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Local Effects of Synthetic Leukotrienes (LTC,, LTD,, LTE,, and LTB,) in
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The local effects of intracutaneous injections into hu-
mans of 1-3 nmol of five products of arachidonic acid
metabolism, leukotrienes (LT) C,, D4, E4, and B, from the
5-lipoxygenase pathways and prostaglandin (PG) D:
from the cyclooxygenase pathway, were assessed clini-
cally and histologically. In equimolar concentrations,
LTC,, LTD,, and LTE, elicited erythema and wheal for-
mation, in which a wheal with central pallor was present
up to 2 hr, and the erythema persisted as long as 6 hr.
PGD:; elicited a wheal that lasted up to 1 hr and erythema
that lasted up to 2 hr. The dermal vascular sites affected
by LTD, and PGD: included capillaries, superficial and
deep venules, and arterioles. LTB, elicited a transient
wheal and flare, followed in 3-4 hr by induration that
was characterized by a dermal infiltrate comprised pre-
dominantly of neutrophils. The combination of LTB, and
PGD: elicited tenderness and increased induration as-
sociated with a more intense neutrophil infiltration.
Thus, the products of the 5-lipoxygenase pathway of
arachidonic acid metabolism in nanomole amounts can
induce cutaneous vasodilation with edema formation
and a neutrophil infiltrate, and these responses are en-
hanced by a cyclooxygenase pathway product, PGD:.
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The oxidative products of arachidonic acid appearing with
physiologic and pathobiologic perturbations of cellular mem-
brane phospholipids include the prostaglandins, thromboxane,
and the leukotrienes. Prostaglandin (PG) D., the predominant
product of arachidonic acid metabolism in human mast cells in
vitro [1,2] and in vivo [3,4], and leukotrienes (L'T) C,, D,, and
E, [5-9], recognized as components of slow reacting substance
of anaphylaxis (SRS-A), are considered among the mediators
of acute allergic processes.

Knowledge of the cutaneous effects of the LT components of
SRS-A is limited to observations of alterations in venular
permeability in guinea pigs [6,10,11] and rats [11], but not
rabbits [11], and the morphologic demonstration of dilated
superficial and deep blood vessels in monkey skin [12]. PGD,,
a metabolite of the cyclooxygenase pathway of arachidonic
acid, can produce vasodilation in rat skin and elicit a wheal and
erythema reaction in human skin [13]. LTB,, a potent che-
moattractant [14] that elicits a neutrophil infiltrate in monkey
skin [15], is inactive in the rabbit skin unless combined with a
vasodilating prostaglandin [16]. Inasmuch as there is no infor-
mation on the cutaneous effects in humans of the leukotrienes
alone or in combination with PGD., the intracutaneous injec-
tion of LTC,, LTD,, LTE,, PGD,, and LTB, alone and in some
combinations was assessed by clinical and histologic parame-
ters.

MATERIALS AND METHODS

LTC,, LTD4, LTE4, PGD», and LTB, were prepared as previously
described [8,17-20] and stored frozen at a concentration of 25 ug/ml in
0.1 M phosphate buffer (pH 6.8):ethanol (4:1, v/v) under argon until
the day of use. Immediately before injection these substances were
dried under argon and then redissolved in 0.1 ml of a sterile solution
containing 0.15 M NaCl with 2% ethano!. LTC, (1.0 nmol/site), LTD,
(1.0 nmol/site), LTE, (1.0 nmol/site), PGD. (3.0 nmol/site), LTB, (1.6
nmol/site), and vehicle alone or in various combinations were coded
and injected intradermally into the ventral aspects of the forearms of
3 adult male volunteers after informed consent was obtained. Clinical
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manifestations were recorded, and the reactions were quantitated by
measuring their greatest diameter in millimeters at 7 time points from
10 min to 6 hr; neither the subject nor the recorder had specific
knowledge of the material administered to a site.

Preliminary dose-response studies were conducted with LTD, (0.1,
0.2, and 1.0 nmol/site) in each of the 3 subjects in order to determine
the single amount and the times of observation to be used for further
studies. Although each of the three amounts of LTDj elicited erythema
and wheal formation, the persistence of these manifestations was sub-
stantially greater at 1.0 nmol/site, and thus this amount was used for
further studies of L'TCs, LTD,, and LTE,.

Skin biopsy specimens were obtained from sites injected with vehicle
at 2 or 6 hr; with PGD. at 0.5, 2 and 6 hr; with LTD, at 2 hr; with LTB,
at 6 hr; and with L'TB4 plus PGD; at 6 hr. Trephine biopsy specimens
measuring 4 mm were taken from a skin site after the periphery at the
four quadrants had been injected with 1% lidocaine without epineph-
rine. The tissue was bisected and fixed for 18 hr at 4°C in solution
composed of 2% paraformaldehyde, 2.5% glutaraldehyde, and 0.025%
CaCl; in 0.1 m cacodylate buffer, pH 7.4. This fixed tissue was washed
in the same buffer, postfixed in osmium tetroxide, and embedded in
Epon. One-micrometer sections were prepared and stained with Giemsa
diluted 1:10 in 2% Na borate solution and examined with a Leitz Dialux

Subject 1

Subject 2

DIAMETER (mm)

Subject 3

HOURS

Fic 1. Erythema occurring after the intracutaneous injections of
LTC, (M), LTD, (®), LTE; (A), LTB, (4), PGD; (O), and saline vehicle
() in 3 subjects. The initial observations were made at 10 min to
minimize the nonspecific effects of injection. The greatest diameter of
the clinical lesions is depicted in mm on the ordinate.
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Fic 2. Wheal formation occurring after the intracutaneous injec-
tions of LTC, (H), LTD, (@), LTE, (4), LTB, (A), PGD, (O), and saline
vehicle (CJ) in 3 subjects. The greatest diameter of the clinical lesions
is depicted in mm on the ordinate.

20 microscope at magnifications up to X1000 [21-23]. The cells were
counted, and the number of infiltrating cells per total biopsy specimen
was determined by subtracting the cells in the specimens from sites
receiving vehicle alone from the total cells; results were expressed as
net cells/mm?” of 1-um thick tissue sections.

Neutrophils in the dermis were defined by morphologic criteria
including multilobed nuclei and a finely granular blue-gray cytoplasm.
Activation of endothelial cells of the venules was defined by enlarge-
ment of both cytoplasmic and nuclear mass and by the presence of a
prominent nucleolus in a nucleus with loose chromatin and basophilic
staining of the nucleoplasm.

RESULTS
Clinical Cutaneous Responses

Each of the three SRS-A leukotrienes, L'TC,, LTD,, and
LTE; (1.0 nmol/site), elicited erythema that blanched with
pressure and wheal formation in each subject (Figs 1, 2). Tran-
sient burning was noted in each subject after the injections of
LTD, and LTE,, but not after L'TC,. After the injections of
LTC,, LTDy, and LTE,, the center of the wheal was pale and
the erythema was less intense than it was at the periphery and
beyond the wheal. The lack of erythema over the wheal was
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more prominent with LTC,; and LTD, than with LTE,. The
erythema appeared by 10 min, peaked at 1 hr, and was not
dissipated by 4 hr; wheal formation was noted at 10 min, peaked
at 1 hr, and was dissipated by 4 hr. The injection of the saline
vehicle did not elicit a wheal or flare reaction during the period
of observation from 10 min to 6 hr.

PGD: (3.0 nmol/site) elicited erythema that blanched with
pressure and a wheal (Figs 1, 2) without occurrence of symp-
toms. The erythema over the wheal was of the same intensity
as that occurring beyond the wheal. Erythema appeared at 10
min, peaked at 30-60 min, and was dissipated by 4 hr. A wheal
appeared at 10 min, peaked at 30 min, and was dissipated by 2
hr.
LTBs (1.6 nmol/site) elicited transient erythema that
blanched with pressure and wheal formation in only 1 of 3
subjects (Figs 1, 2). LTB, caused induration as a firm 3-mm
papule without tenderness in the same subject at 6 hr. The
combination of LTB,; and PGD. produced a prolonged ery-
thema of 6 hr duration and a wheal that became tender at 2 hr
and indurated as a firm 5-mm papule by 4 hr in each subject.

Histologic Alterations

Skin biopsy specimens obtained 2 hr after the injection of
LTD, (1.0 nmol/site) (Fig 3) in each of 3 subjects exhibited
dermal edema and marked and uniform dilation of capillaries
and superficial and deep venules with activation of endothelial
cells, as well as dilation of some arterioles. Biopsy specimens
obtained 0.5 (Fig 4) and 2 hr after the injection of PGD: (3.0
nmol/site) exhibited dermal edema and marked and uniform
dilation of capillaries and superficial and deep venules with
activation of endothelial cells, as well as dilation of some
arterioles. By 6 hr a diminution in the degree of dilation of the
superficial and deep venules was noted. LTD, at 2 hr elicited
12.8 neutrophils/mm® in 1 of 3 subjects (Table I, Fig 3). Al-
though PGD. elicited a transient perivenular neutrophil infil-
trate at 0.5 hr in each of 3 subjects, ranging from 32.6 to 295.4
cells/mm?, neutrophils were not noted at the 2-hr time point.

Fic 3. Histologic response occurring after the intracutaneous injec-
tion of LTD; (1.0 nmol/site) at 2 hr in subject 3. Note erythrocytes
within dilated dermal venule and perivenular neutrophils (1-um thick
Epon-embedded specimen; Giemsa; X 252).
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Fic 4. Histologic response occurring after the intracutaneous injec-
tion of PGD. (3.0 nmol/site) at 0.5 hr in subject 3. Note erythrocytes
within dilated dermal venule and perivenular neutrophils (1-um thick
Epon-embedded specimen; Giemsa; X 252).

TaBLE 1. Quantitation of infiltrating cells in skin

Timevftarin: Neutrophils (net cells/mm?)

Molecule jection (hr) Sibiset Subject 2 Subject 3
LTD, 2 0 0 12.8
PGD. 0.5 295.4 170.7 32.6
PGD. 2 0 0 0
PGD. 6 0 38.4 663.9
LTB. 6 169.3 44.7 440.1
LTB, + PGD: 6 651.0 905.0 513.3

At the 6-hr time point neutrophils were again present in 2 of 3
subjects, ranging from 38.4 to 663.9 neutrophils/mm?.

Biopsy specimens obtained at 6 hr after the injection of L'TB,
(1.6 nmol/site) (Fig 5) exhibited perivenular infiltrating neutro-
phils in each subject, ranging from 44.7 to 440.1 cells/mm?
(Table I) without dilation of superficial and deep venules and
arterioles. The combination of LTB,; and PGD: evoked a syn-
ergistic increase in neutrophil numbers in 2 of 3 subjects. Fibrin
was deposited in interstitial array in 2 of 3 subjects after the
injection of LTB, (Fig 5) and was not increased after the
combination with PGD.. Dermal edema was not observed.

DISCUSSION

The pathobiologic effects occurring after the intracutaneous
administration of the oxidative products of arachidonic acid
metabolism known to be generated by immediate-type hyper-
sensitivity reactions differed in the character of the erythema
and wheal responses to PGD. and the 6-sulfidopeptide leuko-
trienes. The administration of 1.0 nmol of LTC,, LTD,, and
LTE, and 3.0 nmol of PGD; elicited an erythema and wheal
response that was well developed by 10 min (Figs 1, 2), the
point at which the wheal associated with injection of the control
site had subsided. The wheal elicited by the 6-sulfidopeptide
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Fic 5. Histologic response occurring after the intracutaneous injec-
tion of LTBs (1.6 nmol/site) at 6 hr in subject 1. Note neutrophil
infiltration and fibrin deposition (1-pm thick Epon-embedded specimen;
Giemsa; X 196.9).

leukotrienes exhibited a pale center as compared to the ery-
thema at its periphery and to the erythema extending beyond
the wheal. The wheal persisted for more than 2 hr, and the
erythema continued to be prominent at 6 hr. The erythema and
wheal response to PGD. differed in that the intensity of the
erythema was uniform over and about the wheal, and the
duration of both the erythema and wheal was less than one-
half that observed with the 6-sulfidopeptide leukotrienes.

The basis for the differences in clinical morphology in the
lesions elicited by PGD: as compared to the 6-sulfidopeptide
leukotrienes was not apparent either from studies of biopsy
specimens carried out at the peak of wheal formation, 0.5 hr for
PGD, and at 2 hr for LTDy, or from a comparison at 2 hr when
the response elicited by PGD. had subsided. The degree of
dermal edema was compatible with the magnitude of the clin-
ical response, and the microvascular changes consisting of di-
lation of capillaries and superficial and deep venules and some
arterioles were not different in intensity or uniformity (Figs 3,
4). The constriction of the cutaneous microvasculature in guinea
pig skin occurring after the injection of 6-sulfidopeptide leuko-
trienes [6,10,11] has been demonstrated by a decreased local
blood flow measured by isotopic and dye extravasation tech-
niques and is associated with an increase in venular permeabil-
ity, as indicated by the leakage of protein-bound blue dye.
These findings are compatible with the visual observation that
the application of 6-sulfidopeptide leukotrienes to the hamster
cheek pouch causes constriction of terminal arterioles followed
by extravasation of protein-bound fluorescent dye into the
surrounding tissues [24]. The clinical wheal and dermal edema
observed in human skin reflect the augmentation of venular
permeability. The erythema relates to the dilation of the mi-
crovasculature, and the presumptive arteriolar constriction
would account for the central pallor of the leukotriene-induced
wheal, and would not be expected to be maintained in the
biopsy specimen.

The prevailing view that vasodilation and augmentation of
venular permeability are prerequisites for the in vivo chemo-
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tactic response to a chemotactic factor [25] is supported by the
synergistic interaction between LTB; and PGD, in 2 of 3
subjects. Although 3.0 nmol of PGD, did not elicit a clinical
response that was maintained at 6 hr (Figs 1, 2) as noted in an
earlier study [13], the microvasculature was still dilated in
biopsy specimens. L'TB, (1.6 nmol) alone caused a transient
wheal in a single subject (Fig 2) and the development of a
nontender, indurated, 3.0-mm papule at 6 hr; when combined
with PGD,, L'TB, caused a tender, indurated 5.0-mm papule
that appeared at 4 hr in each subject. The clinical synergy
between LTB, and PGD. was supported by morphologic find-
ings in 2 of 3 subjects. In these subjects, quantitative neutrophil
counts (Table I) were increased 4- and 10-fold over the additive
effect of each agent alone. In the third subject, the clinical
synergy was not confirmed by a quantitative increase in neutro-
phil number. The PGD.-initiated neutrophil accumulations
were subclinical as compared to the effects of LTB., possibly
because only the effects of the latter agonist included fibrin
deposition. Inasmuch as PGD. has been demonstrated to be a
chemokinetic factor in vitro [26], it could be argued that its
combination with the chemotactic factor LTB, was synergistic
in terms of the neutrophil as a target cell, in addition to
providing the necessary alterations in the microvasculature.
Moreover, these interactive effects may have clinical impor-
tance in that the inhibition of the cyclooxygenase pathway by
nonsteroidal anti-inflammatory agents could be beneficial or
detrimental depending on the responses of cells to the altered
array of products produced.

The authors acknowledge the expert technical assistance of Eleanor
Manseau in preparing the histologic specimens.

REFERENCES

1. Lewis RA, Holgate ST, Roberts LJ II, Oates JA, Austen KF:
Preferential generation of prostaglandin D, by rat and human
mast cells, Biochemistry of the Acute Allergic Reactions, Fourth
International Symposium. Edited by EL Becker, AS Simon, KF
Austen. New York, AR Liss, 1981, pp 239-254

2. Lewis RA, Soter NA, Diamond PT, Austen KF, Oates JA, Roberts
LJ II: Prostaglandin D. generation after activation of rat and
human mast cells with anti-IgE. J Immunol 129:1627-1631, 1982

3. Roberts LdJ II, Sweetman BdJ, Lewis RA, Austen KF, Oates JA:
Increased production of prostaglandin D. in patients with sys-
temic mastocytosis. N Engl J Med 303:1400-1404, 1980

4. Roberts LJ II, Sweetman BJ, Lewis RA, Folarin VF, Austen KF,
Oates JA: Markedly increased synthesis of prostaglandin D, in
systemic mastocytosis. Trans Am Assoc Physicians 93:141-147,
1980

5. Murphy RC, Hammarstrom S, Samuelsson B: Leukotriene C: a
slow-reacting substance from murine mastocytoma cells. Proc
Natl Acad Sci USA 76:4275-4279, 1979

6. Lewis RA, Austen KF, Drazen JM, Clark DA, Marfat A, Corey EJ:
Slow reacting substance of anaphylaxis: identification of leuko-
trienes C-1 and D from human and rat sources. Proc Natl Acad
Sci USA 77:3710-3714, 1980

7. Morris HR, Taylor CW, Piper PdJ, Tippins JR: Structure of slow
reacting substance of anaphylaxis from guinea pig lung. Nature
285:104-105, 1980

8. Lewis RA, Drazen JM, Austen KF, Clark DA, Corey EJ: Identifi-
cation of the C(6)-S-conjugate of leukotriene A with cysteine as
a naturally occurring slow reacting substance of anaphylaxis
(SRS-A): importance of the 11-cis geometry for biological activ-

__ity. Biochem Biophys Res Commun 96:271-277, 1980

9. Orning L, Hammarstrom S, Samuelsson B: Leukotriene C: a slow-
reacting substance from rat basophilic leukemia cells. Proc Natl
Acad Sci USA 77:2014-2017, 1980

10. Peck MJ, Piper PJ, Williams T'J: The effect of leukotrienes C, and
D4 on the microvasculature of guinea pig skin. Prostaglandins
21:315-321, 1981

11. Ueno A, Tanaka K, Katori M, Hayashi M, Arai Y: Species differ-
ences in increased vascular permeability by synthetic leuko-
trienes C4 and D,. Prostaglandins 21:637-648, 1981

12. Lewis RA, Austen KF, Drazen JM, Soter NA, Figueiredo JC, Corey
EJ: Structure, function, and metabolism of leukotriene constitu-
ents of slow reacting substance of anaphylaxis, Leukotrienes and
Other Lipoxygenase Products. Edited by B Samuelsson, R Pa-
oletti, New York, Raven, 1982, pp 137-151

13. Flower RJ, Harvey EA, Kingston WP: Inflammatory effects of
prostaglandin D, in rat and human skin. Br J Pharmacol 56:229-
233, 1976



Feb. 1983

14. Malmsten CL, Palmblad J, Udén AM, Ramark O, Engstedt L,
Samuelsson B: Leukotriene B,: a highly potent and stereospecific
factor stimulating migration of polymorphonuclear leukocytes.
Acta Physiol Scand 110:449-451, 1980

15. Lewis RA, Goetzl EJ, Drazen JM, Soter NA, Austen KF, Corey
EJ: Functional characterization of synthetic leukotriene B and
its stereochemical isomers. J Exp Med 154:1243-1248, 1981

16. Ford-Hutchinson AW, Bray MA, Cunningham FM, Davidson EM,
Smith MJH: Isomers of leukotriene B, possess different biological
potencies. Prostaglandins 21:143-152, 1981

17. Corey EJ, Clark DA, Goto G, Marfat A, Mioskowski C, Samuelsson
B, Hammarstrom S: Stercospecific total synthesis of a “slow
reacting substance of anaphylaxis,” leukotriene C-1. J Am Chem
Soc 102:1436-1439, 1980

18. Corey EJ, Clark DA, Marfat A, Goto G: Total synthesis of slow
reacting substances (SRS). “Leukotriene C-2" (11-trans-leuko-
triene C) (3) and leukotriene D (4). Tetrahedron Lett 21:3143-
3146, 1980

19. Corey EJ, Marfat A, Munroe J, Kim KS, Hopkins PB, Brion F:
Stereocontrolled and effective synthesis of leukotriene B. Tetra-
hedron Lett 22:1077-1080, 1981

20. Hayashi M, Tanouchi T: Synthesis of PGD,. J Org Chem 38:2115-

3,4-DIHYDROXYBENZYLAMINE, A DOPAMINE ANALOG

119

2116, 1973

21. Dvorak HF, Mihm MC Jr: Basophilic leukocytes in allergic contact
dermatitis. J Exp Med 135:235-254, 1972

22. Dvorak HF, Mihm MC Jr, Dvorak AM, Johnson RA, Manseau EJ,
Morgan E, Colvin RB: Morphology of delayed type hypersensi-
tivity reactions in man. I. Quantitative description of the inflam-
matory response. Lab Invest 31:111-130, 1974

23. Mihm MC Jr, Soter NA, Dvorak HF, Austen KF: The structure of
normal skin and the morphology of atopic eczema. J Invest
Dermatol 67:305-312, 1976

24, Dahlén S-E, Bjork J, Hedqvist P, Arfors K-E, Hammarstrom S,
Lindgren J-A, Samuelsson B: Leukotrienes promote plasma leak-
age and leukocyte adhesion in postcapillary venules: in vivo
effects with relevance to the acute inflammatory response. Proc
Natl Acad Sci USA 78:3887-3891, 1981

25. Snyderman R, Goetzl EJ: Molecular and cellular mechanisms of
leukocyte chemotaxis. Science 213:830-837, 1981

26. Goetzl EJ, Weller PF, Valone FH: Biochemical and functional basis
of the regulatory and protective roles of the human eosinophil,
Advances in Inflammation Research, vol. 1. Edited by G Weiss-
mann, B Samuelsson, R Paoletti. New York, Raven, 1979, pp
157-167

0022-202X/83/8002-0119$02.00/0
THE JOURNAL OF INVESTIGATIVE DERMATOLOGY, 80:119-123, 1983
Copyright © 1983 by The Williams & Wilkins Co.

Vol. 80, No. 2
Printed in U.S. A.

3,4-Dihydroxybenzylamine: An Improved Dopamine Analog Cytotoxic
for Melanoma Cells in Part Through Oxidation Products Inhibitory to
DNA Polymerase
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The dopamine analog 3,4-dihydroxybenzylamine (3,4-
DHBA), a novel antitumor agent, was shown to inhibit
directly DNA polymerase in cells of the deeply pig-
mented murine melanoma, S-91A, permeabilized to nu-
cleotides by lysolecithin. In contrast, levodopa and do-
pamine did not inhibit DNA polymerase in permeabilized
cells in the absence of exogenous tyrosinase. Analysis
using isolated DNA polymerase showed that the inhibi-
tory activity of the ortho dihydroxy compounds was
totally dependent upon enzymatic activation. The enzy-
matic activation of the ortho derivative 3,4-DHBA by
tyrosinase results in two reactive species: a semiquinone
intermediate and a less reactive quinone. Inhibition of
DNA polymerase by activated 3,4-DHBA was shown by
dialysis and kinetic studies to involve an irreversible
reaction which occurs at two inhibitor interaction sites
as determined by a Hill plot analysis. Double-stranded
DNA protected the enzyme from inhibition by 3,4-DHBA,
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suggesting that the inhibitory sites are at or near the
template-initiator binding site.

Levodopa, dopamine, and the therapeutically superior ana-
log, 3,4-dihydroxybenzylamine (3,4-DHBA) have been shown
to be effective antitumor agents in a variety of experimental
melanoma tumors [1-3]. Recently, preliminary studies have
suggested that these agents are capable of inhibiting replication
in human melanoma and are in a clinical trial [4,5].

The initial studies with these drugs revealed that they in-
hibited thymidine incorporation in vitro, while having minimal
effects on RNA or protein synthesis [1,2]. It appeared that the
immediate cellular effect of these catechols was a direct and
selective inhibition of DNA synthesis. Further studies demon-
strated that these drugs, in the presence of the polyphenol
oxidase, tyrosinase (which catalyzes the oxidation of tyrosine
to melanin in melanocytes), are capable of inhibiting sulfhydryl-
dependent DNA polymerases [3,4]. We have recently reported
a detailed analysis with the sulfhydryl-dependent enzyme, re-
verse transcriptase (RT), which showed that active oxidation
by tyrosinase produces a more reactive intermediate—semiqui-
none—than either the completely reduced or oxidized forms of
3,4-DHBA [6]. The findings of Mason et al [7], and more
recently, Felix and Sealy [8], which demonstrate by electron
spin resonance that o-benzosemiquinones are formed by tyro-
sinase oxidation of catechols, support this concept of a highly
reactive intermediate inhibitory species.

We have extended our studies of the inhibitory action of 3,4-
DHBA to the enzyme, DNA polymerase «, which is likely to be





