought to
be an early marker of oxidative stress and a contributory factor for HD toxicity.?! Increased
NADP+ levels are a result of increased NADPH consumption: NADPH is a major source of
reducing equivalents for key antioxidant enzymes such as glutathione reductase/peroxidase
and thioredoxine reductase/peroxidase and lack of NADPH would be a source of oxidative
stress.

The data present above support the view that diminished antioxidant protective mech-
anisms are a consequence of HD exposure. It is less clear, however, whether or not the
resulting oxidative stress is a direct contributing factor to mustard toxicity or a secondary
effect due to inflammation. In any event, the ability of exogenous antioxidants (as dis-
cussed below) to decrease HD toxicity supports the hypothesis that decreasing oxidative
stress and/or inflammation is a viable therapeutic strategy.

Antioxidant protection in animal models

As early as 1985, work by Vojvodic et al?> demonstrated that vitamin E was very effective

in extending the survival time of rats acutely poisoned by HD. Vitamin E is, however, a
generic term referring to at least 4 different tocopherols (alpha-, beta-, gamma-, and delta-)
and 4 tocotrienols (alpha-, beta-, gamma-, and delta-). The particular form of vitamin E
used in the Vojvodic et al experiments was not specified.?? Vitamin E is generally con-
sidered to be the primary lipid soluble antioxidant but it is now recognized that vitamin E
has important “nonantioxidant” roles in modulating various signal transduction and gene
regulation pathways.?32> Moreover, the different chemical forms of vitamin E are now
known to have distinct chemical and biological properties.?®?” It is important, therefore,
to specify the particular chemical and stereochemical form of vitamin E used in a given
experiment,

Superoxide dismutase (SOD, EC 1.15.1.1) is a key antioxidant enzyme that catalyzes
the dismutation of superoxide radicals into oxygen and hydrogen peroxide. Eldad et al?® stud-
ied the therapeutic role of both Cu-Zn-SOD (cytosolic form) and Mn-SOD (mitochondrial
form) in HD skin damage, using the Hartley guinea pig model. Pretreatment of the animals
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by intraperitoneal injection with either form of SOD resulted in a dramatically reduced skin
lesion area induced by HD.?® Treatment with SOD was, however, not effective when given
1 hour after HD poisoning.?® These data strongly suggest that superoxide radicals play a key
role in HD-induced skin toxicity. Superoxide radicals alone are not a particularly damaging
form of free radicals but they rapidly react with nitric oxide radicals to form peroxynitrite,
which is a potent oxidant capable of causing tissue damage.?*3!

HD and its analogs are alkylating agents that chemically react with and deplete bi-
ological thiols such as GSH, which is a key intracellular antioxidant. By promoting ROS
generation and lipid peroxidation (as discussed above), HD will also promote the consump-
tion of GSH and a reduced level of NADPH (see above) will inhibit the regeneration of
GSH from GSSG. It is reasonable, therefore, that exogenous GSH or N-acetyl-L-cysteine
(NAC) would help minimize oxidative stress induced by HD or its analogs. Kumar et al*?
tested the potential protective effect of GSH given to Swiss albino female mice follow-
ing acute exposure to HD by either inhalation or percutaneous routes. GSH was admin-
istered by intraperitoneal injection and the dose was 400 mg/kg of body weight, which
translates into about a 20 mM concentration in blood. Survival time following inhalation
exposure to HD was increased by GSH administration as well as 2 other antioxidants: trolox
(6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid), which is a water-soluble
derivative of alpha-tocopherol, and quercetin, which a flavonoid.*? Inhalation exposure
to HD depleted hepatic GSH levels, and increased hepatic and lung lipid peroxidation (as
indirectly measured by MDA levels), and exogenous GSH was able to reduce lung and
hepatic lipid peroxidation as well as prevent GSH depletion in these tissues.*? None of the 3
antioxidants tested were able to significantly increase survival time following percutaneous
exposure to HD but exogenous GSH was effective in preventing GSH depletion in blood and
liver. Surprisingly, lung levels of GSH were not altered by percutaneous HD exposure.*? The
data present in work by Kumar et al*? show that the potential effectiveness of antioxidant
therapy is dependent on the route of HD exposure.

The role of GSH and NAC (and other antioxidants) in attenuating acute lung injury by
2-chloroethyl ethyl sulfide (CEES) has recently been studied in a rat model in which lung
damage was quantitatively measured by the extravasation of.!?>-I-bovine serum albumin into
the extravascular compartment.®*** CEES is a monofunctional analog of HD that has proven
very useful in mimicking HD exposure. When the experimental animals were depleted of
either complement or neutrophils prior to CEES exposure (by intrapulmonary injection)
lung damage was significantly decreased.>* Neutrophil depletion was accomplished by
IP injection of rabbit anti-serum to rat polymorphonuclear neutrophils and complement
depletion by IP injections cobra venom factor.’* Antioxidants such as catalase, dimethyl
sulfoxide, dimethyl urea, resveratrol, and NAC all provided significant protection in this
animal model.>* NAC (an acetylated form of L-cysteine) can directly function as free radical
scavenger and its metabolites are capable of stimulating GSH synthesis.>> NAC was found
to be the most effective antioxidant among those tested®>:3* and was effective even when
given up to 90 minutes after lung exposure to CEES.

In the work of McClintock et al,>* NAC was superior to GSH. In vitro by Gross
et al* found that pretreatment of human peripheral blood lymphocytes (PBL) with 10 mM
NAC elevated GSH level to 122% of untreated control but caused only a partial protec-
tive effect on HD-induced cytotoxicity. These researches also noted work by Meister and
Anderson, suggesting’’ that exogenously added GSH does not appear to enter the cell very

[AQ1]
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effectively. This may help explain why NAC is superior to GSH in the work by McClintock
etal.’?

Bhat et al*® have studied the potential therapeutic use of lipoic acid to decrease ox-
idative stress and mustard gas toxicity in a rat model. Lipoic acid is a disulphide derivative
of octanoic acid, and it is known to be a crucial prosthetic group for various cellular en-
zymatic complexes. Lipoic acid has been identified as a potent antioxidant and a potential
therapeutic agent for the prevention or treatment of pathological conditions mediated via
oxidative stress, as in the case of ischemia-reperfusion injury, diabetes, radiation injury, and
oxidative damage of the central nervous system.>** Lipoic acid is taken up and reduced
by cells to dihydrolipoate, a more powerful antioxidant than the parent compound, which
is also exported to the extracellular medium; hence, protection is affected in both extra-
cellular and intracellular environments. Both lipoic acid and dihydrolipoate, in addition to
their direct antioxidant properties, have been shown to regenerate, through redox cycling,
other antioxidants such as vitamin C and vitamin E, and to raise intracellular glutathione
levels.*+*> Bhat et al’® found that lipoic acid pretreatment decreased the levels of lipid
peroxidation (measured as MDA) in lung, skin, and eyes in HD treated rats but was not
effective posttreatment.

Antioxidant liposomes as a potential countermeasure

Antioxidant liposomes may represent an optimal means of treating HD-induced skin le-
sions. The authors’ laboratory is currently testing this hypothesis. The term “antioxidant
liposome” is relatively new and refers to liposomes containing lipid soluble chemical an-
tioxidants, water-soluble chemical antioxidants, enzymatic antioxidants, or combinations
of these various antioxidants. Antioxidant liposomes hold great promise in the treatment
of many diseases and conditions in which oxidative stress plays a prominent role.*4’
The relative ease of incorporating hydrophilic and lipophilic therapeutic agents into li-
posomes; the possibility of directly delivering liposomes to an accessible body site; and
the relative nonimmunogenicity and low toxicity of liposomes have rendered this sys-
tem highly attractive for drug delivery. Moreover, several studies have clearly indicated
that the liposomal antioxidant formulations, compared to that of the free nonencapsulated
antioxidants, exert a far superior protective effect against oxidative stress-induced tissue
injuries.*®

Experimental studies have shown that liposomes and their constituents effectively
penetrate skin.*>3° Topical application of antioxidant-liposomes is likely, therefore, to be
particularly effective in enhancing the antioxidant status of skin. Work by Kirjavainen
et al* suggests that liposomes containing dioleylphosphatidyl ethanolamine (DOPE) are
better able to penetrate into the stratum corneum than liposomes without DOPE. Sim-
ilarly, ultradeformable liposomes, lipid vesicles with special membrane flexibility due
to incorporation of an edge activator such as sodium cholate, have been shown to be
superior in comparison to ordinary phosphatidylcholine liposomes (see http://www.skin-
forum.org.uk/abstracts/ebtassam-essa.php).

At present there are no data on the potential use of antioxidant liposomes in treating
HD-induced skin lesions but McClintock et al**> have found that liposomes containing
pegylated (PEG) catalase, PEG-SOD, or the combination were very effective in reducing
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CEES-induced lung injury in a rat model. Similarly, liposomes containing NAC, GSH, or
resveratrol also were effective according to this study.

In vitro studies using human skin models
Keratinocyte cell lines

In vivo models are essential for testing countermeasures to HD or its analogs, however,
in vitro models are also critical for rapid screening of potential therapeutic agents and for
detailed studies at the molecular level. Skin is the largest organ of the human body with
a complicated multilayer multicell type structure. As mentioned above, there is no model
system perfectly mimicking human skin. Normal or immortalized human keratinocytes
cultured on plastic as a monolayer represent the simplest and least inexpensive model
and are suitable for an initial approach for HD toxicity studies. Normal human epidermal
keratinocytes (NHEK) isolated from adult or infant fetal skin tissue are available commer-
cially. These cells are easy to handle, can be frozen for long-term storage but require special
medium containing a mixture of growth factors.’! Even then, NHEK cells spontaneously
transform after 3—5 passages as they continuously undergo terminal differentiation.

Nevertheless, NHEK remains the only commercially available normal cell line pos-
sessing all of the structural and functional features of normal skin keratinocytes and is
being used by many investigators to study mustard gas toxicity.’> However, the requirement
of special growth medium and a short lifespan make this model more expensive than im-
mortalized human keratinocytes such as human pappiloma virus (HPV)-immortalized cell
lines or spontaneously immortalized HaCaT cells. There are also a number of commercially
available human keratinocyte cell lines immortalized via transfection with DNA coding E6
and/or E7 viral oncoproteins. All of these cell lines still require special medium with growth
factors and, like NHEK, have a limited lifespan since they spontaneously transform after
10 to 15 passages.”

The HaCaT cell line, originating in Germany, has recently become commercially avail-
able; it represents spontaneously immortalized adult human keratinocytes.>* HaCaT cells
are extremely easy to handle and do not require special medium. Theoretically, HaCaT
cells have an unlimited lifespan but they do show morphological changes after 10 to 20 pas-
sages. Despite the altered growth potential, HaCaT cells still express differentiation-specific
markers>* and unlike HPV-immortalized cell lines, HaCaT cells are not tumorigenic when
transplanted into nude mice.’*

It is well known that HD, like UV radiation, affects mostly proliferating keratinocytes
within the lower dermis and basement membrane. Differentiating keratinocytes of the epi-
dermis are much less susceptible to toxicity since they do not undergo apoptosis and respond
weakly to inflammatory stimuli. Normal keratinocytes undergo terminal differentiation
(so-called “cornification”) in response to a high (1 mM) exogenous Ca** concentration.>!
Normal keratinocytes in vivo start to differentiate when they detach from the basement
membrane and migrate to the suprabasal layers.>> Thus, NHEK and HPV-immortalized ker-
atinocytes, unlike HaCaT cells, spontaneously differentiate when subcultured in response to
the cell detachment. Therefore, only the first passages of NHEK cells are truly proliferating,
whereas every passage of HaCaT culture consists of proliferating cells. On the other hand,
HaCaT cells show impaired production and release of IL-1°¢ which is crucial for normal
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keratinocyte proliferation and also plays an important role in keratinocyte activation and
keratinocyte/fibroblast crosstalk in normal skin.>’

As previously acknowledged, HD-induced depletion of intracellular glutathione (GSH)
is a triggering event for oxidative stress in skin. Smith et al>® have shown that pretreatment
of the human keratinocyte cell line, SVK-14, with GSH markedly increases the resistance
to HD-induced cytotoxicity. Conversely, pretreatment with buthionine sulfoximine (BSO)
increases the sensitivity of G361, SVK14, HaCaT, and NCTC 2544 human keratinocytes
to HD toxicity.>® BSO lowers intracellular GSH by irreversibly inhibiting the rate-limiting
GSH synthesis enzyme y-glutamylcysteine synthetase. Surprisingly, there is no reported
direct evidence to date for the enhanced generation of ROS and/or RNOS in HD-treated
keratinocytes.

As pointed out earlier, HD and its chemical analogs cause massive leukocyte infiltration
in animal skin and lungs®®¢! It is likely that lymphocytes and macrophages, attracted to the
burned area by cytokines released from keratinocytes/fibroblasts, could be a major source of
oxidative stress to skin cells. It has been demonstrated that HD-exposed NHEK cells express
chemoattractants such as TNF-«, IL-1p8, IL-8, and GM-CSE.®*%* Moreover, an enhanced
ability of NHEK cells to attract lymphocytes in vitro was demonstrated in an experiment in
which the media from HD-treated keratinocytes was tested for chemoattractant activity to
polymorphonuclear leukocytes purified from human blood.®

Multilayer keratinocyte tissues

Multilayer skin tissues (so-called “3D skin models™) are a more realistic model for toxi-
cological studies. The simplest models of this class consist only of keratinocytes such as
the commercially available Epiderm, which is a few millimeters thick structure of human
NHEK cells grown on top of a wet membrane. Epiderm provides the possibility of applying
HD (or other gaseous agents) in vapor or aerosol form which closely simulates a real HD
attack. However, this model represents differentiating keratinocytes on a collagen matrix
and practically all of the cells within the tissue start to cornify at the moment they are fully
grown. Blaha et al®®® have characterized the ultrastructural, histological, and molecular
response of the Epiderm model to CEES. The Epiderm system not only has great potential
for identifying and developing sulfur mustard therapeutic agents but also has limitations.
In vivo, skin damage would be accompanied by the rapid leakage of serum, leukocyte in-
filtration, and perhaps mast cell degranulation (see below) but these events will not occur
in any of the available in vitro skin models.

More advanced tissue models, like EpidermFT full thickness skin tissue model, con-
sist of 2 cell types: a bottom layer of human fibroblasts imbedded in gelatin and an upper
multilayer of human keratinocytes. This particular model is particularly valuable for studies
involving paracrine signaling (keratinocyte/fibroblast interactions). HaCaT cells, with nor-
mal human or mouse fibroblasts, have also been used to construct 3D models of human skin.
However, the impaired IL-1 production in these cells presents some technical difficulties that
can be overcome with the addition of human growth factors.>® These multilayer skin mod-
els morphologically mimic the dermis and epidermis of human skin including the cuboidal
appearance of the basal cell layer, the presence of the stratum spinosum and stratum gran-
ulosum with typical stellate-shaped keratohyalin granules, and the presence of numerous
lamellar bodies that are extruded at the stratum granulosum—stratum corneum interface.

10
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In a key experiment, Blaha et al®’ compared the effects of CEES on the secretion
of key inflammatory mediators using 2 model human skin systems, the Epiderm system
(from MatTek Corporation) and the Skin2 system (a 3D skin model) from Advanced Tissue
Sciences, which consists of differentiating keratinocytes on a fibroblast-collagen matrix. In
the Skin2 system, the proinflammatory cytokine IL-1alpha increased in response to CEES
but the proinflammatory cytokine IL-6 decreased: the Epiderm showed undetectable levels
of IL-6 and the levels of IL-lalpha did not change in response to CEES.%” These data
show that the presence of fibroblasts in the Skin2 model dramatically changes the cytokine
secretion response to CEES.

More recently, Hayden et al® evaluated the effects of HD on the EpiDermFT skin model
which has a 3D, highly differentiated human skin-like structure with an epidermis and a
dermis. This in vitro model permits the study of dermal phenomena in which fibroblast-
keratinocyte cell interactions are important as appears to be the case for CEES-induced skin
injury (see above). Hayden et al®® treated the EpiDerm-FT model with HD for 8 minutes and
evaluated the structural effects at 6 and 12 hours postexposure. Histological analyses showed
typical HD targeting of basal keratinocytes (cytopathology, condensed chromatin, pyknotic
nuclei, and increased eosinophilia) and epidermal cleavage at the dermal/epidermal junction.
Transmission electron microscopy showed that lamina densa of the basement membrane to
be largely intact. The EpiDerm-FT model represents a major advance in the development
of human skin models and its use in studying the molecular mechanisms/proteomics for
HD/CEES toxicity is just beginning to be exploited.

Human skin allografts in immunodeficient mice

A third class of human skin model is provided by the use of human skin allografts in immun-
odeficient mice. Human skin cells, either genetically modified’® or normal,”! were grafted
onto nude mice and successfully used to examine HD-induced biochemical alterations in
skin. In 1995, Rosenthal et al’® described an engineered human skin model, in which human
keratinocyte clones, with some genetic modifications, were grafted onto nude mice, where
they formed histologically normal human skin. Later, the same group reported an advanced
model developed in immunodeficient nude mice, where a pellet of cells containing human
keratinocytes and fibroblasts were placed on top of the muscular layer at the graft site and
grown for 1 week.”! Glass bulbs filled with HD can be directly applied to the sections of
mouse skin containing the human skin allograft. Although these in vivo models are expen-
sive and complicated, they possess a number of advantages over any of the in vitro cultured
skin models. Grafted human skin models make it possible to obtain a detailed picture of
HD-induced morphological, ultrastructural, and inflammatory alterations in various layers
of skin cells possessing the realistic complexity of multiple cell-cell interactions. Recently,
3D human skin allografts in mice have allowed investigators to identify distinctive pre-
vesication and postvesication phases and to monitor both dermal-epidermal separation and
basal membrane alterations in response to HD exposure.’”>7®> However, a limitation of this
model is the lack of a functional immune response in the recipient mice.

In spite of the ever higher degrees of physiological complexity, there is not a single
model that reflects all the features of human skin. The choice of a particular model may,
therefore, be dictated by the particular experimental design and goals. Wound healing
studies, for example, would require an in vivo system with an intact immune system since

11
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immune cells are known to contribute to skin regeneration. Moreover, immune cells are
thought to play important roles both in HD-induced skin inflammation and in postexposure
wound healing through the expression of proinflammatory cytokines (such as I1-18, TNF-c,
IL-6, and GM-CSF) within the first hour after exposure and proceeding through vesication
and blister formation.** Leukocyte infiltration always starts shortly after HD treatment in
mice, rabbits, or guinea pigs. In wound healing, leukocytes and macrophages provide many
of the molecular signals regulating fibroblast and keratinocyte proliferation.

The effects of HD on all of the various cell types that come in contact with skin,
including macrophages and mast cells, are also important in understanding the overall ef-
fects of HD on skin in vivo. Rikimaru et al’* have used full-thickness human skin explants
to study inflammatory mediators in response to topically applied HD. These investigators
found that culture fluids from the HD-treated skin contained increased levels of histamine,
plasminogen-activating activity, and prostaglandin E2 compared to control explants. It was
concluded that both mast cells and epidermal cells were apparently involved in early me-
diation of the inflammatory response to HD.”* In contrast, Inoue et al”> found that the
inflammatory response of the mouse ear to HD did not differ in mast cell deficient mice
compared to normal mice. At present, there is no obvious explanation for the differences
observed between the work of Rikimaru et al’* and that of Inoue et al’> It may well be that
the mouse ear is not an optimal model for human skin. It is critically important to determine
whether HD, or other toxic vesicants, degranulate mast cells since this process could be a
major source of inflammatory mediators and, therefore, a major factor in modulating the
immune response to HD. In particular, mast cell degranulation would release large amounts
of TNF-alpha, which is an inflammatory cytokine.

We have previously reported that lipopolysaccharide (LPS) as well as other inflam-
matory factors such as TNF-alpha and IL-1-beta amplify the toxicity of CEES’® and that
CEES is a potent inhibitor of nitric oxide production from inducible nitric oxide synthase
(iNOS).”” LPS is a major component of the cell wall of gram-negative bacteria and is known
to trigger a variety of inflammatory reactions in macrophages and other cells having CD14
receptors.’”®” In particular, LPS is known to stimulate the macrophage secretion of nitric
oxide® and inflammatory cytokines such as tumor TNF-alpha and IL-1-beta®! Figure 3
shows that RAW 264.7 macrophages stimulated with LPS at 100 ng/mL are markedly
more susceptible (P < .05) to CEES cytotoxicity (24 hours with 500 M) than resting
macrophages as indicated by a dramatic drop in dehydrogenase activity as measured by
the MTT ((3-(4,5-dimethylthiazol-2-yl1)-2,5-diphenyltetrazolium bromide) assay. In the ab-
sence of LPS, CEES at a level of 500 uM did not significantly affect cell viability.”®
Figure 4 shows that CEES (100-500 uM for 24 hours) inhibits the secretion of nitric ox-
ide into the cell medium by LPS stimulated macrophages in a dose-dependent manner’’
In these experiments, nitrite secretion into the cell culture medium was used as a mea-
sure of nitric oxide synthesis. Macrophages (and mast cells) are both present in dermal
tissues.

IgE-mediated mast cell degranulation is known to be inhibited by nitric oxide
production.®? NO is a powerful antioxidant®} and increased intracellular levels of NO are
known to inhibit mast cell degranulation.®* Significantly, mast cell degranulation and his-
tamine release are stimulated by membrane lipid peroxidation and inhibited by antioxi-
dants such as alpha-tocopherol.®> Collectively, the information presented above suggests
that HD/CEES could induce mast cell degranulation by increasing oxidative stress and/or
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Figure 3. LPS (100 ng/mL) enhances the cytotoxicity of
CEES (500 uM). Means not sharing a common letter are
significantly different (P < .05). Cytotoxicity was measured
after 24 hours by the MTT assay.
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Figure 4. CEES inhibits NO production in LPS stimulated RAW
264.7 macrophages. Cells were simultaneously treated with various
levels of CEES (as indicated) and low doses of LPS (as indicated).
NO production was monitored as the concentration of nitrite in the
culture media after 24 hours.
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decreasing nitric oxide production. The subsequent release of TNF-alpha could enhance
the cellular toxicity of HD/CEES.

NO generation, mediated by iNOS, is also crucial for the rapid healing of human skin
wounds. Although, keratinocytes are known to express iNOS and generate NO in wound
healing, it is likely that macrophages, known for their ability to express iNOS and generate
high levels of NO, also contribute to the healing stimuli. Thus, it is tempting to suggest
that the development of a 3-cell-type (macrophages/fibroblasts/keratinocytes) model would
provide a unique and optimal model for studying skin vesication, blistering, and wound
healing under very reproducible experimental conditions.

MOLECULAR MECHANISMS FOR MUSTARD TOXICITY

The molecular mechanisms of HD skin toxicity are complex and not yet fully understood.
We will focus on 3 major types of interrelated events: primary macromolecule damage,
oxidative stress, and inflammation. All of these processes are tightly interconnected and
play central roles in HD toxicity. The hypothesized mechanisms of HD toxic effect in
skin cells are summarized in Figure 2. In addition, we will discuss the importance of NO
signaling modulation in HD toxicity since it is likely to be important for the postexposure
wound healing process in skin.

Primary macromolecule damage

HD easily penetrates both cellular and nuclear membranes due to its hydrophobic nature.
In the cytosol, it reacts with water forming a highly electrophilic ethylene episulfonium
derivative that is the ultimate alkylating agent. DNA alkylation and crosslinking are well-
documented primary intracellular damaging reactions of HD. Extensive DNA damage, due
to alkylating agents, activates and overloads the DNA repair machinery. In particular, DNA
damage induces expression of poly (ADP-ribose) polymerase (PARP), the key regulatory
enzyme involved in DNA repair and hypothesized to regulate cell fate by modulating death
and survival transcriptional programs.®® HD induces PARP expression in normal human
keratinocytes and the possible involvement of this nuclear enzyme in the regulation of HD
cell death mechanisms has been extensively studied.®”*!

PARP-1 is the most abundant member of the of PARP protein family. PARP-1 binds
to DNA structures that have single- and double-strand breaks, crossovers, cruciforms, or
supercoils®?; it signals DNA rupture and facilitates base-excision repair.’>** Normally, the
intracellular level of PARP-1 is very low, and this enzyme can be detected in the cytosol only
under stressful conditions. Upon binding to the damaged DNA sites, PARP-1 metabolizes
B-nicotinamide adenine dinucleotide (NAD™) into branched polymers of ADP-ribose that
are transferred to a set of nuclear proteins. This process also results in a very large decrease in
the pyridine nucleotide pool. Poly(ADP-ribosyl)ation is thought to be beneficial for genome
repair since modifications of proteins proximal to the DNA breaks facilitate multiple local
openings of the condensed chromatin structure allowing the binding of the repair protein
complex.®>%
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Despite the beneficial effect, PARP can induce apoptosis or necrosis in skin cells
treated with HD! or other alkylating agents.3¢-°® Thus, limited expression of PARP pro-
teins helps in DNA repair and promotes cell survival but its overexpression (as in case
of massive DNA damage) can induce cell death.”” PARP overproduction, especially in
cells utilizing aerobic glycolysis, can lead to the depletion of cellular NAD™ and ATP (see
Fig 2) which rapidly promotes general intracellular bioenergetic collapse and oxidative
stress resulting in a regulated form of necrosis.®¢:°%:%%-190 HD is cytotoxic to both dermal
fibroblasts and epidermal keratinocytes. It has been suggested that PARP determines the
mode of HD-induced cell death in skin fibroblast but not in keratinocytes.’’ In mouse
skin fibroblast the absence of PARP shifts the mode of HD-induced cell death shifts from
necrosis to apoptosis,’! whereas keratinocytes, with or without PARP, primarily express an
apoptotic form of cell death.’! HD-treated human keratinocytes show a PARP activation, an
upregulation of proapoptotic p53 accompanied by a downregulation of antiapoptotic Bcl-2,
and, finally, to caspase activation and apoptosis.®”-*" This pathway was found to be Cat™
and calmodulin dependent.”

Necrosis due to PARP-induced depletion of NAD™ and ATP exhaustion during aerobic
glycolysis is thought to be the main mechanism of cell death induced by DNA damaging
agents, especially in proliferating cells.’® However, these observations may vary with the
dose of alkylating agent, with cell type and perhaps the particular composition of the
culture medium (see below) in the case of in vitro studies. HD promotes apoptosis in HeLa
cells (10-100 M),'°! peripheral blood lymphocytes (6-300 uM),!?? keratinocytes (50—
300 uM),>*#7 and endothelial cells (<250 uM).!% A time-dependent shift to necrosis was
observed in HD-treated lymphocytes.!?? but a shift toward necrosis is observed at higher
levels of HD in endothelial cells (>500 uM)!% and HeLa (1 mM)'%! Interestingly, human
fibroblasts undergo necrosis even at lower concentrations of HD (100500 pzM).°! In most
human cell types, apoptosis predominates within 6—12 hours of postexposure time, whereas
necrotic events markedly increase after 12—24 hours.

Countermeasures capable of preventing rapid ATP depletion and mitochondrial dys-
function could be protective against HD-induced necrosis. Unfortunately, this approach
would not eliminate cell death completely since apoptosis would likely proceed. However, a
shift from necrosis to the less inflammatory apoptotic pathway could possibly be beneficial
by helping eliminate secondary infections and improving wound healing. PARP activation
causes NAD™ depletion and NAD+ is required for glycolysis and pyruvate synthesis.!** In
the absence of pyruvate, mitochondrial respiration fails causing bioenergetic collapse and
cell death via necrosis.®¢ Therefore, the addition of a mitochondria substrate, such as pyru-
vate, glutamate, or glutamine, to the cell medium could be protective against necrosis.!*
A protective effect of pyruvate treatment has, indeed, been documented in genotoxic stress
caused by nitrogen mustard or N-methyl-N’-nitro-/N-nitrosoguanidine (MNNG), a chemi-
cal analog of HD used as anticancer drugs.”®100-104

Alkyl pyruvates, such as methyl pyruvate and ethyl pyruvate, are excellent alternative
mitochondrial substrates since they (unlike pyruvate) are stable in solution. In aqueous
solutions, pyruvate spontaneously undergoes a series of chemical reactions yielding 2,
4-dihydroxy-2-methylglutarate, which is a mitochondrial poison.'% In addition, alkyl pyru-
vates also function as effective and potent scavengers of free radicals. Pyruvates are capable
of scavenging hydrogen peroxide (H,0,) and the hydroxyl radical (OH&rad;™).!%197 Ad-
ministration of pyruvates was shown to protect against various types of oxidant-mediated
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cellular and organ injuries in numerous in vitro and in vivo studies.!?®1%° These data further
suggest that HD activation of PARP and the subsequent depletion of pyruvate is also a
contributing factor for HD-induced oxidative stress.

In preliminary results, the authors’ laboratory has observed that methyl pyruvate pro-
vides protection to human keratinocytes (HaCaT cell line) treated with CEES and a similar
effect was observed with ethyl pyruvate (unpublished data). It is worth noting that com-
mercially available serum-free media, formulated to culture NHEK cells, contains 0.5 mM
sodium pyruvate. Keratinocyte media from Gibco, Sigma, and Cambrex all contain 0.5 mM
pyruvate. It is possible, therefore, that necrosis has not been observed in HD-treated NHEK
cells due to the protective effect of sodium pyruvate in the culture media.

In our experiments (unpublished data), however, we used immortalized HaCaT ker-
atinocytes, which proliferate continuously but do not differentiate. Actively proliferating
cells utilizes aerobic glycolysis and are more susceptible to mitochondrial dysfunction and
necrosis.?®%-100 After limited number of passages NHEK cells, unlike HaCaT cells, un-
dergo terminal differentiation which is a form of cell death different from either apoptosis
or necrosis.” This difference between HaCaT and NHEK cells theoretically could cause
discrepancies in the cell death pathway caused by HD. Parallel experiments are now being
done with NHEK and HaCaT cells to further characterize the protective effect of pyruvate
to HD/CEES.

Inflammation

HD-treated normal human keratinocytes release proinflammatory TNF-¢, IL-6, IL-18 in
a dose-dependent manner® but the particular cytokine profiles observed differ depending
on the skin model used and the dose of HD.®*¢+110 Cytokine production and responses
are known to be regulated by the activation of nuclear transcription factor-kappaB (NF-
kappaB) and this activation also plays a key role in determining the fate of a damaged
cell. There are numerous activators of NF-kappaB such as bacterial and viral infections,
chemical damage, radiation, and oxidative stress. In response to these stimuli, an active NF-
kappaB protein complex is liberated in the cytoplasm and it subsequently translocates to the
nucleus and triggers selective gene expression. Among the genes regulated by NF-kappaB
are adhesion molecules, pro-inflammatory mediators (IL-1 beta, TNF-alpha, interleukin 6),
chemokines, IL-8, iNOS, E-selectin, vascular cell adhesion molecule 1 (ICAM-1), and
granulocyte-macrophage colony stimulating factor (GM-CSF).3*!11-114 In general, NF-
kappaB activation also triggers antiapoptotic genes and promotes cell survival.

Although the precise mechanism(s) of HD-induced gene expression has not yet been
fully described in skin cells, it is very likely connected to the DNA damaging effect of
HD (see Fig 2) and could, therefore, be PARP-dependent. PARP-1 is known to be a coac-
tivator of NF-kappaB.'!*; however, this pathway has not been fully explored in HD-treated
keratinocytes or fibroblasts. It is also possible that HD modulates NF-kappaB and other
nuclear factors by covalently modifying DNA binding sequences for transcription factors.
Grey et al''® have shown that HD inhibits the in vitro binding of transcription factor acti-
vating protein-2 (AP-2) via alkylating the AP-2 DNA consensus binding sequence rather
than by direct damage to the AP-2 protein.

In addition, it is highly possible that HD-induced oxidative stress also can stimulate
inflammatory responses via transcription factors. Many of the activators of NF-kappaB can
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be blocked with the use of antioxidants.!!7-!!® Transcription factors AP-1,!1%120 MAF and
NRL,'?!122 and NF-IL6'2%124 are regulated by oxygen-dependent mechanisms, and sensi-
tive to ROS. Interestingly, chemical compounds indirectly disrupting NF-kappaB activation
induce apoptosis in cancer cells,!?>-13% whereas inhibitors of NF-kappaB activation protect
HD-treated human keratinocytes.!*!-!32

It is also unclear how exactly the proinflammatory cytokines, such as IL-6, con-
tribute to the HD-induced skin damage. It is known, however, that inflammatory pro-
cesses contribute to the skin damage. In animal models, both skin and lung exposure to
HD or CEES causes massive leukocyte infiltration, which starts shortly after the exposure
and builds up continuously.®-¢! The fact that skin burns and blistering have a latent pe-
riod also suggests that secondary responses in skin cells/immune cells also contribute to
the mechanisms of HD toxicity. HD treatment is known to induce NF-kappaB activation
and release of inflammatory cytokines in both keratinocytes and macrophages.®3110:133-135
TNF-alpha, in general, induces apoptosis in keratinocytes and treatment with anti-TNF-
alpha antibodies is protective against UV-induced skin lesions.'*¢ However, the effect of
TNF-alpha in HD-treated skin is complex and an attempt to reduce cell death in normal
human keratinocytes by blocking TNFR1, the major cell receptor for TNH-alphas was not
successful.”!

It is likely that keratinocyte activation (see Fig 2) plays an important role in HD toxi-
city. Activation of keratinocytes is a multistep pathway induced in response to skin injury.
Activated keratinocytes are hyperproliferative and able to migrate to the site of injury in
order to form layers of fresh cells in the dermis and epidermis. Activation is regulated by
various cell signaling pathways including TNF-alpha.’”-!37 Since HD-treated keratinocytes
release high levels of TNF-alpha in the medium,'*? we suggest that HD promotes ker-
atinocyte activation, subsequent hyperproliferation, and an enhanced susceptibility to the
PARP-mediated bioenergetic collapse. This series of molecular events would cause a shift
from apoptosis to necrosis. Although a time- or concentration-dependent shift from apop-
tosis to necrosis has been well documented for HD-treated lymphocytes,!?? endothelial
cells,'® and HeLa cells,'' such changes have not been noted for human keratinocytes.
As discussed above, this may be due to the fact that NHEK cells are always protected
from necrosis by pyruvate-containing media. The recently documented protective effect of
NF-kappaB inhibitors in NHEK and HaCaT cells treated with HD'3!:132 also supports our
speculation since these inhibitors downregulate TNF-alpha which would impair keratinocyte
activation.

WOUND HEALING

NO signaling plays a key role in the inflammation and wound healing.'3¥14° Animal
studies'*! have shown that in iNOS knockout mice, wound healing is impaired but re-
stored by iNOS gene transfer. Lack of NO and impaired expression of iNOS after the
HD exposure are thought to be important events promoting skin burns and blistering. We
have shown that HD treatment inhibits iNOS expression and NO synthesis (see Fig 4) in
LPS-stimulated murine macrophages.”’ Suppression of iNOS expression and several pro-
tein activators of wound healing have also been found in human keratinocytes treated with
HD.142
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In keratinocytes, the beginning stage of the wound healing process is determined by
the activation process. Under conditions of physical injury, the keratinocyte cell cycle is ac-
tivated and the cells become hyperproliferative and migrate to the site of injury in response
to chemokines.>” 137 Activation of keratinocytes, as well as their return to the healthy basal
phenotype, is controlled by cytokines and growth factors produced by various cutaneous
cell types, including keratinocytes and lymphocytes infiltrated at the wound site. Various
intracellular signaling pathways are involved at the different stages of activation. Interest-
ingly, NF-kappaB activation and consequent autocrine TNF-alpha production occur at the
initial stages of the activation and allow keratinocytes to become hyperproliferative and
migratory.®” 37 Activation is terminated when lymphocytes, present at the wound site, re-
lease interferon-gamma (IFN-gamma), which induces the activation of STAT-1 and makes
keratinocytes contract newly deposit fibronectin-rich basement membrane. Finally, trans-
forming growth factor-beta (TGF-beta) secreted by fibroblasts induces the expression of K5
and K14, fully reverting the keratinocytes to a healthy basal phenotype and making them
responsive to differentiation stimuli.>’

In human cells, expression of iNOS, which is the main NO-generating protein in
keratinocytes,'®? is regulated synergistically by 2 major pathways: NF-kappaB and STAT-
1.4 As pointed above, both HD and its chemical analog CEES downregulate iNOS ex-
pression in murine macrophages’’and human keratinocytes.'> Since NF-kappaB activa-
tion is well documented in NHEK cells,'3'"!33 it is possible that the impaired expression
of iNOS in HD-treated cells could be attributed to a STAT-1-dependent mechanisms. In
addition, the possible STAT-1 inhibition by HD could disrupt the IFN-gamma signal-
ing pathway resulting in keratinocytes unable to terminate their wound healing state.’’
Thus, simultaneous HD-induced NF-kappaB activation and STAT-1 inhibition could alter
necrosis, inhibit NO generation, prevent wound healing, and possibly affect vesication and
blistering.

The molecular mechanisms whereby HD alters transcription factors activation are not
fully elucidated. However, it is highly possible that the ability of mustards to alkylate DNA
is involved. As pointed above, HD is capable of chemically modifying both proteins (via
crosslinking of Cys residues) and DNA (via alkylation of guanine rich sequences, and
crosslinking). It seems likely that HD would more effectively damage “more exposed”
regions of DNA with accessibility to transcription factors. Interestingly, Gray'!'® had shown
that HD inhibits the in vitro binding of transcription factor AP-2 via alkylation of the
guanine-rich consensus DNA sequences but not by directly damaging the AP-2 protein.
It is tempting to assume that other transcription factor functions could be affected by HD
in a similar manner. However, the effects of HD on NF-kappaB and STAT-1« have not
been elucidated and AP-2 remains the only transcription factor studied in relation to HD
toxicity.

Since some transcription factors are sensitive to ROS and to the redox state of the cell
in general, it is likely that oxidative stress, inflammation, and NO signaling are tightly inter-
connected in skin and its dynamic responses to toxic agents. Soneja et al'*> have suggested
that wound healing could be accelerated under the circumstances in which oxidative stress
is minimized but NO production remains elevated. On the other hand, under conditions
elevating oxidative stress, the toxicity of mustards can be greatly enhanced. For instance,
the HD analog CEES shows much higher toxicity in cells stimulated by LPS, TNF-alpha,
or IL-1beta, which enhance inflammation and oxidative stress.”®
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FUTURE DIRECTIONS

A systems biology approach to mustard toxicity

As discussed above, HD toxicity in skin results from a multistep complex mechanism in-
volving a number of signaling cascades and various cell types. It is extremely difficult
to follow each step in this mechanism even in a simple in vitro model. A systems biol-
ogy approach would view HD toxicity as time-dependent disruption of an integrated and
interacting network of genes, proteins, and biochemical reactions. This approach would
emphasize integrating data obtained from transcriptomics, metabolomics, and proteomics
with the purpose of constructing and validating a comprehensive model of HD toxicity.
The computational tools for this task would include network mapping as well as cor-
relation, logical, and kinetic modeling.!#¢ This comprehensive model would be the best
way to address the question: “how relevant to the HD-induced cell death pathways are
the direct chemical alterations caused by HD to various cellular proteins (oxidation, cross-
linking, and fragmentation) and the indirect chemical protein alterations caused by ROS and
RNOS?”

A transcriptomic approach to studying HD toxicity is already yielding useful re-
sults. In NHEK cells, DNA array techniques have been applied to studying HD-altered
gene expression,'#-14% and mRNA differential display has been used to examine HD-
induced transcriptional modulations in human epidermal keratinocytes.'*’ Microarray anal-
yses of gene expression in CEES- or HD-exposed mouse skin in vivo have also been
accomplished.'#”-13% These studies are providing a deeper insight into the mechanism of HD
toxicity since they have identified a number of genes upregulated at the early (0.5—4 hours)
and intermediate (24 hours) stages of postexposure. DNA array analyses are capable of
providing crucial information regarding the changes in transcriptional activity in the cell
and are useful in the search for “the key” signaling pathways involved in HD toxicity. These
studies will help in the design of evermore effective countermeasures and help identify
key biomarkers for therapeutic efficacy. Proteomic data on HD toxicity are currently very
limited but this approach would complement the previously accumulated microarray data
by helping identify all the key proteins involved in HD toxicity at different stages.

Collectively, the literature reviewed here supports the notion that oxidative stress, free
radical damage to biomolecules, and alterations in redox sensitive signaling pathways are key
factors in understanding vesicant toxicology. It is likely, therefore, that the newly emerging
area of redox proteomics would be particularly useful in understanding HD damage to
skin. Redox proteomics is focused on characterizing (1) the chemical modifications of
specific proteins induced by ROS and RNOS; (2) alterations in specific proteins induced by
changes in redox sensitive transcription factors; and (3) alterations in the function/structure
of specific proteins caused by redox sensitive posttranslational modifications.'>!"133 In this
regard, small thiols, like GSH, are no longer viewed just as protective antioxidants but
as redox regulators of proteins via glutathionylation or by oxidation of protein cysteine
residue.!>? Redox proteomics is rapidly emerging as a very powerful tool for characterizing
and identifying proteins based on their redox state.!>® This approach has recently been used
to specifically identify oxidized proteins in Alzheimer’s disease and this information has
proven useful in identifying new therapeutic targets and in providing new molecular insights
into disease etiology.'>*
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Multicomponent antioxidant liposomes

HD, due to its hydrophobic nature, effectively penetrates deep into the skin and affects mostly
proliferating cells within basement membrane, that is, the lowest layer of proliferating
keratinocytes. These growing cells would be highly susceptible to the PARP-mediated
bioenergetic collapse since they actively utilize aerobic glycolysis. HD is likely, therefore,
to induce necrosis rather than apoptosis in these cells, which would subsequently promote
severe inflammation, skin blistering, and vesication. Thus, it is critically important to provide
fast and efficient delivery of the desired drugs to the deeper skin layers and liposomes hold
promise in this regard. By encapsulating a lipid soluble thiol, antioxidant liposomes could
also effectively diminish (by direct covalent reaction) the stores of HD in skin lipid depots.
Although this review has emphasized antioxidants, there is practically no limit to the possible
encapsulated agents that can be incorporated into liposomes and delivered to the skin cells.
These agents could include PARP inhibitors, protease inhibitors, anti-inflammatory agents,
and chemical or enzymatic antioxidants. Currently, we are testing novel formulations of
multiagent antioxidant liposomes containing both antiapoptotic (NAC) and antinecrotic
(ethyl pyruvate) agents. Liposomes can also be formulated with agents designed to accelerate
wound healing such as epidermal growth factor, transforming growth factor-8, platelet-
derived growth factor, insulin-like growth factor, keratinocyte growth factor, and fibroblast
growth factor.
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Abstract

Background: 2-Chloroethyl ethyl sulphide (CEES) is a sulphur vesicating agent and an analogue of
the chemical warfare agent 2,2'-dichlorodiethyl sulphide, or sulphur mustard gas (HD). Both CEES
and HD are alkylating agents that influence cellular thiols and are highly toxic. In a previous
publication, we reported that lipopolysaccharide (LPS) enhances the cytotoxicity of CEES in murine
RAW?264.7 macrophages. In the present investigation, we studied the influence of CEES on nitric
oxide (NO) production in LPS stimulated RAW264.7 cells since NO signalling affects inflammation,
cell death, and wound healing. Murine macrophages stimulated with LPS produce NO almost
exclusively via inducible nitric oxide synthase (iNOS) activity. We suggest that the influence of
CEES or HD on the cellular production of NO could play an important role in the
pathophysiological responses of tissues to these toxicants. In particular, it is known that
macrophage generated NO synthesised by iNOS plays a critical role in wound healing.

Results: We initially confirmed that in LPS stimulated RAW264.7 macrophages NO is exclusively
generated by the iINOS form of nitric oxide synthase. CEES treatment inhibited the synthesis of
NO (after 24 hours) in viable LPS-stimulated RAW?264.7 macrophages as measured by either nitrite
secretion into the culture medium or the intracellular conversion of 4,5-diaminofluorescein
diacetate (DAF-2DA) or dichlorofluorescin diacetate (DCFH-DA). Western blots showed that
CEES transiently decreased the expression of iINOS protein; however, treatment of active iNOS
with CEES in vitro did not inhibit its enzymatic activity

Conclusion: CEES inhibits NO production in LPS stimulated macrophages by decreasing iNOS
protein expression. Decreased iINOS expression is likely the result of CEES induced alteration in
the nuclear factor kappa B (NF-kB) signalling pathway. Since NO can act as an antioxidant, the CEES
induced down-regulation of iINOS in LPS-stimulated macrophages could elevate oxidative stress.
Since macrophage generated NO is known to play a key role in cutaneous wound healing, it is
possible that this work has physiological relevance with respect to the healing of HD induced skin
blisters.
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Background

HD is a chemical weapon that can produce casualties in
military situations and has been used with devastating
results against civilian populations [1]. Extensive and
slow healing lesions following exposure to HD can place
a heavy burden on the medical services of military and
public health organizations. The design of effective coun-
termeasures to HD depends upon a detailed understand-
ing of the molecular mechanisms for its toxicity.
Important mechanisms of HD induced skin injury are
alkylation of DNA and other macromolecules, accompa-
nied by enhanced reactive oxygen species (ROS) genera-
tion and depletion of intracellular glutathione (GSH) [2-
5]. Depletion of GSH by HD and its metabolites is known
to shift the intracellular redox milieu toward a more oxi-
dized state with a subsequent loss of protection against
oxidative free radicals and an activation of inflammatory
responses|[6,7].

It has been shown that HD induces a vast "spectrum" of
inflammatory cytokines released from keratinocytes [8,9].
It is likely that CEES cause similar changes in macro-
phages and leukocytes. We previously found that LPS, as
well as inflammatory cytokines, such as tumor necrosis
factor-alpha (TNF-a) and interleukin one-beta (IL-1pB),
significantly amplify the toxicity of CEES in RAW264.7
macrophages [10]. In macrophages, stimulation by LPS,
as well as by pro-inflammatory cytokines, leads to the acti-
vation and nuclear translocation of NF-xB [11]. One of
the major consequences of such activation in macro-
phages is an induction of iNOS expression with subse-
quent elevation of intracellular NO [12]. The effect of
CEES on NO generation and on the NF-xB pathway is
potentially significant since NO signalling plays an
important role in inflammation, the mechanisms of cell
death NF-xB [13,14], and wound healing [15,16]. The
present work describes the inhibition of NO production
and iNOS expression in LPS stimulated macrophages
treated with CEES.

Results

CEES transiently suppresses NO production and iNOS
expression in LPS stimulated cells

In Figure 1a, we examined nitrite secretion into the cell
culture medium by RAW 264.7 murine macrophages after
24 hours of treatment with CEES and various levels of
LPS. Nitrite level in the cell culture medium, as measured
by the Griess reagent, is a reliable indicator of nitric oxide
secretion. These data show that CEES (100-500 uM)
inhibited the secretion of NO into the cell medium by LPS
stimulated macrophages in a dose-dependent manner.
Low levels of CEES (£ 100 uM) only partially inhibited
NO production, whereas levels higher than 300 uM com-
pletely inhibited NO production. Although CEES does
decrease the viability of LPS stimulated macrophages [10],

http://www.biomedcentral.com/1471-2121/7/39

the decreased generation of NO cannot be accounted sim-
ply for the loss of viable cells. Figure 1b shows that in case
nitrite levels in the culture medium (as measured by OD
at 532 nm) are normalized to the amount of viable cells
(OD at 580 nm, MTT assay, measured separately) there is
still a significant CEES dose dependent inhibition of NO
formation.

In order to determine if CEES influenced cellular levels of
iNOS, we performed Western blot analyses (Figure 1c) of
the cell lysates using highly selective anti-iNOS antibodies
with equal amounts of total protein applied to each lane.
Control RAW 264.7 macrophages had no detectable iNOS
protein, CEES treatment alone did not induce any iNOS
protein but LPS (10 ng/ml for 24 hours) produced a
marked induction of iNOS protein. When simultaneously
treated with LPS (10 ng/ml) and CEES (300 uM) there was
a marked reduction in the LPS induction of iNOS protein.

We then examined the influence of 300 uM CEES on the
time course of NO production in macrophage stimulated
with 10 ng/ml LPS. Figure 2a shows that CEES delays, but
does not prevent, the production of NO (as measured by
nitrite formation) in LPS-stimulated macrophages. In fact,
after 12 hours the rate of NO production is about the
same in cells treated with LPS alone compared with cells
treated with both LPS and CEES. Western blot data (Figure
2b) from the cells used in Figure 2a show a similar pat-
tern: LPS alone induces robust iNOS protein expression
which is completely inhibited by CEES for up to 6 hours.
After 12 hours, however, the cells incubated with both
CEES and LPS show a rebound in the expression of iNOS
and after 24 hours the iNOS protein level in cells treated
with both CEES and LPS is very similar to that observed in
cells treated with LPS alone. These data show that the
influence of CEES on both nitric oxide synthesis and
iNOS expression is transient.

CEES does not inhibit iNOS enzymatic activity in vitro

In order to evaluate the possible direct inhibitory effect of
CEES on iNOS activity in vitro, we measured the intracel-
lular rates of 4,5-diaminofluorescein (DAF-2) or dichlo-
rofluorescin (DCFH) oxidation in intact macrophages.
Dichlorofluorescin diacetate (DCFH-DA) is permeable to
the cell plasma membrane and intracellular esterases con-
vert it into a membrane impermeable (DCFH) form
which is can be oxidized to highly fluorescent dichloroflu-
orescein (DCF) by free radicals. In macrophages, the oxi-
dation of DCFH has been shown to be a sensitive and
relatively selective probe for monitoring intracellular NO
formation by iNOS [17].

Using DCFH-DA and DAF-2DA, we were able to continu-
ously monitor NO formation in intact macrophages
under a variety of conditions. Previously, we [18] and oth-
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ers [19] have shown that LPS exclusively induces the iNOS
form of nitric oxide synthase in murine macrophages. Fig-
ure 3a shows DCFH oxidation in RAW 264.7 cells stimu-
lated with different levels of LPS for 24 hours. In the
absence of LPS, the rate of DCFH oxidation was extremely
low but increased with increasing exposure to LPS; how-
ever, this effect was nearly saturated at LPS levels above 15
ng/ml.

We then measured the rates of DAF-2 oxidation in RAW
264.7 macrophages stimulated with 20 ng/ml LPS in the
presence or absence of 500 uM CEES during 24 hour incu-
bations (Figure 3b). In the absence of LPS or CEES, mini-
mal DAF-2 oxidation was observed. As expected, LPS
alone induced a marked increase in DAF-2 oxidation.
Next, macrophages incubated with LPS for 24 hours were
then exposed (post-treatment) to 500 uM CEES and the
rate of DAF-2 oxidation immediately measured. As shown
in Figure 3b, there was no change in rate of DAF-2 oxida-
tion compared to cells treated with LPS alone. These data
strongly support the notion that CEES does not directly
inhibit iNOS enzymatic activity. Similar results were
obtained with DCFH-DA staining (data not shown). As
expected, macrophages simultaneously treated with both
LPS and CEES for 24 hours show a marked decrease in
either DAF-2 or DCFH oxidation.

To further confirm that DCFH oxidation is overwhelm-
ingly due to iNOS, we incubated LPS-stimulated macro-
phages with ebselen (see Figure 3c). Ebselen is a
selenoorganic compound that can inhibit both the activ-
ity of iNOS [20] and its induction by LPS [21]. Ebselen
(25 uM) almost completely inhibited the DCFH oxida-
tion in RAW 264.7 cells treated with 10 ng/ml or 20 ng/
ml LPS. Ebselen was not cytotoxic at the levels used in Fig-
ure 3 (data not shown).

Discussion

Overall, the experiments detailed in this work show that
CEES treatment in LPS-stimulated RAW264.7 murine
macrophages transiently inhibits intracellular NO genera-
tion by interfering with iNOS expression rather than by
direct inhibition of iNOS enzymatic activity. CEES (as
well as HD) undergo rapid hydrolysis in aqueous solu-
tions and this may account, in part, for the transitory
nature of its inhibiting effect on iNOS induction [22]. LPS
is a major component of the cell wall of gram-negative
bacteria and is known to trigger a variety of inflammatory
reactions in macrophages and other cells expressing CD14
receptors [23,24]. LPS is ubiquitous and is present in
serum, tap water, and dust. Military and civilian personnel
would, indeed, always have some degree of exposure to
environmental LPS.

http://www.biomedcentral.com/1471-2121/7/39

LPS stimulation of macrophages is known to involve the
activation of protein phosphorylation by kinases as well
as the activation of nuclear transcription factors such as
NF-xB [25-28]. An important consequence of NF-kB acti-
vation in macrophages is the induction of iNOS expres-
sion followed with highly elevated NO production [12].
Nitric oxide has been demonstrated to have an important
role in promoting cell death; however, the precise nature
of this role varies with cell type and the dose. Low levels
of nitric oxide protect RAW 264.7 macrophages from
hydrogen peroxide induced apoptosis [29], however,
nitric oxide has also been reported to induce apoptosis in
J774 macrophages [14]. Nitric oxide can induce cell death
through energy depletion-induced necrosis and oxidant-
induced apoptosis.

We are currently exploring the potential molecular mech-
anism(s) whereby CEES interferes with iNOS expression
in LPS stimulated macrophages. It is possible that GSH
depletion caused by CEES determines iNOS expression.
There are strong evidences suggesting that thiol depletion
and iNOS expression are interrelated [30-32]. For exam-
ple, LPS stimulated macrophages depleted of GSH exhibit
a decreased level of iNOS protein and nitrite production
[32]. Similarly, both in vitro [30] and in vivo [31] studies
show that hepatocytes depleted of GSH have a diminished
production of nitric oxide which is primarily due to a
decreased level of iNOS mRNA. Vos et al. [31] have also
presented evidence showing that GSH modulation of
iNOS expression in hepatocytes is correlated with NF-kB
activation, i.e., GSH depletion is associated with a lack of
NF-kB activation. The influence of GSH depletion is not,
however, consistent in all cell types. Glucose induced
reduction of GSH in intestinal epithelial cells is associated
with NF-kB activation and upregulation of iNOS gene
expression [33].

It is also possible that CEES decreases iNOS expression by
interfering with the LPS-induced activation of transcrip-
tion factor NF-xB and/or signal transducer and activator
of transcription-1o. (STAT-1a). It is interesting, therefore,
that Gray [34] has found that both CEES and HD inhibit
the in vitro binding of transcription factor activating pro-
tein-2 (AP-2) via alkylating the AP-2 DNA consensus
binding sequence rather than by direct damage to the AP-
2 protein. Furthermore, it is significant that neither CESS
nor its hydrolysis products were found to damage the AP-
2 transcription factoring in a manner that prevented its
DNA binding [35]. Similar experiments have yet to be
done with NF-xB. Chen et al. [36] have also found that
nitrogen mustard (bis(2-chloroethul) methylamine) sim-
ilarly inhibits the binding of AP-2 to its consensus
sequence. Nitrogen mustard also was shown to inhibit the
binding of NF-xB to the GC-rich consensus sequence due
to the interactions with DNA [37]. It is possible, therefore,
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Figure 3

CEES reduces intracellular NO in LPS stimulated RAW264.7 macrophages. Panel A: Intracellular DCFH (20 uM)
oxidation in LPS stimulated macrophages (as indicated) incubated for 2 h. Fluorescence (excitation 485 nm, emission 520 nm)
was measured in Relative Fluorescence Units (RFU); the oxidation rate was expressed as RFU/min. Panel B: Macrophages stim-
ulated with 20 ng/ml LPS, were incubated in the presence or absence of 500 uM CEES (as indicated) for 24 h. Post, CEES was
applied after the 24 hours of LPS stimulation; Sim, CEES was applied simultaneously with LPS. Panel C: LPS stimulated cells were
incubated in the presence or absence of 25 UM ebselen, a selective iINOS inhibitor (as indicated). 10, 10 ng/ml LPS; 20, 20 ng/ml
LPS. Mean values not sharing a common letter are significantly different (p < 0.05).
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that CEES also alkylates the NF-xB consensus sequence
thereby preventing the binding of the NF-kB to the iNOS
promoter. LPS and/or cytokine-inducible NF-kB binding
elements of the murine iNOS promoter have been identi-
fied [38], and they are rich of guanine, which is the major
alkylation site for HD or CEES. The possible effect of CEES
on iNOS promoter regulation is currently being explored.

Although the activation of NF-xB due to mustard or CEES
exposure have been shown in various cell lines [7,37,39],
the detailed mechanism of this event is still unclear.
Recent report [39] showed that NF-kB-driven gene expres-
sion has maximum at 9 hours in HD treated keratinocytes.
In contrast, in a guinea pig model, Chatterjee et al. [40]
have shown that NF-xB activation in lung tissues occurs
shortly after CEES expose (1 hour), then disappears
within 2 hours completely. However, in our experiments
we did not observe any short term stimulating effect of
CEES on NO production or iNOS expression (data not
shown). Notably, the electrophoretic mobility shift assays
used by Chatterjee et al. to measure NF-xB activation
show only the state of NF-xB protein complex and pro-
vide no information regarding its binding to the DNA
consensus sequences.

The physiological significance of potentially decreased
iNOS expression by exposure to CEES or HD is not
known. Considerable evidence, however, supports the
view that nitric oxide production via iNOS plays a key role
in wound healing [41-43]. Animal studies [16] have
shown that the iNOS knockout mice have impaired
wound healing that is reversed by iNOS gene transfer.
Soneja et al. [44] have suggested that wound healing
could be accelerated under circumstances where oxidative
stress is minimized and nitric oxide production enhanced.
We have initiated work to explore the role of antioxidants
in preventing HD induced pathology in skin.

Conclusion

Our results show that CEES transiently inhibits NO pro-
duction in LPS stimulated macrophages by inhibiting the
expression of iNOS protein and not by modulating the
enzymatic activity of iNOS. The decreased iNOS expres-
sion induced by CEES suggests that this alkylating agent
inhibits the LPS stimulated activation of NF-xB and/or
STAT-10. transcription factors, and this possibility is being
investigated. We cannot directly address the physiological
significance of our in vitro results, however, both
decreased expression of iNOS and decreased production
of nitric oxide are associated with impaired wound heal-
ing [16,41,43,44]. It is likely that the CEES or HD toxicity
is modulated by a complex balance between nitric oxide
production, thiol depletion and oxidative stress.

http://www.biomedcentral.com/1471-2121/7/39

Methods

Materials

RPMI-1640 medium without phenol red and fetal bovine
serum with a low endotoxin level were purchased from
Life Technologies (Gaithersburg, MD). Rabbit anti-mouse
iNOS antibody was obtained from Transduction Labora-
tory (Lexington, KY). Horseradish peroxidase conjugated
anti-rabbit polyclonal antibodies, Escherichia coli
lipopolysaccharide serotype 0111:B4, 3-(4,5-dimethylthi-
azolyl-2)-2,5-diphenyltetrazolium bromide (MTT), and
2-chloroethyl ethyl sulphide were obtained from Sigma
Chemical Company (St. Louis, MO).

Cell culture and treatments

RAW264.7 murine macrophage-like cells (American Type
Culture Collection, Rockville, MD) were cultured at 37°C
in a humidified incubator with 5% CO, in RPMI-1640
medium with 10% fetal bovine serum, 50 U/ml penicillin
and 50 mg/ml streptomycin (GiBcoBRL Grand Island,
NY). CEES was used as a fresh (2 week old or less) 50 mM
stock solution in dried ethanol. LPS was prepared as a 1
mg/ml stock solution in PBS and stored at -20°C for up to
3 months.

MTT assay

The MTT  (3-(4,5-dimethylthiazool-2yl)-2,5-diphe-
nyltetrazolium bromide) assay was performed by a slight
modification of the method described by Wasserman et
al. [45,46]. Briefly, at the end of each experiment, cultured
cells in 96 well plates (with 200 ul of medium per well)
were incubated with MTT (20 pl of 5 ug/ml per well) at
37°C for 4 hours. The formazan product was solubilized
by addition of 100 ul of dimethyl sulfoxide (DMSO) and
100 pl of 10% SDS in 0.01 M HCI and the OD measured
at 575 nm (Molecular Devices SPECTRAmax Plus micro-
plate reader).

Western blot analysis

Cellular protein lysates were prepared as described in the
protocol from Transduction Laboratory (Lexington, KY).
Briefly, about 10¢ adherent cells were rinsed once with
cold PBS and solublized by boiling in 0.1 ml of SDS-PAGE
sample buffer for 5 min. Protein concentration was deter-
mined by the BCA protein assay (Pierce Chemical Co.,
Rockford, IL). A 30 ug aliquot of protein was separated via
8% SDS-PAGE and electrotransferred onto a nitrocellu-
lose membrane. Western blotting was performed with a
rabbit polyclonal antiserum against the C-terminal (961
to 1144 amino acids) sequence of mouse iNOS (Trans-
duction Lab, Lexington, KY). The protein was detected
using an enhanced chemiluminescence kit from Amer-
sham Life Science (Arlington Heights, IL). Murine iNOS
(Calbiochem, CA) was used as a positive control.
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Determination of NO production

The production of NO, reflecting cellular NO synthase
activity, was estimated from the accumulation of nitrite
(NO,), a stable breakdown product of NO, in the
medium. Nitrite was measured using the Griess reagent
according to the method of Green et al. [47]. Briefly, an
aliquot of cell culture medium was mixed with an equal
volume of Greiss reagent which reacts with nitrite to form
an azo-product. Absorbance of the reaction product was
determined at 532 nm using a microplate reader (Molec-
ular Devices Microplate Reader). Sodium nitrite was used
as a standard to calculate nitrite concentrations.

Intracellular NO measurement

Assays were performed using 96-well tissue culture plates
as described by Imrich and Kobzik [17]. The cell density
was adjusted to 2 x 105/ml, and a 100 pl aliquot of the cell
suspension in media was placed put in each well. CEES
and LPS solutions to achieve desired concentrations were
added and the plate incubated for 24 h at 37°C in 5%
CO,. Following the removal of media, serum free 1640
RPMI supplemented with 10 mM HEPES containing 20
uM DCFH-DA or 10 uM DAF-2DA (final concentration)
was added, and the plates incubated for 2 h at 37°C. Flu-
orescence intensity (relative fluorescence unit, RFU) was
continuously monitored using 485 nm for excitation and
520 nm emission in a florescence microplate reader (Flu-
oStar Microplate Reader, BMG).

Statistical analyses

Data were analyzed by followed with the Scheffe test for
significance with p < 0.05. Results were expressed as the
mean + SD. In all the Figures, mean values not sharing a
common letter are significantly different (p < 0.05). Mean
values sharing a common letter are not significantly differ-
ent. The mean values and standard deviations of at least
three independent experiments are provided in all the Fig-
ures.
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Abstract

Background

Sulphur mustard gas, 2, 2’-dichlorodiethyl sulphide (HD), is a chemical warfare agent.
Both mustard gas and its monofunctional analogue, 2-chloroethyl ethyl sulphide (CEES),
are alkylating agents that react with and diminish cellular thiols and are highly toxic.
Previously, we reported that lipopolysaccharide (LPS) significantly enhances the
cytotoxicity of CEES in murine RAW 264.7 macrophages and that CEES transiently
inhibits nitric oxide (NO) production via suppression of inducible NO synthase (iNOS)
protein expression. NO generation is an important factor in wound healing. In this paper,
we explored the hypotheses that LPS increases CEES toxicity by increasing oxidative
stress and that treatment with N-acetyl-L-cysteine (NAC) would block LPS induced
oxidative stress and protect against loss of NO production. NAC stimulates glutathione
(GSH) synthesis and also acts directly as a free radical scavenger. The potential
therapeutic use of the antibiotic, polymyxin B, was also evaluated since it binds to LPS
and could thereby block the enhancement of CEES toxicity by LPS and also inhibit the
secondary infections characteristic of HD/CEES wounds.

Results

We found that 10 mM NAC, when administered simultaneously or prior to treatment with
500 uM CEES, increased the viability of LPS stimulated macrophages. Surprisingly,
NAC failed to protect LPS stimulated macrophages from CEES induced loss of NO
production. Macrophages treated with both LPS and CEES show increased oxidative
stress parameters (cellular thiol depletion and increased protein carbonyl levels). NAC
effectively protected RAW 264.7 cells simultaneously treated with CEES and LPS from
GSH loss and oxidative stress. Polymyxin B was found to partially block nitric oxide
production and diminish CEES toxicity in LPS-treated macrophages.

Conclusion

The present study shows that oxidative stress is an important mechanism contributing to
CEES toxicity in LPS stimulated macrophages and supports the notion that antioxidants
could play a therapeutic role in preventing mustard gas toxicity. Although NAC reduced
oxidative stress in LPS stimulated macrophages treated with CEES, it did not reverse
CEES-induced loss of NO production. NAC and polymyxin B were found to help prevent
CEES toxicity in LPS-treated macrophages.

Background

Mustard gas (HD) is a chemical weapon that can easily and inexpensively be produced
and used against military or civilian populations with both acute and devastating long-
term effects [1-3]. It produces rapid damage to eyes, skin and pulmonary tissues as well
as subsequent damage to many internal organ systems [1, 4]. Despite its long history of
use, starting in World War I, the molecular mechanisms for HD toxicity are not fully
understood and there is continuing research on the design of optimal countermeasures.
Mustard gas acts as an alkylating agent covalently modifying DNA, proteins and other



macromolecules. There is increasing evidence that HD or CEES toxicity is due, in part,
to an enhanced production of inflammatory cytokines [5-9], increased oxidative stress
[10] and the generation of damaging reactive oxygen species (ROS) [8, 9, 11]. HD and
CEES have been shown to shift the intracellular redox milieu toward a more oxidized
state by reacting with and depleting the intracellular antioxidant GSH with a subsequent
loss of protection against ROS and an activation of inflammatory responses [12-14].

In a previous publication, we showed that the cytotoxicity of CEES towards murine
RAW 264.7 macrophages was markedly enhanced by the presence of low levels of LPS
(25 ng/ml), or pro-inflammatory cytokines, i.e., 50 ng/ml IL-18 or 50 ng/ml TNF-a [15].
LPS is part of the cell wall of gram negative bacteria: it is ubiquitous and is found in
serum, tap water and dust. Both civilian and military personnel would always have some
degree of exposure to environmental LPS. HD induced skin lesions often have secondary
infections which could markedly increase LPS levels. In macrophages, stimulation by
LPS, as well as by pro-inflammatory cytokines, leads to the activation and nuclear
translocation of transcription factor NF-kB (nuclear factor-kappa B). One of the major
consequences of such activation in macrophages is an induction of iNOS expression with
subsequent elevation of intracellular NO [16, 17]. In addition to NF-«B activation, the
binding of transcription factor STAT-1 (signal transducer and activator of transcription-
1) to the inducible nitric oxide synthase (iNOS) promoter is required for optimal
induction of the iNOS gene by LPS [17].

In a recent publication, we found that CEES transiently inhibits nitric oxide (NO)
production by suppressing iNOS protein expression in LPS stimulated macrophages [18].
NO production is an important factor in promoting wound healing [19, 20] and iNOS
deficiency impairs wound healing in animal models [21]. RAW 264.7 macrophages have
undetectable levels of iNOS or NO production in the absence of LPS and in the presence
of LPS they show a marked induction of iNOS and NO production [18].

In the present study, we tested the hypothesis that the synergistic cytotoxic effect of
CEES with LPS is due to increased oxidative stress with a subsequent depletion of
intracellular GSH levels and an increase in protein carbonyls. In some cell types, GSH
has also been found to regulate NO generation with decreased GSH levels associated
with decreased NO production [22-24]. Vos et al. [25] found that GSH depletion in
hepatocytes prevented iNOS induction by cytokines but this effect could be reversed by
the addition of NAC. We, therefore, hypothesized that the addition of NAC to stimulated
macrophages would reverse the loss of NO production caused by CEES. We also
reasoned that polymyxin B, by binding to LPS, would diminish CEES toxicity in LPS
treated macrophages.

Results

The influence of NAC on cell viability and NO production in CEES/LPS treated
macrophages



Figure 1a shows the effect of NAC treatment on RAW 264.7 macrophages treated with
LPS and/or 500 uM CEES for 24 h. In this experiment, NAC was added simultaneously
with LPS and CEES. In the absence of NAC, LPS, at either 50 ng/ml or 100 ng/ml level,
markedly decreased cell viability in CEES treated cells compared to cells treated with
LPS or CEES alone. This is similar to our previous observations in which cell viability
was measured by both the MTT assay and the propidium iodide exclusion assay; the
assays were well correlated with each other [15]. The addition of 10 mM NAC
increased the viability of macrophages treated with both CEES and LPS (50 ng/ml or 100
ng/ml) to the same level observed for control cells (treated with vehicle alone). It is
likely that the differences in the viability of cells treated with NAC and different levels of
LPS represent experimental variability since these differences are marginal.

Figure 1b shows NO release, measured as the nitrite levels in the cell culture medium, for
the identical cells/treatments used in Figure 1a. As expected, LPS treatment alone
resulted in a marked increase of NO generation, and LPS-stimulated macrophages treated
with CEES showed a marked reduction in NO production. Surprisingly, NAC treatment
did not prevent the decrease in NO production caused by CEES. In cells treated with LPS
alone, NAC treatment actually resulted in a decreased production of NO (up to 40%
reduction).

In order to further evaluate NAC as a potential protective agent for CEES toxicity in
stimulated macrophages, we did two additional experiments in which NAC was added to
macrophages 5 h prior to CEES application or 5 h after CEES application. These
additional experiments provide a measure of the potential time frame during which NAC
could be therapeutically useful. Similar to the previous experiment, LPS and CEES were
added simultaneously (as indicated). As shown in Figure 2a, NAC had a substantial
protective effect on cell viability when added 5 h before CEES/LPS; however NAC did
not protect against loss of NO production in CEES/LPS-treated cells (Figure 2b). When
added 5 h after CEES treatment (Figure 3a), NAC was much less effective in protecting
the macrophages but still resulted in at least a doubling of the cell viability compared to
the cells not treated with NAC. As shown in Figure 3b, NAC added 5 h after CEES/LPS,
also failed to restore NO production.

We believe that the difference in viability of cells stimulated with LPS in the absence or
in the presence of NAC (Figure 2A) could represent experimental variation since
relatively small differences are being compared. In the contrast, the protective effect of
NAC on CEES+LPS treated macrophages is robust and over seven fold. This point is
further reinforced by the data shown in Figure 3A, where viability of cells stimulated
with LPS in the absence or in the presence of NAC was not significantly different.

The influence of NAC on oxidative stress and NO production, intracellular GSH
and thiols in CEES/LPS treated macrophages by fluorescence microscopy

The influence of NAC on macrophages treated with CEES/LPS was also examined by
fluorescent microscopy using three fluorescent probes: a) carboxy-dichlorofluorescin



diacetate (carDCFH-DA), a sensor for combined ROS and reactive nitrogen oxide species
(RNOS) generation [26-28]; b) 7-amino-4-chloromethylcoumarin (CMAC), an indicator
of intracellular GSH [29], and; ¢) 5-chloromethylfluorescein diacetate (CMF-DA), a
probe for total non-protein cellular thiol levels that lacks specificity for GSH [29, 30].

Figure 4a shows the results using the lipid soluble carDCFH-DA probe. This probe
enters cells and is trapped after being converted to a nonfluorescent polar derivative by
cellular esterases. CarDCFH can then be oxidized by either ROS [26, 28] or reactive
nitrogen oxide species (RNOS) [26, 27] to the fluorescent product
carboxydichlorofluorescein (car-DCF) and thereby provide a qualitative index of
oxidation stress. As expected, treatment with LPS alone (50 ng/ml for 12 h) induced a
marked generation of ROS plus RNOS in macrophages. We and others have shown that
car-DCF fluorescence in activated macrophages is almost entirely from NO generation
rather than ROS generation [18, 27]. Figure 4a also shows that a 12 h treatment with
CEES alone (500 uM) or simultaneous treatment with 500 uM CEES and 50 ng/ml LPS
(CEES+LPS) induces a higher level of car-DCF fluorescence than observed in control
cells treated with vehicle alone. We previously reported that CEES markedly reduces
NO generation in LPS stimulated cells by reducing the expression of inducible iNOS
[18]. The car-DCF fluorescence observed in CEES treated cells or CEES+LPS cells is
likely, therefore, to be due to an enhanced generation of ROS alone with a minimal
contribution from RNOS.

Simultaneous treatment with 10 mM NAC reduced the car-DCF fluorescence observed in
LPS stimulated cells, as well as in CEES or CEES+LPS treated RAW 264.7 macrophages
(Figure 4a, compare top row to bottom row). These data qualitatively suggest that CEES
and CEES+LPS treatments induce oxidative stress in RAW 264.7 macrophages that can
be diminished by NAC treatment.

As a next step we examined intracellular levels of GSH using the CMAC probe (Figure
4b, top row) and levels of total intracellular thiols using the CMF-DA probe (Figure 4c,
top row). Both the CMAC and CMF probes revealed similar qualitative patterns: CEES
or CEES+LPS treatment for 12 h caused cellular GSH and thiol depletion but treatment
with LPS alone did not. These data reinforce the notion that treatment with either CEES
alone or treatment with CEES+LPS induces sufficient oxidative stress to reduce
intracellular GSH and thiol levels. LPS alone, however, did not induce GSH or thiol
depletion. NAC application was found to inhibit the loss of GSH and thiol levels caused
by CEES or CEES+LPS treatment (see Figures 4b and 4c, bottom rows).

The microscopic data (Figure 4) show merged visible/fluorescent images, thus allowing
cell counting and the monitoring of cell morphology changes. The counts of live
(morphologically unchanged) cells under conditions described above (Figure 4)
confirmed the major observations from the MTT- derived data (Figure 1a): (1) NAC
treatment enhance (3-fold) the viability of CEES+LPS treated macrophages; (2)
CEES+LPS is more toxic than CEES alone. The cells count (as percentage of untreated
control cells + SEM) were 57% =7, 76% + 10, 18% + 4, 84% + 8, 75% =9, 67% + 6,



54% + 10, respectively for macrophages treated with CEES (500 uM), LPS (50 ng/ml),
CEES+LPS, NAC (10 mM), NAC+CEES, NAC+LPS and NAC+CEES+LPS.

Quantitative effects of CEES on GSH status and protein carbonyl levels in LPS-
stimulated RAW 264.7 macrophages

Since the fluorescence microscopy data presented above are primarily qualitative, we
wanted to confirm our results by a more quantitative approach. We, therefore,
determined the effect of 500 uM CEES on the GSH/GSSG status of RAW 264.7
macrophage treated or untreated with 50 ng/ml LPS for 12 h. Total GSH (GSH+GSSG)
and GSSG concentrations were measured in cell lysates using a quantitative GSH assay
kit and the values normalized to total protein content of the lysate (see Materials and
Methods). Figure 5 shows that both total GSH and GSSG levels in macrophages treated
with either vehicle alone or LPS were not significantly different, i.e., similar to our
fluorescent microscopy data. However, cells treated with CEES alone showed a
depletion in total GSH as well as an increase in GSSG levels; cells treated with both
CEES and LPS were further depleted in total GSH and the percentage of GSSG in these
cells was the highest (40%). These results show that LPS alone does not induce a
significant oxidative stress, CEES alone induces a moderate oxidative stress but the
combination of both CEES and LPS induces the highest observed level of oxidative
stress.

In addition, we measured the protein carbonyl levels in control cells, cells treated with
CEES (500 puM) alone or cells simultaneously treated with both LPS (50 ng/ml) and
CEES (500 uM) for 12 h. Protein carbonyls are stable protein oxidation products. The
combination of CEES and LPS produced about 1.5 fold increase in protein carbonyl
levels, however cells treated with CEES alone were not significantly different from
control cells treated with vehicle alone (data not shown). Cells treated with LPS alone
were not assayed in this experiment since both our qualitative (Figure 4b and 4¢) and
quantitative data (Figure 5) showed no evidence of oxidative stress with this treatment.

The inability of NAC to reverse NO loss in CEES/LPS treated cells is not GSH
dependent

The data in Figure 1b show that NAC has almost no ability to restore NO production in
LPS-stimulated macrophages treated with CEES. An inability of NAC to prevent the
depletion of GSH in LPS-stimulated cells treated with CEES could possibly explain these
results. In order to explore this possibility, we examined the ability of 5 mM NAC to
prevent GSH depletion in LPS (50 ng/ml) stimulated and CEES treated (500 uM for 4 h)
RAW 264.7 cells. Figure 6 shows that CEES treatment alone decreased intracellular GSH
by only about 10% compared to LPS stimulated cells in the absence NAC. As expected,
the decrease in GSH levels was quite large in cells treated with both CEES+LPS (in the
absence of NAC) but treatment with 5 mM NAC was effective in preventing this loss.
The data shown in Figure 6 were obtained by HPLC analyses of the cell lysates but



similar results were obtained by using a fluorometric assay for GSH [31] (data not
shown). Despite the fact that NAC can increase the GSH level by three fold in
CEES+LPS treated cells it does almost nothing to increase NO production (Figure 1a).
These data suggest that the loss of NO production in CEES treated stimulated
macrophages is not GSH dependent as has been observed in some other cell lines [22-
25].

Polymyxin B diminishes CEES toxicity in LPS-treated macrophages and partially
blocks LPS induced NO production.

Polymyxin B is an antibiotic drug, which selectively binds and neutralizes LPS. Since
LPS enhances CEES toxicity, we tested the ability of polymyxin B to reduce CEES
toxicity (500 uM) and decrease NO generation in LPS (50 ng/ml) stimulated
macrophages. Figure 7a shows that polymyxin B (10 pg/ml) had no cytotoxic effect on
RAW 264.7 macrophages but partially reduced the cytotoxicity of CEES+LPS treated
cells (18 h). Nevertheless, polymyxin B produced at least a six fold increase in cell
viability compared to cell treated with both LPS and CEES for 18 h. As shown in Figure
7b, polymyxin B effectively blocked the production of NO (measured as nitrite levels) in
LPS (50 ng/ml for 18 h) treated macrophages as would be expected if it bound and
blocked the action of LPS.

Discussion

The cytotoxic effect of HD, and its analogue CEES, is believed to involve an increased
generation of damaging free radicals and ROS [8, 11-13, 32]. The data presented here
show that LPS in combination with CEES induces intracellular GSH and thiol depletion
as well as increased levels of protein carbonyls. In experiments with various human cell
lines we have found that GSH depletion is relatively rapid as it occurs within first hour of
incubation (data not shown). Thus, it is likely that this depletion is due, in large part, by a
direct reaction of CEES with GSH. The measurement of protein carbonyls is one of the
best indices for oxidative stress due to the stability of protein carbonyls and sensitivity of
the measurement [33]. Cellular thiols are important markers of the redox state of the cell.
In particular, GSH is one of the major components of the intracellular redox system and a
key intracellular antioxidant that functions as a substrate for glutathione peroxidase
which detoxifies both hydrogen peroxide and lipid hydroperoxides [34, 35]. Depletion of
intracellular stores of GSH plays an important role in the development of oxidative stress
[12, 13, 36]. Recent work also suggests that the anti-apoptotic protein Bcl-2 directly
interacts with GSH to regulate an important mitochondrial GSH pool that influences
mitochondrial oxidative stress and subsequent apoptosis [37]. It is highly possible that
both sulphur and nitrogen mustards possess a similar ability to deplete cellular thiols and
induce protein oxidation.

Taken together, our data strongly suggest that CEES induces oxidative stress in
stimulated macrophages. Moreover, the pattern of oxidative stress parallels the pattern
observed for CEES cytotoxicity, i.e., cytotoxicity and oxidative stress are amplified in
cells treated with both CEES and LPS. The addition of 5-10 mM NAC, a well



characterized water-soluble antioxidant, was found to be very effective in minimizing
CEES toxicity in stimulated macrophages and in preventing GSH depletion. Our data
suggests that NAC can be added five hours before or even five hours after CEES and still
exert a cytoprotective effect. Das et al. [9] recently found that NAC in drinking water
was effective in reducing CEES-induced lung toxicity to Guinea pigs. Fan et al. [38] have
shown that liposomal encapsulated NAC delivered intratracheally was more effective
than free NAC against acute respiratory distress syndrome in a rat model. It is
interesting, therefore, that McClintock et al. [39] have shown that reducing agents (NAC
or GSH), as well as some anti-oxidant enzymes, delivered via liposomes, can
substantially diminish CEES-induced injury in rat lungs. We are currently formulating an
optimal antioxidant liposome preparation for treating either lung or skin induced
CEES/HD injury.

We previously reported that CEES induces a transient loss of iNOS protein expression in
LPS stimulated RAW 264.7 macrophages but does not inhibit the enzymatic activity of
iNOS. Based of the work of others [22-25], we hypothesized that NAC treatment would
not only be protective against CEES toxicity but would also restore NO production in
LPS stimulated macrophages treated with CEES. Our results indicate, however, that this
was not the case. Our data did, however, show that NAC effectively increases cell
viability, increases GSH levels and reduces oxidative stress in LPS stimulated
macrophages treated with CEES.

CEES could inhibit iNOS protein synthesis by a number of possible molecular
mechanisms which we are currently exploring [18]. It is generally accepted that both the
transcription factor NF-kB and STAT-1 play central roles in the LPS induction of iNOS
[17, 40]. It is possible that CEES/HD could inhibit the NF-kB and/or the STAT-1
pathways in RAW 264.7 macrophages and consequently block iNOS gene expression.
For instance, CEES could alkylate the NF-xB consensus nucleotide binding sequences
thereby preventing the binding of activated NF-«xB to the iNOS promoter and block the
subsequent production of iNOS mRNA and protein expression. Previous studies in vitro
have shown that DNA alkylation by CEES [41, 42] or by nitrogen mustard [43] can
inhibit the DNA binding of transcription factor AP2 or NF-kxB.

Alternatively, the DNA binding ability of the NF-kB and/or STAT-1 transcription factors
could be reduced by direct covalent modification by CEES or as an indirect result of
GSH depletion, i.e., redox regulation. Nishi et al. [44] have found, for example, that the
cysteine-62 (Cys-62) residue of the p5SO NF-kB protein subunit is oxidized in the
cytoplasm but reduced in the nucleus, and that the reduced form is essential for NF-kB
DNA binding. It is possible that CEES could rapidly react with Cys-62 of the pSO NF-
kB subunit and prevent its DNA binding. However, since NAC was found to restore GSH
levels without restoring iNOS activity (see Figures 1 and 7), it is unlikely that a GSH
redox modulation of the pS0 Cys-62 is the molecular mechanism for CEES induced loss
of iNOS protein in LPS-stimulated macrophages. This cannot, however, be completely
ruled out based on our current data.



Moreover, there is evidence suggesting that alkylating agents do not inhibit but rather
promote NF-kB activation. It is known that CEES or HD treated cells release elevated
levels of TNF-a and also show NF-kB activation both in vitro and in vivo as measured by
electrophoretic mobility shift assays (EMSAs)[7, 45, 46]. Minsavage and Dillman
recently demonstrated that NF-xB is activated by HD treatment in human cell lines via
nonclassical pS3-dependent pathway [47]. Collectively, these data suggest that the
inhibition of iNOS expression by CEES or HD could be due to downregulation of the
STAT-1 and/or classical NF-kB pathway. We are currently exploring these various
molecular mechanisms.

In the work presented here, we also tested the ability of polymyxin B to block the effect
of LPS. Polymyxin B binds to the lipid A domain of LPS and neutralizes its activity. Our
data show that polymyxin B effectively inhibits CEES toxicity in LPS stimulated cells.
In vivo, LPS could directly enhance CEES/HD toxicity in cells with functional CD14
receptors or by triggering the release of pro-inflammatory cytokines, such as TNF-o and
IL-18, by immune cells. We have previously demonstrated that inflammatory cytokines
also enhance CEES cytotoxicity [15].

Conclusions

Our in vitro work presents novel evidence supporting the view that oxidative stress is an
important component of CEES/HD toxicity and that antioxidants have therapeutic
potential. We anticipated that NAC would prevent GSH depletion and restore the loss of
iNOS activity in CEES treated macrophages stimulated with LPS. Although NAC was
effective in preventing both CEES toxicity and GSH depletion, it failed to restore iNOS
expression. Our results to date indicate that CEES causes a transient decrease in iNOS
protein syntheses rather than a direct inhibition of iNOS activity due to covalent
modification(s) by CEES. We are currently investigating the molecular mechanism(s) for
the down regulation of iNOS expression by CEES.

Inhibition of iNOS and NO production could be an important element in the slow wound
healing observed subsequent to CEES/HD injury. Considerable evidence suggests that
iNOS is an important component of wound healing [19, 20, 48]. Although NAC maybe
effective at reducing CEES/HD toxicity it is not effective at elevating NO production due
to iNOS inhibition by CEES/HD. A more detailed understanding of the molecular
mechanism(s) responsible for iNOS inhibition by CEES/HD could, therefore, be useful in
the design of more effective countermeasures.

The fact that LPS was found to enhance CEES toxicity highlights the potential
importance of preventing secondary infection in the treatment of HD toxicity.

LPS is a component of gram negative bacteria and a ubiquitous environmental
contaminant. Its presence at very low levels (ng/ml) amplifies the toxicity of CEES.
Polymyxin B, a topically applied antibiotic that binds LPS, was shown to block the iNOS
inducing ability of LPS and to reduce CEES toxicity in LPS stimulated cells. Polymyxin
B could, therefore, be useful as a supportive treatment in order to prevent secondary



infections and to reduce HD toxicity, since it both neutralizes LPS and prevents the
growth of gram-negative bacteria in healing wounds.

The path to an optimal countermeasure to CEES/HD exposure may lie in a poly-drug
formulation that minimizes oxidative stress, prevents inflammation and secondary
infections, and, also, protects iNOS activity. Antioxidant liposomes are currently being
investigated as they have unique ability for targeted delivery of both water-soluble and
lipid soluble antioxidants [49] or other drugs, for instance, polymyxin B (personal
communications, Dr. Zach Suntres) as well as anti-inflammatory agents.

Methods

Materials

RPMI-1640 medium without phenol red and fetal bovine serum with a low endotoxin
level were purchased from Life Technologies (Gaithersburg, MD). Escherichia coli
lipopolysaccharide serotype 0111:B4, 3-(4,5-dimethylthiazolyl-2)-2,5-
diphenyltetrazolium bromide (MTT), CEES, NAC, Greiss reagent, GSH, BHT, EDTA,
and all organic solvents used were obtained from Sigma Chemical Company (St. Louis,
MO). Fluorescent dyes carDCFH-DA, CMAC, and CMF-DA were purchased from
Molecular Probes (Invitrogen Corp., Carlsbad, CA).

Cell culture and treatments

RAW?264.7 murine macrophage-like cells (American Type Culture Collection, Rockville,
MD) were cultured at 37°C in a humidified incubator with 5% CO» in RPMI-1640
medium with 10% fetal bovine serum, 100 U/ml penicillin and 100 mg/ml streptomycin
(GiBcoBRL Grand Island, NY). Adherent cells were subcultured in 96 well Costar tissue
culture plates and treated with CEES and/or LPS in the presence or absence of various
concentrations of NAC as indicated in the Figure legends. CEES was used only as a
fresh 50 mM stock solution in anhydrous ethanol. LPS was prepared as a 0.5 pg/ml stock
solution in PBS, filter-sterilized and stored at -20° C for up to 6 months. NAC was
prepared as a 0.5 M stock solution in PBS (pH adjusted to 7.4), filter-sterilized and stored
at 4° C for up to two weeks.

MTT assay

MTT assay was performed by a slight modification of the method described by
Wasserman et al. [50, 51]. Briefly, at the end of each experiment, cultured cells in 96
well plates (with 200 pl of medium per well) were incubated with MTT (20 pl of 5 pg/ml
per well) at 37°C for 4 h. The formazan product was solubilized by addition of 100 pl of
dimethyl sulfoxide (DMSO) and the OD measured at 575 nm with a Spectramax Plus 384
microplate reader (Molecular Devices Corp, Sunnyvale, CA)



NO generation in RAW264.7 macrophages

The production of NO, reflecting cellular NO synthase activity, was estimated from the
accumulation of nitrite (NO,"), a stable breakdown product of NO, in the medium. NO,
was assayed by the method of Green et al. [52]. Briefly, an aliquot of cell culture medium
was mixed with an equal volume of Greiss reagent which reacts with NO; to form an
azo-product. Absorbance of the reaction product was determined at 532 nm using a
Spectramax Plus 384 microplate reader (Molecular Devices Corp, Sunnyvale, CA).
Sodium nitrite was used as a standard to calculate NO, concentrations.

Quantitative GSH analyses

RAW264.7 macrophages incubated in 96-well plate (~10° adherent cells/well) and
treated with LPS/CEES/NAC as indicated in the Figure legends was assayed for total
GSH (GSH plus GSSG) using the GSH assay kit (World Precision Instruments, Sarasota,
FL) according to the company’s protocol. This assay uses the Tietze’s enzymatic
recycling method [53]. In order to measure just GSSG, 2-vinylpyridine was first used to
derivatize GSH alone [54]. Total GSH and GSSG levels were normalized to the total
protein (as determined by the standard BCA assay). Alternatively, GSH analyses of the
cell lysates were analyzed by isocratic HPLC with electrochemical detector composed of
Coulochem II model 5200A and a Coulochem 5011 analytical cell (ESA Inc,
Chelmsford, MA) as described by [55]. Since the cell lysates contained no measurable
levels of homocysteine, this aminothiol was used as an internal standard.

Protein carbonyl measurement

Protein carbonyl levels were measured by an enzyme immunoassay kit from Cell Biolabs
(San Diego, CA) according to the manufacture’s instructions. In this assay, the protein
samples are derivatized by making use of the reaction between 2,4-
dinitrophenylhydrazine (DNPH) and protein carbonyls to form a DNP hydrazone which
is assayed using an anti-DNP antibody and a HRP conjugated secondary antibody. A
standard curve from the oxidized BSA standards was run with each microplate. This kit
assay is essentially a modification [56] of the method described by Buss et al. [57].

Fluorescent microscopic analyses

The cell density was adjusted to 2 x 10°/ml, and a 100 ul aliquot of the cell suspension in
media was placed in each well of an 8-well Lab-Tek chamber glass slide (Nunc,
Rochester, NY). Vehicle alone, CEES alone (500 uM), CEES+LPS (50 ng/ml) in the
presence or absence of NAC (10 mM) were simultaneously added to chamber slides and
incubated for 12 h at 37°C in 5% CO,. At the end of the treatment a stock solution of
desired fluorescent probe in DMSO was added and the slides incubated for an additional
30 min at 37°C. The cells were washed with fresh PBS twice, observed and digitally
photographed using a MOTIC inverted phase contrast fluorescence microscope equipped
with a Nikon Coolpix E4300 4-megapixel camera (Martin Microscope, Easley, SC). A
20 uM carDCFH-DA and a standard FITC filter were used to monitor combined ROS



and RNOS generation; a 20 pM CMAC and a standard DAPI filter were used to monitor
intracellular GSH; a 20 uM CMF-DA and a standard FITC filter were used to monitor
cellular thiol levels. All the optical filters were obtained from Chroma Technology Corp
(Rockingham, VT).

Statistical analyses

Data were analyzed ANOVA followed with the Scheffe test for significance with p <
0.05 using SPSS 14.0 for Windows (Chicago, IL). Results were expressed as the mean +
SD. In all the Figures, mean values not sharing a common letter are significantly different
(p<0.05). Mean values sharing a common letter are not significantly different. The mean
values and standard deviations of at least three independent experiments are provided in
all the Figures.
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Figure legends

Figure 1 — NAC effect on viability and NO production in CEES/LPS treated RAW
264.7 cells (simultaneous NAC/CEES/LPS application)

Panel A: Macrophages incubated with 50 or 100 ng/ml of LPS or/and 500 uM CEES
were simultaneously treated with or without 10 mM NAC (as indicated) for 24 hours.
Cell viability was measured using the MTT assay (see Materials and Methods) and
expressed as OD at 575 nm. Panel B: Macrophages were incubated as described above
and NO production measured as the concentration of nitrite in the culture media as
described in Materials and Methods. Mean values not sharing a common letter are
significantly different (p<0.05).

Figure 2 — NAC effect on viability and NO production in CEES/LPS incubated RAW
264.7 cells (NAC pre-treatment)

Panel A: Macrophages were pre-treated with or without 10 mM NAC for 5 hours and
then incubated with 50 or 100 ng/ml of LPS or/and 500 uM CEES (as indicated) for 24
hours. Cell viability was measured using the MTT assay (see Materials and Methods) and
expressed as OD at 575 nm. Panel B: Macrophages were incubated as described above
and NO production measured as concentration of nitrite in the culture media as described
in Materials and Methods. Mean values not sharing a common letter are significantly
different (p<0.05).

Figure 3 — NAC effect on viability and NO production in CEES/LPS treated RAW
264.7 cells (NAC post-treatment)

Panel A: Macrophages were incubated with 50 or 100 ng/ml of LPS or/and 500 uM
CEES (as indicated) for 24 hours and 10 mM NAC was added to the cell culture medium
5 hours after the CEES/LPS application. Cell viability was measured using the MTT
assay (see Materials and Methods) and expressed as OD at 575 nm. Panel B:
Macrophages were incubated as described above and NO production measured as
concentration of nitrite in the culture media as described in Materials and Methods. Mean
values not sharing a common letter are significantly different (p<0.05).



Figure 4- Fluorescent microscopy probes for oxidative stress, GSH and total thiols
in RAW 264.7 cells

Panel A: Combined generation of ROS and RNOS were monitored using 20 uM
carDCFH-DA; Panel B: Intracellular GSH levels were examined using 20 uM CMAC;
Panel C: Levels of non-protein cellular thiols were monitored using 20 uM CMF-DA
under a fluorescent microscope. Macrophages were treated with CEES (500 uM) and/or
LPS (50 ng/mL) and incubated in the absence of NAC (top row in each panel) or in the
presence of 10 mM NAC for 12 h.

Figure 5 — Glutathione status in RAW 264.7 cells incubated with CEES/LPS

Macrophages were incubated with 50 ng/ml LPS or/and 500 uM CEES for 12 h. Total
GSH (GSH+GSSG) and GSSG levels were measured using a GSH assay kit (see
Materials and Methods section) in cell lysates and normalized to total protein. Numbers
show the percentage of GSSG in total GSH. Mean values not sharing a common letter are
significantly different (p<0.05).

Figure 6 — NAC restores intracellular GSH in RAW 264.7 cells incubated with
CEES/LPS

Macrophages incubated with 50 ng/ml LPS or/and 500 uM CEES were simultaneously
treated with or without 5 mM NAC (as indicated). Cell lysates were measured for
reduced GSH after 4 hour incubation using the HPLC technique described in Materials
and Methods. The GSH levels were normalized to an internal homocysteine standard.
Mean values not sharing a common letter are significantly different (p<0.05).

Figure 7 — Polmyxin B partially protects LPS stimulated RAW 264.7 cells from
CEES toxicity and blocks NO production

Panel A: Macrophages incubated with 50 ng/ml LPS or/and 500 uM CEES were
simultaneously treated with or without 10 pg/mL polymyxin B (as indicated) for 18
hours. Cell viability was measured using the MTT assay (see Materials and Methods) and
expressed as OD at 575 nm. Panel B: Macrophages were incubated as described above.
NO production was measured as nitrite concentration in the culture media as described in
Materials and Methods. Mean values not sharing a common letter are significantly
different (p<0.05).
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Chapter 21

Preparation, Characterization, and Use
of Antioxidant-Liposomes

Hongsong Yang, Victor Paromov, Milton Smithyand William L. Stone

W.L. Stone
Department of Pediatrics, James H Quillen College of Medicine, East Tennessee State
University, Johnson City, TN 37614-0578,,USA. E-mail: stone@etsu.edu

Abstract

Antioxidant liposomes provide a unique means of delivering/both water and /or lipid soluble antiox-
idants to tissues thereby affecting disease States or signal transduction pathways modulated by
oxidative stress. Considerable evidence suggests that liposome-encapsulated antioxidants can be
superior to the corresponding free antioxidants in thisiregard. This chapter will provide practical
details on the preparation, characterization, andsuse of antioxidant liposomes. Methods will be
described for the small-scale preparation, (1 ml) and large-scale (100 ml/hour) preparation of
antioxidant liposomes as well as the/techniques _for characterizing their size distribution and their
physical and chemical stability. The'use of‘antioxidant liposomes in an in vitro situation will also be
detailed.

Key words Antioxidants, Liposomes, Vitamin E, Oxidative stress, Cellular uptake, Glutathione,
Phospholipid

21.1 Introduction

A liposome is a vesicle composed of a closed phospholipid bilayer
(the lipid phase) encapsulating an aqueous phase: they are also
the smallest artificial vesicles that can be produced from natural
nontoxic phospholipids and cholesterol. Liposomes have often
been used as a drug delivery system since they have a unique abil-
ity to simultaneously deliver lipid-soluble as well as water-soluble
agents [1, 2]. Similarly, antioxidant liposomes provide a unique

From: Methods in Molecular Biology, vol. 477: Advanced Protocols in Oxidative Stress I,
Edited by: D-"Armstrong, DOI: 10.1007/978-1-60327-517-0_21, © Humana Press, New York, NY
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molecular tool for delivering both water- and lipid-soluble
antioxidants to tissues or cells. The therapeutic use of antioxidant
liposomes is particularly relevant for diseases infwhich oxidative
stress plays a key role [3, 4]. Oxidative stressiis.a condition in
which the production of damaging frée radical species/reactive
oxygen species exceeds the capacity ‘of antioxidant protection
mechanisms to prevent cellular damage. Free radicals are mole-
cules with unpaired electrons, which are often highly reactive and
damaging to biological systems, particularly the biological mem-
branes of subcellular organelles:

Lipid-soluble antioxidants suchsas vitamin E or coenzyme
Q10 (CoQ10) can be incorporated into the hydrophobic lipid
phase of liposomal bilayers. Vitamin, E is a term referring to at
least eight different isoforms including four tocopherols (alpha-,
beta- gamma-, and delta) and four corresponding tocotrienols
(alpha-, beta- gamma-, and delta®). Alpha-tocopherol is the pri-
mary form of vitamin'E found in human plasma since the other
isoforms are rapidly metabolized by the liver before being
secreted into plasmayp[5]. Moreover, the liver also contains an
alpha-tocopherol transferprotein, which selectively promotes the
secretion of alpha-tocopherol out of the liver into very low den-
sity lipoprotein [6]5Oral administration with forms of vitamin E
other than alpha-tocopherol is not, therefore, effective at increas-
ing their plasma levels.

In¢reasing evidence shows that the different vitamin E
isoforms have distinct chemical and biological properties [7, 8, 9].
Moreoverymany of the biological properties of vitamin E isoforms
appear gnrelated to their role as antioxidants [10]. Evidence sug-
gestypfor example that gamma-tocopherol [11, 12, 13] as well as
tocotrienols have the potential to kill many types of cancer cells by
activating apoptosis [14, 15, 16, 17]. Intravenous injection with
liposomes containing non-alpha-tocopherol isoforms would by-
pass the selectivity imposed by the liver, allowing the unique prop-
ertiesrof each vitamin E isoform to be therapeutically exploited.

Water-soluble antioxidants such as urate [18], ascorbate,
N=acetyl-L-cysteine (NAC), or glutathione (GSH) can be
encapsulated into the interior aqueous domain of antioxidant-
liposomes. NAC is the acetylated from of L-cysteine and it is
an excellent source of sulthydryl (SH) groups. NAC is con-
verted in the body into metabolites capable of stimulating
GSH synthesis, promoting detoxification, and it also acts
directly as a free radical scavenger. Fan et al. [19] have found
that liposomal encapsulated NAC provides a longer lasting
protection against acute respiratory distress syndrome than
does free unencapsulated NAC. Water-soluble antioxidant
enzymes such as superoxide dismutase or glutathione peroxi-
dase can also be incorporated into the aqueous domain of
antioxidant liposomes [4].
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21 Preparation, Characterization and Use of Antioxidant-Liposomes

Although general guidelines for the preparation and size
characterization of liposomes have been described [20], this
chapter will focus on the specific preparation and characteriza-
tion of antioxidant liposomes.

21.2 Materials

21.2.1 Equipment 1. Mini-Extruder set including extruder, stand /heating block,

filter support, gas-tight syringe, and polycarbonate mem-
branes, Avanti Polar Lipids Inc. (Alabaster, AL).

2. Model M-100L Microfluidizer (a bench top instrument)
from Microfluidies.(Newton, MA).

3. Nicomp 380 DLS from Particle Sizing Systems (Port
Richey, FL).

4. Spectra Max Plus 384 microplate reader (Molecular
Devices, Sunnyvale, CA).

5. Coulochem II Ele¢trochemical Detector, ESA Model 580
Solvént Delivery, Model 5011 Analytical Cell, a Model
50200Guard Cell (Chelmsford, MA).

21.2.2 Reagents 1./ Cholesterols C8667 (Sigma-Aldrich.com, St. Louis, MD).

and Buffers

2. Phospholipon 85G (PL8G) and phospholipon 90H
(PLO90H)(Lipoid LLC, Newark, NJ).

21.2.2.1 Lipids for 3.) I=a-phosphatidic acid, Avanti Product Number 109774
Liposome Formulation (Avanti Polar Lipids Inc., Alabaster, AL).

21.2.2.2 Organic Solvents 1. "Methylene chloride (dichloromethane), D151 (Fisher
for Liposome Formulation Scientific).

2. Ethanol, 042104 (Aaper Alcohol and Chemical Co.,
Shelbyville, KY).

3. Chloroform, C606 (Fisher Scientific).

21.2.2.3 Lipid-soluble 1. RRR-a-tocopherol (AT), R951027A1 and RRR-y-tocopherol

Antioxidants

(DT), R951027A5 (Cognis Corporation (LaGrange, IL).

2. d-Tocotrienol (DT3), Cayman Product 10008513 (Cayman
Chemicals, Ann Arbor, Michigan).

21.2.2.4 Water-soluble 1. N-Acetyl-L-cysteine (NAC), A8199 (Sigma).

Antioxidants

2. L-Glutathione reduced (GSH), G4251 (Sigma).
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21.2.2.5 GSH/GSSG Assay

21.2.2.6 Vitamin E Assays

Time: 7:00pm Proofl

. The assay buffer is Dulbecco’s Phosphate-Butfered Saline

(PBS) (Mediatech Inc., Herdon, VA) supplemented with
2 mM ethylenediaminetetraacetic acid (EDTA) Sigma-
Aldrich, St. Louis, MO.

. A 0.1 mM GSH solution (30.7 mg/1) is)prepared in PBS

and stored at 4°C (for up to 2 weeks). The solution is used
to prepare GSH standards.

. A 108 pl aliquot of 2-vinylpyridine (2-VP) (Sigma) is added

to 1.00 ml of ethanol (1.00 M),and prepared immediately
prior to the assay.
A 1.00 mM Ellman’s“reagent 1s prepared by dissolving
40 mg of 5,5'-dithio=bis(2-nitrobenzoic acid), (DTNB)
(Invitrogen, Eugene, OR) in 100 ml of PBS immediately
prior to the assay.

. A 2 mM stock solution of reduced B-nicotinamide adenine

dinucleotide 2"-phosphate tetrasodium salt (NADPH)
(Sigma-Aldrich, St. Louis, MO) is prepared by dissolving
1.7 mg of NADPH in 1.00 ml of PBS immediately prior to
the assay (stored at 4°C).

Glutathione,/ Reductase (GR) (Roche Diagnostics,
Indiapapolis, IN).

Fisherbrandy Flat-bottom 96-well clear plastic plate (Fisher
Scientific, Hampton, NH).

.»A lysis buffer is prepared by mixing a 40.0 ml aliquot of

50,mM HEPES /NaOH buffer (pH = 7.50) with 1.0 ml of
Triton X-100, 5.0 ml of 2 mM EDTA, and 54.0 ml of dis-
tilled water and stored at 4°C.

Stock solutions for the mobile phase are: (a) 1 M ammonium
acetate /acetic acid (NH,OAc/HOAc) Bufter (pH = 4.40)
prepared by dissolving 77.10 g of NH,OAc in 1.0 I of pol-
ished water and adjusting the pH to 4.40 with HOAc (J.T.
Baker Chemical Co., Phillipsburg, NJ); (b) 3.0 mM of citric
acid is prepared by dissolving 0.1441 g of citric acid in pol-
ished water to a final volume of 250 ml. All solutions in the
mobile phase are prepared from “polished water” which is
distilled water filtered through a Sep-Pak cartridge (Water,
Atlanta, GA).

. A'10 pg/ml BHT solution in hexane is prepared by dissolv-

ing 10.0 mg of 2,6-ditertiary-butyl-4-methyl phenol (BHT)
from Aldrich (Milwaukee, WIS) in 1.0 | hexane.

Mobile Phase is prepared by mixing a 80.0 ml aliquot of 1 M
NH,OAc/HOACc bufter (pH = 4.40) with 4.0 ml of 3.0 mM

citric acid, adding polished water to give a final volume of
400 ml followed by filtration through a 0.22 pm filter
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21 Preparation, Characterization and Use of Antioxidant-Liposomes

Millipore (Millipore Corp., Bedford, MA). T'his solution is then
mixed with 3,600 ml of HPLC grade methanol (MeOH).

5. rac-5, 7-dimethyl tocol (Matreya, Pleasant/Gap, PA).

21.2.2.7 Cell Culture with 1. RAW264.7 murine macrophage-like cells are obtained from
Antioxidant Liposomes the American Type Culture Collection, Rockville, MD.
21.3 Methods

21.3.1 Concentration
Issues

Antioxidant liposomes cansbeformulated with a wide variety of
phospholipids, stabilizers; lipid-soluble” antioxidants, and water-
soluble antioxidants. It is critical to have an overall experimental
design in mind for the use of'a given liposomal formulation since
this will dictate compesitional issues. For example, for an in vitro
tissue culture expériment,hthe stock liposomes will often be
diluted to provide physiological levels of antioxidants.

Liposomes have two phases, an interior aqueous phase and
hydrophobi¢ lipid-bilayer phase. For the bilayer phase, the most
useful units of concentration are mole fraction but for the inte-
rior aqueous phase. it is mM or wM. The mole fraction of com-
ponent, %, in the lipid bilayer is given by x; = n,/n where #, is
moles'of component 7 in the bilayer and # is total number of
moles of‘all components in the bilayer. When a liposomal formu-
lation is diluted into a buffer/culture medium, the mole fraction
of‘any/compoenent (like a lipid-soluble antioxidant) in the lipid
bilayer will not change. It is also useful, however, to express the
coneentration of a lipid-soluble component in molar units so one
can evaluate it a “physiological” level of a lipid component is
beinguutilized. In the case of vitamin E, the molar concentration
is given as moles of liposomal vitamin E added to the buffer
divided by the volume of the buffer; a physiological concentra-
tion is about 30 wM for a-tocopherol. It should be kept in mind,
however, that all the vitamin E is in the liposomal lipid phase, not
“free” in solution.

A water-soluble antioxidant can also be incorporated into the
interior aqueous phase of liposomes and its initial concentration in
the liposomal aqueous phase (assuming no in vitro loss) would be
the same as its concentration in the aqueous phase of the “formu-
lation buffer”. If the water-soluble antioxidant were an ionic,
hydrophilic compound (such as ascorbate or GSH) it would not
diffuse through the lipid bilayer of the liposome and its concentra-
tion in the interior liposomal aqueous phase would stay constant
even after subsequent dilution of the liposomes or removal of the
exterior formulation buffer. It is still, however, useful to calculate
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21.3.2 Preparation
of Antioxidant
Liposomes

by Extrusion (Small
Scale)

21.3.2.1 Preparation
of &-Tocotrienol-
Liposomes with NAC
(NAC-DT3-Liposomes)
by Mini-extrusion

the molar concentration of the liposomal water-soluble antioxidant
in the buffer or medium into which it is diluted, i.e., the moles
of water-soluble antioxidant per liter of buffer/medium: again
keeping in mind, that this is not the “true” free eoncentration of
antioxidant.

Antioxidant liposomes can be made with awariety of techniques
and compositional variations. Some liposemal components such
as DPPC and tocotrienols can be very expensive and it might be
necessary to make small-scale preparationsfor use in tissue cul-
ture experiments. In this cas¢, the “mini” extrusion technique is
a very useful apparatus and is‘available from Avanti Polar Lipids
(see http:/www.avantiliptdsicom/extruder.html) where its
operation is also describéd in some detail.

As is the case for all liposomal preparations, the desired lipid
components are first added together to form a homogenous
solution using an erganic solvent (see Note 1). The solvent is
evaporated in a glass container leaving a thin lipid film, which is
then hydrated and detached by vigorous mixing with the formu-
lation bufter (which could contain water-soluble antioxidants)
to form largeymultilamellar vesicles (LMVs), which are then
reduced inSize by energy input. For the extrusion technique, this
energy inputyis accomplished by mechanically extruding the
LMVs through a‘pelycarbonate filter with a fixed pore size. This
will yiéld Targe unilamellar vesicles (LUVs) with a diameter simi-
lar to'the pore size of the polycarbonate filter.

Below, sve provide a detailed procedure for the preparation of lipo-
somes containing d-tocotrienol (DT3) as the lipid-soluble antiox-
idant andiNAC as the water-soluble antioxidant. In this example,
phosophelipon 85G (PL85G) is used as the phospholipid source
(soybean lecithin) and this particular phospholipid forms “liquid”
bilayers at room temperature. In this example, the mole fractions
(in“the lipid bilayer) of PL85G to cholesterol to delta-tocotrienol
are 0.666, 0.266, and 0.066, respectively (see Note 2).
Cholesterol and vitamin E both make liposomes less permeable to
aqueous dyes and more resistant to protein-induced disruption
[21]. In this example, there are a total of 50 pwmol of lipid per ml
of formulation buffer and the concentration of NAC and DT3 are
75 and 3.33 mM (in the formulation buffer), respectively.

1. Stock solutions of PL85G (30 mg/ml), cholesterol
(20 mg/ml), and DT3 (24 mg/ml) are made in methylene
chloride (see Note 3). The formulation buffer contains 61.2
mg of NAC in 5.00 ml of PBS with the pH adjusted to 7.4
(see Note 4). The NAC solution is passed through a sterile
0.2 pm filter into a sterile 10 ml test tube.

2. The stock solutions (4.5 ml of PL85G, 1.3 ml of choles-
terol, and 275 pl of delta-T3) are added to a round bottom
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21.3.3 Preparation
of Antioxidant
Liposomes by High
Pressure
Homogenization
(Large Scale)

21 Preparation, Characterization and Use of Antioxidant-Liposomes

test tube (55 ml, Pyrex, No. 9826, 25 mm OD X 150 mm)
with a Teflon-lined screw cap. The dichloromethane solvent
is evaporated using a stream of nitrogenyin/a fume hood.

3. After the solvent is completely removed, theylipid film is
hydrated in 5 ml of sterile 75 mM NAC in PBS with vigor-
ous vortexing for at least 2 min (see Note 5).

4. A 1 ml aliquot of the fully hydratedulipid sample is loaded
into one of the gas-tight syringes and placed into one end of
the mini-extruder. A second, empty, /gas-tight syringe is
placed into the other end’of the mini-extruder and the fully
assembled apparatus placed 4n the” extruder stand. The
syringe plunger containing,the sample is transferred through
the polycarbonate filter to the receptor syringe and this
process is repeated atipleast five times (or 10 passes).
Polycarbonate filters are available from 0.2 to 1.0 pm.

5. If liposomes ar¢'made with a 0.2 mm polycarbonate filter,
they can be passed through a 0.4 pm filter for sterilization.

For in vivo animal experiments, it is often necessary to have lipo-
somal volumés much greater than the 1 ml produced by the mini-
extruder. In addition, it' may be required that the liposomes used
for an in‘ivo animal experiment be identical to those used in a
potential‘large-scale clinical experiment. In this case, the ability to
scale-up a benchisize production to a commercial scale production,
withoutless of liposomal characteristics, would be a very impor-
tant quality control issue. High pressure homogenization (HPH),
as performed by the Model M-100L Microfluidizer (a bench top
mstrument )/with a throughput of up to 270 ml/minute can be
scaled=up without loss of liposomal physiochemical properties. We
routinely use this apparatus to produce 100 ml aliquots of antiox-
idantyliposomes for use in animal models. Avestin Inc. (Ottawa,
Canada) produces an apparatus that produces liposomes by a com-
bination of homogenization and extrusion. HPH works by using
aippressure to push a large piston which, in turn, pushes a smaller
plunger thereby transferring the intensified pressure to the prod-
uct stream (LMVs in our case) contained within an interaction
chamber with microchannels. This process causes the LMVs to
undergo shear, impact, and cavitation forces resulting in unilamel-
lar vesicles.

Talsma et al. [22] have compared the HPH technique for
preparing liposomes with the extrusion method and the ultrason-
ication method. In agreement with the data presented by Talsma
et al. [22], we have found that about three to five cycles of
homogenization, with chamber pressure of 17,000 psi, are suffi-
cient to produce liposomes with a minimum mean particle size.
In general, ultrasonication produces liposomes with a mean par-
ticle size similar to that achieved by HPH [22]. We have found,
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however, that sonication is not suitable for_the preparation of
antioxidant liposomes since it promotes the‘oxidative loss of any
added antioxidants.

The total amount of lipid per ml of formulation buffer is also
a factor influencing liposomal characteristics. In general, we have
found that concentrations of 50 wmol‘of lipids per ml of formu-
lation buffer produce liposomes with a narrow size distribution
but higher levels increase the solution viscesity and result in lipo-
somes with an increased size distribution as well as an increased
mean particle size.

In the example below,/we deseribe the details to prod-
uce 50 ml of antioxidant lipesomes containing both alpha-
tocopherol and gamma-tecopherolias lipid-soluble antioxidants
and GSH as a water-soluble antioxidant. Phospholipon 90 H
(PL90H) is the primary phospholipid used but phosphatidic acid
(PA) was also used to impart a negative charge to the liposomes
to help maintain adfully, dispersed particulate state. The mole
ratios of PL90H: €holesterol: PA: AT: GT in this preparation are
10:4:0.1:1:1, respeectively.

1. A stock selution of PE90OH (see Note 6) is made in chloro-
form (20.0,g ifr 1000 ml of CHCIL,). Stock solution of cho-
lesterol (2.0 g/100:0 ml), phosphatidic acid (2.5 g/100 ml),
a-toc¢opherol (0.50 g AT/10.0 ml), and +v-tocopherol
(0.50 g GT/10.0 ml) are prepared in methylene chloride.

2. The stock solutions (12.3 ml each of PL90H, 0.86 ml of PA,
24 .ml of cholesterol, 2.7 ml of AT, and 2.6 ml of GT) are
added'to.a’500 ml Pyrex round bottom flask with a 24 /40
ground glass joint. The solvent is removed by rotary evapora-
tion producing a thin film of lipid on the inside of the round
bottom flask. The solvent should be completely removed by
application of a vacuum with mild heating (37°C).

3.nAfter the solvent is completely removed, the lipid film is
hydrated in 100 ml of sterile 75 mM GSH in PBS with vig-
orous agitation until all the lipid is removed from the inner
glass surface of the round bottom flask (see Note 5). The
temperature of the PBS solution should be above the gel-
liquid transition temperature for PL90H, which is 51°C.

4. The HPH pump is primed with ethanol, then with distilled
water followed by sterile PBS. The 100 ml of fully hydrated
lipid sample is then placed in the product inlet reservoir and
pumped through the Microfluidizer using a pressure of
17,000 psi until the reservoir is almost drained. The prod-
uct is collected and passed through pump for an additional
four times (resulting in a total of five passes).

5. It is sometimes desirable to remove the formulation buffer
containing the external water-soluble antioxidant(s), leaving
only the liposomal encapsulated water-soluble antioxidant(s).
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21.3.4 Size
Measurements
by Dynamic Light
Scattering

21.3.5 Chemical
Stability

of Antioxidant
Liposomes

21.3.5.1 GSHAssay Using
the Enzymatic Recycling
Method

This can be done in large scale by sedimenting the liposomes
(three times) by centrifugation (15,000 rpm in an SS-34
rotor in a Sorvall RC-5B centrifuge for b5 min) followed by
their resuspension in PBS butfer. Alternatively; the liposome
sample can be placed inside dialysis tubing and dialyzed
against multiple changes of PBS bufter.

Particle size is an important factor modulating the uptake of lipo-
somes [23, 24]. Chono et al. [23] have found, for example, that
the uptake of liposomes by rat alveolarimacrophages increases
with particle size over a range'from 100to 1000 nm. It is impor-
tant, therefore, to characterize antioxidant liposomes by measur-
ing their particle size /distribution: This is most readily
accomplished by the use ofidynamic light scattering (DLS), which
has a very large size range fromn0.005 to 2 microns (1 micron is
1076 m or 1000 nm). For DLS, light from a laser is focused into
a glass tube containing a'diluted sample of the liposome suspen-
sion, which scatters.some of'the light in all directions. For a laser
light beam, it is/possible.to ebserve time-dependent fluctuations
in the scattered intensity due to the Brownian motion of the lipo-
somes. Analysis of the time dependency of the intensity fluctua-
tions yields‘the diffusien coefficient of the liposomes. Knowing
the viscosity ofithe medium, the hydrodynamic diameter of the
liposomes;can be caleulated from the Stokes Einstein equation. In
the example provided below, a Nicomp 380 DLS from Particle
Sizing Systems (Port Richey, FL) is utilized.
1./ Dilute 10.l the liposome sample (assuming a concentration
of about, 50 pmol of total lipids/ml) into 1.00 ml of PBS
butter, which should give a scattering intensity of 300 kHz.

2.\ The particle size distribution is analyzed using the software
(CW388) accompanying the Nicomp instrument. The sim-
plest particle distribution for liposomes is a smooth Gaussian
unimodal distribution with a well-defined mean diameter and
half'width. If, however, this distribution does not the raw data
very well (see Note 7), it is then necessary to attempt a fit
assuming a discrete distribution of particle sizes, i.c., a distri-
bution analysis.

The chemical stability of the antioxidants incorporated into antiox-
idant liposomes is an important quality control issue. Below, we
describe the analytical procedures to measure GSH (a water solu-
ble) or vitamin E (lipid soluble) isomers in antioxidant liposomes.

The assay detailed below provides specific details for measuring
both reduced GSH and oxidized GSH (GSSQG) in liposomes
using the Tietze’s enzymatic recycling method [25], but this
method can easily be adopted to measuring cellular level as well.
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This assay uses the Tietze’s enzymatic recycling method [25] in
which GSH reacts with DTNB (5,5'-dithio-bis-2-nitrobenzoic
acid) yielding 5-thio-2-nitrobenzoic acid (INB) as well as a
mixed disulfide between GSH and TNB that,is subsequently
reduced by glutathione reductase, recy€ling GSH and producing
more TNB. The rate of TNB production is directly proportional
to the concentration of total GSH in _the samples Since this assay
utilizes glutathione reductase, it measures, the concentration of
both GSH and GSSG (total GSH). In order to measure just
GSSG, 2-vinylpyridine is first used to derivatize GSH alone [26]
leaving just GSSG. The congéntration.of GSH in sample can be
calculated as the difference between total GSH and GSSG. We
have found it convenient o utilizeta, GSH assay kit from World
Precision Instruments, (Sarasota, FL) but other sources are also
available (see 703002 Glutathione Assay Kit from Cayman
Chemical Company, Ann Arbor, MI).
1. Liposome samplesycontaining GSH are diluted in PBS to
give a final GSH concentration in the range of 5-30 uM. A
100 pl of eachidiluted sample is pipetted into two plastic
microcentrifuge tubesy one for total GSH and the other for
GSSG measuréments,

2. GSH gtandardsi(6; 12, 18, 24, and 30 wM) are prepared
from then0.1 mM stock solution by dilutions in PBS and
assayed in parallel with the samples. PBS is used as a blank
reference (0 pM GSH).

3., A 2-pl aliquot of 1.00 M 2-VP solution in ethanol is added
to ¢ach'GSSG sample tube (see Note 8).

4 After vortexing for 30 seconds, the sample and standard
tubes are incubated at room temperature for 60 minutes. A
25-pl aliquot of sample /standard is placed in each well of a
clear plastic 96-well plate and all samples/standards assayed
in triplicate.

5. 0The assay cocktail is prepared by mixing 1 ml of DTNB
stock, 1 ml of NADPH stock, 0.2 ml of glutathione reduc-
tase stock, and 7.8 ml assay buffer. This cocktail should be
used within 20 min after preparation.

6. A 100 pl of the assay cocktail is added to each sample/stan-
dard followed by careful shaking or 2 seconds and then
inserted into the Spectra Max Plus 384 microplate reader.
The absorbance at 405 nm is measured for 10 min at 2 min
intervals at room temperature.

7. For each standard/sample, the average OD (of the tripli-
cates) is plotted as function of time, and slopes for each curve
(80D) calculated (only in the linear part of the curves) by
30D = OD final — OD initial. The 8OD values for the
standards are plotted as a function of the GSH concentration
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21.3.5.2 Vitamin E Assay
Using HPLC with
Electrochemical Detection
(HPLC-ECD)

and the resulting graph should be lineas, i.e., 30D = a -
GSH concentration + &. The 2 and & parameters of the for-
mula for the linear trend line of thé¢ plot/are determined
using Microsoft Excel (graph function, “AddyTrend line”).
The total GSH or GSSG concentrations canibe calculated by:

Total GSH or GSSG = (8 OD-b)/a

The GSH concentrations diluted samples are calculated as
the difterences in total GSH and GSSG. Congentrations that are
out of the 5-30 wM range aré"disregarded. Finally, GSH and
GSSH concentrations in th¢ liposomal, samples are calculated
using the appropriate dilution ratios.

Figure 21.1 shows ratio of GSSG, (in GSH equivalents) to
GSH assayed as a function, of /storage time for GSH-liposomes
and GSH-a-tocopherol liposomes stored at room temperature
(RT) or 4°C. These data show that GSH is oxidized fairly rapidly
at room temperaturé compared to 4°C. Moreover, the presence
of a-tocopherol does not retard GSH oxidation. These data sug-
gest that GSH-liposomes would have to be used relatively soon
after being formulated. A'chelating agent such as ethylenedi-
aminetetraacetate (EDTA) or urate [18] could be used as a pre-
servative for both lipid-/and water-soluble antioxidants.

The HPEEC methodydescribed below utilizes a highly sensitive
coulometric elegtrochemical detection technique suitable for meas-
uring vitamin E isomers in 10 cells. Although we describe an assay
for/measuringgvitamin E in adherent cultured cells, this technique

100

80 -

60 -

% ,Oxidation

40 A

20 A

5 10 15 20 25 30
Storage time (days)

orx
0

Fig. 21.1 GSH oxidation to GSSG in liposomes during storage. GSH-liposomes (square
symbols) and GSH-o-tocopherol liposomes (triangular symbols) were stored at room
temperature (solid symbols) or at 4°C (open symbols). Total GSH (GSH + GSSG) and
GSSG concentrations within the liposome samples were measured after 3, 5, 7, 14, 21,
and 28 days of storage using the Tietze method. Oxidation of GSH encapsulated in the
liposomes was expressed as a percent of GSH converted to GSSG relatively to the total
GSH content of each sample
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21.3.6 The Uptake
of liposomes
Containing.Both
o-Tocopherol and
~=Tocopherols by
RAW 264.7 Murine
Macrophages

can be readily adopted for measuring vitamin E levels in liposomes
or tissue samples. The particular HPLC system we use consists of a
Coulochem II Electrochemical Detectorg an ESA Model 580
Solvent Delivery Module, a HR-80 column (C'185.3 pm, 8 cm), a
Model 5011Analytical Cell, a Model 5020 Guard Cell.

1. The culture medium is removed from 2 % 10¢ cells in a
microplate by washing three times with cold PBS butffer.
The cells are then overlaid/ with*400 pl of lysis buffer,
scraped, and collected into a'glass vial.

2. The lysed cell sample is mixed withuls0 ml ethanol contain-
ing rac-5, 7-dimethyl gocol Jastan_internal standard and
1.0 ml hexane containing 10 pg,/ml BHT.

3. After vortexing for/4 min, the mixture is centrifuged at
1020 X g for 5 minjpand a 400-pl aliquot of the super-
natant fluid is removed, dried under nitrogen, and taken up
in 100 pl of mobile phase and filtered using 0.45 wm
syringe filter.

4. The flow ratcisiadjusted to 1.2 ml/min and the second ana-
lytical celldpotentialiset to 400 mV and the potential of the
guard cell electrode, used to eliminate interference by elec-
tro-active impurities in the mobile phase, set to 300 mV.

It is impertant to measure the response factor for each vita-
min E isomer with respect to the internal standard (they are all
different). This is accomplished by preparing standard solutions
with known céncentrations of vitamin E isomer (the extinction
coefficients_are /listed in Note 9). The standard solutions are
mixed with internal standard and the areas of peaks measured
using the HPL.C-ECD method. The response factors of a partic-
alar vitamin E isomer relative to the internal standard (DMT) are
caleculated by the following formula where area ;) and [DMT]
are the area and concentration of the internal standard; area
and JA] are the area and concentration of the vitamin E isomer:

Response Factor of A = [ A]/[DMT] X area(DMT>/area<A)

With the response factor (F), we can easily obtain the con-
centration of A in the cellular extract from the known concentra-
tion of DMT and measured areas of DMT and A by:

Concentration of A = F X [DMT] X Area( A)/Arc:a(DMT)

The example provided below details the procedure for measuring
the cellular uptake of vitamin E by RAW 264.7 murine macrophages
incubated with liposomes containing both a-tocopherol and
vy-tocopherol (AT,GT-liposomes). The liposomes used here were
prepared by the HPH technique using the protocol described above
except no NAC was present. Blank liposomes were also prepared
in this experiment and they contain neither lipid- nor water-soluble
antioxidants.
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Fig. 21.2 RAW264.7 macrophage cellular-uptake of tocopherols after incubation with
o/vy-tocopherol antioxidant liposomes for 24 hours. The vitamin E content of RAW264.7
macrophages dramatically‘increases by incubation (for 24 hours) with liposomes con-
taining both alpha- and gamma-tocopherol. The levels of liposomal vitamin E present
in the medium varied, from0,to 55 wM. Physiological levels of vitamin E are in the
10-30 wM range

1. The stock liposomes contained 3.2 mM of a-tocopherol
(AT)/andi3.2 mM of y-tocopherol (GT).

2. A 245l aliquetyof 5 X 105 cells/ml is placed in each well of
a 12-well plate and the cells incubated overnight to about 90%
confluence.

34 The,medium is removed from cach well and fresh medium
added with different concentrations of AT,GT-liposomes,
black liposome or PBS into wells. After 24 hours of incuba-
tion, the medium from each well is removed, the cells lysed,
and assayed for tocopherols as detailed in Sect. 21.3.5.2.

4. The total proteins in the lysed cell samples (Note 10) are
measured using BCA assay and the final data presented as
nmol of tocopherols/mg of protein.

Figure 21.2 shows the cellular uptake of tocopherols incubated
with diluted samples of the AT,GT-liposomes for 24 hours. It is clear
that the cells alone or cells incubated with the blank liposomes have
very low endogenous tocopherol levels. In marked contrast, the cells
incubated with the AT,GT-liposomes show a marked increase in the
intracellular levels of both a-tocopherol and y-tocopherol.

21.4 Notes

v

1 -
.

1. Vitamin E rapidly decays in halogenated solvents like chlo-
roform or methylene chloride and therefore cannot be
stored in these solvents for any length of time. Ethanol is a
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suitable solvent for the long-term storage of tocopherols
and tocotrienols and ethanol is miscible with methylene
chloride or chloroform. Moreover,{the molar extinction
coctficients for most vitamin E isomers are given in ethanol.

Vitamin E can be added to liposomes at a level up to 33 mol%
and, in general, has an effect similar'to cholesterol [21].

. The total lipid concentration”is“typically"in the range of

10-30 mg of lipid per ml of'organic solvent. Also note that
methylene chloride is generallynconsidered less toxic than
chloroform.

It is important to adjust the pH of'the NAC solution to 7.4
with NaOH or it willdbéracidie,and potentially toxic.

. When a water-soluble antioxidant is added to the PBS or

culture medium, it is possible to increase the efficiency of
entrapment into the liposomal aqueous phase by 3-5
freeze /thaw cycles:

Phospholipon,90H (PL90H) is not very soluble in methyl-
ene chloride and'ityis, therefore, necessary to use chloroform
as the solvent.

. The Nicompisoftware provides a “Chi Squared” parameter to

help gvaluate the'type of particle distribution in a sample. A
value less than 2 indicates a unimodal distribution and a value
greater than 3 suggests a bimodal (or greater) distribution.

. All work with 2-VP should be kept under the hood as the

chemiical is/both toxic and volatile.

9. The molar extinctions coefficients for tocopherols (Ts) and
tocotrignols (T3) are provided below.
Ayax (NM) ¢ (per cm per M)

Substance M.W. in ethanol in ethanol

o-T 430.7 292 3270

B-T 416.7 296 3730

y-T 416.7 298 3810

8-T 402.7 298 3520

a-T3 424.7 292 3870

B-T3 410.7 295 3600

v-T3 410.7 298 4230

8-T3 396.7 292 3300
rac-5,7-dimethyl 416.7 292 3460

tocol
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10. It is important to make the BSA protein standard in the exact
solution that the protein to be assayed is if1, i.¢. gthe lysis buffer.
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