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Erythema is the initial symptom that occurs after sulfur mustard (HD) cutaneous exposure. The time course 
of HD-induced erythema is similar to that observed after W irradiation, which can be reduced by 
indomethacin. Sulfur mustard lethality is decreased by using promethazine, which is an antihistamine. 
Niacinamide can reduce microvesication after HD vapor exposure in hairless guinea pig (HGP) skin. The 
present study examines the effect of the combined administration of niacinamide, indomethacin and 
promethazine used alone or in all possible combinations on the degree of erythema and histopathologic skin 
damage after HD exposure in HGP. Niacinamide (750 mg kg-', i.p.), promethazine (12.5 mg kg-', i.m.) or 
indomethacin (4 mg kg-', p.0.) used singly or in combination was given as a 30-min pretreatment before an 
8-min HD vapor cup skin exposure. Using a combination pretreatment of niacinamide, promethazine and 
indomethacin, erythema was reduced at 4 (91%) and 6 (55%) h, but not 24 h after HD. The incidence of 
histopathological skin changes (microvesicles, follicular involvement, epidermal necrosis, intracellular edema 
and pustular epidermatitis) 24 h after HD was not reduced. This study indicates that HD-induced erythema 
may result from several different mechanisms, including inflammation, histamine release and DNA damage. 
It is suggested that two phases of inflammation may occur: an early phase sensitive to antihistamines and 
non-steroidal antiinflammatory drugs and a late phase of extensive cell damage that was not sensitive to these 
drug pretreatments. 

INTRODUCTION 

Sulfur mustard (HD) exposure has been shown to 
cause erythema and microvesicle formation in hairless 
guinea pig skin.' In addition, erythema develops as 
early as 2 h while microvesicles do not appear until 
16 h after HD vapor exposure in hairless guinea pig 
skin.2 

The acute skin symptoms noted after HD liquid or 
vapor exposure in humans and animals follows a 
dose-dependent asymptomatic latent period of varying 
duration. Sulfur mustard skin lesions progress in 
three distinct symptomatic phases: erythema, blister 
formation and necrotic lesions. After a vapor cup 
exposure to human forearms, the typical progression 
of skin lesions was slight erythema (1 h), definite 
erythema (2-3 h), raised erythema and edema (8-12 h), 
pinhead vesicles (13-22 h) and coalesced blisters 
( 1 W 8  h).3 

The human sunburn reaction4 and HD cutaneous 
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exposure result in a similar time course of erythema 
and edema. One hour after UV irradiation, mast cell 
degradation, perivenular edema, histamine release 
and erythema are evident. Before the appearance of 
erythema, prostaglandin E2 (PGE,) skin levels increase 
and remain elevated for 24 h. Ultraviolet-induced 
erythema has been proposed to result from different 
 mechanism^,^ which include direct injury to vascular 
end~thelium,~.' release of inflammatory mediators 
(PGE,, PGF,, and 6-keto-PGF1,)* that diffuse from 
the epidermis to dermal vascular e n d o t h e l i ~ m , ~ J ~  
and release of mast cell vasoactive mediators (e.g. 
histamine).'lJ2 In human skin exposed to UV 
irradiation it was found that endogenous release of 
histamine stimulates prostaglandin synthesis.8 Ultra- 
violet-induced erythema is blocked by treatment with 
a non-steroidal antiinflammatory drug, 
indomethacin,13-15 or antihistamines. l6 

A proposed mechanism of HD blister formation 
involves an initial alkylation of DNA followed sequen- 
tially by stimulation of DNA repair processes, alter- 
ations in cellular energy metabolism, increases in 
protease synthesis and release and separation at the 
epidermal-dermal junction." Initial attempts to define 
the biochemical alterations leading to microvesication 
in vivo have focused on cellular NAD+. The DNA 
repair enzyme, poly(ADP-ribose)polymerase, utilizes 
NAD' as a cofactor, and alkylating agent damage 
results in NAD+ depletion. l8 Sulfur mustard exposure 
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of human k e r a t i n o c y t e ~ , ' ~ . ~ ~  human blood leukocytes,21 
human skin explants,22 human skin grafts on athymic 
nude or hairless guinea pig skin24 results in 
cellular NAD' depletion. 

Niacinamide is both a reversible inhibitor of 
p~ly(ADP-ribose)polymerase~~ and a substrate for 
NAD + synthesis.26 Niacinamide pretreatment reduced 
microvesication, but erythema was not reduced or 
d e l a ~ e d . ~ . ~ ~  Hence, niacinamide may not affect the 
acute vascular changes that occur as a result of H D  
exposure. 

The role of inflammation in H D  cutaneous injury has 
been reviewed recently." The use of antiinflammatory 
compounds to treat H D  exposures has been limited. 
Mast cell degranulation has been noted in human skin 
explants2* and hairless guinea pig skin29 exposed to 
HD. The antihistamine promethazine decreased the 
severity of HD rabbit skin lesions and was reported 
to increase survival of rats exposed to H D  or nitrogen 
mustard. 3" 

The present study was undertaken to determine 
whether the severity of HD-induced skin lesions can 
be reduced by administering, either alone or in 
combination, niacinamide, an antihistamine 
(promethazine) or a non-steroidal antiinflammatory 
compound (indomethacin). 

METHODS 

Animals 

Male [Crl:IAF/HA(hr/hr)BR Vaf/Plus@, Charles 
River] hairless guinea pigs (Caviaporcellus), 300400 g, 
were used in these experiments. Guinea pigs were 
quarantined on arrival and screened for evidence of 
disease before being released from quarantine. They 
were maintained under an AAALAC-accredited ani- 
mal care and use program in polycarbonate plastic 
cages (Lab Products, Maywood, NJ) on hardwood chip 
contact bedding (Beta-Chip; Northeastern Products 
Corp., Warrensburg, NY). Animals were provided 
commercial guinea pig ration (Zeigler Bros., Gardners, 
PA) and tapwater ad libitum. Animal holding rooms 
were maintained at 21 ? 1°C with 50 k 10% relative 
humidity using at least 10 complete changes per hour 
of 100% conditioned fresh air. The guinea pigs were 
on a 12-h light/dark full spectrum lighting cycle with 
no twilight. 

C hemicah 

Niacinamide, promethazine and indomethacin were 
obtained from Sigma Chemical Co. (St. Louis, MO). 
Distilled 2,2'-dichlorodiethyl sulfide (HD; purity 
97.6%) was obtained from the US Army Chemical 
and Biological Defense Command (Aberdeen Proving 
Ground, MD). 

Sulfur mustard exposures 

Sulfur mustard exposures were performed as described 
p r e v i ~ u s l y . ~ ~  Niacinamide (750 mg kg-', 3 ml kg-' in 
saline, i.p.), promethazine (12.5 mg kgg', 1 ml kg-' in 

saline, i.m.), indomethacin (4 mg kg-', 0.8 ml 100 g-' 
body wt. in 3% gum acacia in saline, p.0.) or 
saline (3 ml kg-', i.p.), used singly or in all possible 
combinations, was administered as a 30-min pretreat- 
ment. Animals were anaesthetized with a combination 
of ketamine hydrochloride (30 mg kg-', i.m.) and 
xylazine (6 mg kg-', i.m.) 15 min prior to H D  
exposure. Eight tape strips were attached to the back 
(four on each side of the dorsal midline) of each 
animal. Sulfur mustard (10 pl) was applied to a filter- 
paper disc attached to the inside top surface of a 
plastic disposable vial cap. The vapor cup was inverted 
onto the tape-strip and remained for 8 min. After HD 
exposure, the animals were placed in individual cages 
and remained in a fume-hood for 24 h. Each animal 
was euthanized singly in a halothane-saturated glass 
chamber. 

Erythema determination 

Erythema was scored visually using a modified visual 
scoring scale from 0 to 4.31 

Histopathological analysis 

Full-thickness skin punch biopsies were taken from 
the center of each exposure site after halothane 
euthanasia. Samples were placed in 10% neutral 
buffered formalin for a minimum of 24 h and then 
analyzed under light microscopy for intracellular 
edema, epidermal necrosis, pustular epidermatitis, 
follicular necrosis and microvesicles. 

Data analysis 

Values reported are the mean ? SEM of groups from 
four to twelve animals. Significant differences between 
erythema group means were based on the 
Kruskal-Wallis test ( P  < 0.05) followed by the 
Mann-Whitney test (Fig. 1). Significant differences 
between the incidence of histopathological markers 
were determined using the Mann-Whitney test (Fig. 2). 

RESULTS 
~ 

The effect of single and combination pretreatments on 
erythema after HD vapor exposure to hairless guinea 
pig skin is shown in Fig. 1. The combination pretreat- 
ment of niacinamide and promethazine significantly 
decreased the degree of erythema measured 4 h after 
H D  by ca. 55%, while the triple combination of 
niacinamide, promethazine and indomethacin reduced 
erythema by 91 % when compared with niacinamide 
or saline-pretreated animals (Fig. 1A). In addition, 
only the combination pretreatment of niacinamide, 
promethazine and indomethacin further decreased the 
erythema when compared with all dual pretreatment 
combinations. The combination pretreatment of nia- 
cinamide and promethazine and the triple combination 
pretreatment of niacinamide, promethazine and indo- 
methacin still exhibited a reduction in erythema of ca. 
50% 6 h after H D  (Fig. 1B). However, at 24 h after HD 



SULFUR MUSTARD-INDUCED ERYTHEMA 135 

_.. 
I P I P N P N I N I P N  S 

4.0 

ad 

LO 

i a d  al 
.a LO 

w E t.6 

1.0 

M 

nn -- 
I P I P N P N I N I P N S  

-- 
I P I P N P N I N I P N  S 

Treatment Groups 

Figure 1. Effect of promethazine, indomethacin and niacinamide on erythema after sulfur mustard (HD) exposure. The control value 
for untreated skin is zero. Individual graphs represent 4 h after HD (A), 6 h after HD (6) and 24 h after HD (C). All drugs were 
administered as 30-min pretreatments: niacinamide (N, 750 mg kg-’, 3 ml kg-’ in saline, i.p.1, promethazine (P; 12.5 mg kg-’, 
1 ml kg-’ in saline, i.m.), indomethacin (I; 4 mg kg-’, 0.8 ml 100 g-’  body wt. in 3% gum acacia in saline, p.0.) or saline (S; 
3 ml kg-’, i.p.). Values are the mean ? SEM of four to twelve animals. * At least P <  0.05 from N and S, t P <  0.01 from NP. 

no pretreatment combination offered any protection 
against erythema (Fig. 1C). 

The effect of the administration of different pretreat- 
ment combinations on histopathological changes noted 
24 h after H D  exposure is shown in Fig. 2. A reduction 
in microvesicle formation (Fig. 2A) and follicular 
involvement (Fig. 2B) were noted with niacinamide 
pretreatment. N o  reduction in epidermal necrosis 
(Fig. 2C), intracellular edema (Fig. 2D) or pustular 
epidermatitis (Fig. 2E) was noted with niacinamide 
administration. No pretreatment regimen including 
promethazine or indomethacin resulted in reductions in 
histopathological skin changes 24 h after H D  exposure 
(Fig. 2A-E). In fact, the use of niacinamide in combi- 
nation with either promethazine or indomethacin 
resulted in the loss of protection afforded by niacina- 
mide against microvesicle formation and follicular 
involvement. 

DISCUSSION 

The pretreatment combination of niacinamide and 
promethazine reduced erythema after HD,  while with 
the triple combination pretreatment including indome- 
thacin even further reductions occurred. Neither nia- 
cinamide, promethazine nor indomethacin when used 
alone reduced erythema. Even though erythema was 
reduced up to 91% by the triple compound pretreat- 
ment after HD: skin injury (24 h) still occurred. No 
reduction in the incidence of any histopathological 
marker was noted. 

Sulfur mustard has been reported to release hista- 
mine from skin. Histamine release and mast cell 
degranulation approximately doubled when full-thick- 
ness skin explants were exposed to HD.32 In hairless 
guinea pig skin exposed to HD,  the number of 
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Figure 2. The incidence of specific histopathological markers 24 h after sulfur mustard (HD) vapor exposure in hairless guinea pig 
skin. Each panel represents the incidence of microvesicle formation (A), follicular necrosis (B), epidermal necrosis (C), intracellular 
edema (D) and pustular epidermatitis (El. See Fig. 1 legend for description of the drug pretreatment groups. Values are the mean 
2 SEM of four to twelve animals. Based on the Mann-Whitney (* P <  0.01; t P = 0.053) test, there was a difference from saline. 

granulated mast cells and the cross-sectional area 
occupied by granules were decreased after exposure to 
HD .29 Therefore, HD-induced mast cell degranulation 
and the subsequent histamine release may contribute 
to skin injury pathogenesis. 

Skin vascular responses due to HD have been 
suggested to occur in two phases: an immediate and 
a delayed phase.33 An early or ‘immediate’ phase 
occurring within 1 h was proposed to be due to 
direct endothelial cell membrane injury and vasoactive 
mediator release. During this acute-reversible phase, 
vascular leakage and a limited granulocyte infiltration 
occurred. The second or ‘delayed’ phase appeared 8 h 
after HD, and vascular leakage was attributed more 
to DNA alkylation-related cell death than to strictly 
vasoactive mediator release. This phase was charac- 
terized by basal epidermal cell death, generalized 
vascular leakage and extensive leukocyte infiltration. 

The results from the present study indicate that the 
erythema associated with the immediate phase (direct 
endothelial damage and mediator release) is sensitive 
to antihistamine and niacinamide combination pretreat- 
ment. However, the delayed phase (epidermal cell 
death and generalized vascular leakage) of erythema/ 
inflammation associated with tissue necrosis is ulti- 
mately unresponsive to antihistamine or antiinflamma- 
tory action. It is proposed that inflammation, as 
suggested by the present study, does not initiate the 
pathogenic mechanism of microvesicle formation, but 
rather may contribute to the exacerbation of microves- 
icle development. 

Inflammatory mediators derived from activation of 
the prostaglandin cascade are also released by HD 
exposure. Prostaglandin E2 (PGE2) release increased 
in human skin explants topically exposed to HD.32 It 
has been shown that PGE2 and 6-keto-PGFl, (a stable 
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metabolite of prostacyclin) are released from cultured 
human epidermal keratinocytes within 6 h after HD 
exposure (M.A.E. Mol; personal communication). The 
synthesis and release of these prostaglandin cascade 
mediators should be reduced by indomethacin, which 
is a cyclooxygenase inhibitor. In addition, the release 
of prostaglandins may be dependent, at least partially, 
on histamine. Exogenous histamine stimulates PGE2 
release from epidermal cell cultures, which could be 
blocked by antihistamines8 In the same study, human 
skin explants exposed to UV irradiation release PGE2, 
PGF2, and 6-keto PGF,,, and this release was inhibited 
by antihistamines. It was suggested that histamine- 
stimulated prostaglandin release is a possible mechan- 
ism of irradiation-induced erythema. A similar ery- 
thema mechanism may be occurring with HD skin 
exposure. However, the present study showed that an 
antihistamine or cyclooxygenase inhibitor used singly 
or in combination could not prevent erythema. Only 
when niacinamide was used in combination with an 
antihistamine was there a reduction in erythema. It is 
possible that niacinamide is reducing the DNA damage 

component while the antihistamine is reducing hista- 
mine and prostaglandin release. Using a cyclooxygen- 
ase inhibitor alone may not intercede in the inflamma- 
tory cascade at a point early enough to reduce HD- 
induced erythema. 

The current study investigated HD-induced erythema 
and whether combination pretreatments of an antihista- 
mine, a non-steroidal antiinflammatory and niacina- 
mide can reduce erythema and ultimately decrease skin 
injury. The combination of niacinamide, promethazine 
and indomethacin inhibited erythema but did not 
ultimately prevent skin injury. These results are consist- 
ent with two phases of skin injury after H D  exposure. 
The first phase is an inflammatory phase of injury that 
is associated with vascular changes involving histamine 
and prostaglandin release. The second phase seems to 
be associated with more extensive tissue injury (cell 
necrosis and inflammation) that is beyond the point of 
treatment with antihistamines and/or antiinflammatory 
drugs without addressing the DNA alkylating compo- 
nent of HD injury. 
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