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All-trans retinoic acid (RA) has beneficial effects
when used in a variety of inflammatory skin condi-
tions. In this study, the authorsfound thatRA inhib-
ited superoxide anionproduction andproteolytic en-

zyme release by human and rat neutrophils. Con-
comitantly, the authors found that RA-treated
neutrophils were less able than untreated neutro-

phils to injure endothelial cells in culture even

though the adhesion of the RA-treated neutrophils to
endothelial cell monolayers was not diminished In-
hibition ofcytotoxicity occurred over the same range
of concentrations that inhibited oxygen radicalfor-
mation andprotease release. In additional studies; it
was observed that pretreatment of endothelial cells
with RA-induced resistance to subsequent injury by
activated neutrophils Finally, in vivo studies showed
that pretreatment of rats for 3 days with RA (1-10
mg/day, IP) reduced the degree of injury in the lungs
and skin sites after treatment with bovine serum al-
bumin and antibodies to bovine serum albumin in
the reverse-passive Arthus reaction Thus, RA can
modulate neutrophil-mediated endothelial cell in-
jury by an effect on both the neutrophils and their
target cells. Together, these effects may underlie the
reduction in immune complex-mediated injury seen
in experimental animals. The beneficial effects that
retinoids have in a variety ofinflammatory skin dis-
eases may likewise be a reflection of their effects on
the physiology of both neutrophils and endothelial
cells. (AmJPathol 1991, 139.901-909)

Retinoids have beneficial effects when used in a variety
of inflammatory conditions of the skin, including severe
acne, psoriasis, and hidradenitis suppurativa.15 The dis-
appearance of neutrophils from these lesions has been

observed after retinoid treatment in conjunction with ther-
apeutic effects.6 Since neutrophils play a central role in
the acute inflammatory response, it has been suggested
that the inhibition of neutrophil function may contribute to
the beneficial effects of retinoids on inflammatory skin
disease. In support of this possibility, in vitro studies have
demonstrated that certain retinoids including all-trans ret-
inoic acid (RA) and 1 3-cis retinoic acid inhibit chemotac-
tic responses, superoxide anion (02-) production, and
lysozomal enzyme release by neutrophils.7-14 How reti-
noids exert their influence on neutrophils is not fully un-
derstood. At high concentrations, retinoids have deter-
gentlike effects15 and the inhibition of neutrophil function
may be a manifestation of this. In support of this, at sub-
lytic concentrations, detergentlike molecules stimulate
the oxidative burst in neutrophils.16 Similar effects have
been observed with retinoids.17 Regardless of the mech-
anism, the fact that retinoids can inhibit neutrophil func-
tion may explain, in part, their anti-inflammatory effects.
The present studies were carried out to further charac-
terize the effects of RA on the acute inflammatory re-
sponse. The observations described in this report indi-
cate that retinoic acid can influence the behavior of both
the effector cells (neutrophils) and one of their major tar-
gets (endothelial cells). Together, these effects could
contribute to the beneficial effects that retinoids have in a
variety of inflammatory skin diseases.

Materials and Methods

Endothelial Cells

Rat pulmonary artery endothelial cells were isolated from
the pulmonary vasculature by perfusion of microcarrier
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beads into the vessels and subsequent retrieval of the
beads with endothelial cells attached by retrograde per-
fusion.18 On isolation, the cells exhibited the typical cob-
blestone morphology of endothelial cells. They were pos-
itive for factor VIII by immunofluorescence, bound acety-
lated low-density lipoprotein, and had high levels of
angiotensin-converting enzyme (ACE) as measured with
the synthetic substrate 3H-Benzoyl-phe-ala-pro.19 The
cells were maintained in monolayer culture and utilized
through passage 30. The culture medium consisted of
minimal essential medium of Eagle with Earle's salts sup-
plemented with nonessential amino acids, 10% fetal bo-
vine serum, 100 units/ml of penicillin, and 100 ,ug/ml of
streptomycin. The cells were passaged by trypsinization
as required. Growth was at 37°C and 5% C02. Stocks
were kept frozen in liquid N2. Throughout the course of
the study, the endothelial cells maintained their cobble-
stone morphology and levels of ACE activity.

Neutrophils

Human neutrophils were isolated from peripheral blood
using a slight modification of Boyum's method as de-
scribed previously.20 The cells were finally suspended in
Hank's balanced salt solution (HBSS) containing 0.02%
bovine serum albumin (BSA) (HBSS-BSA) and kept on
ice until use. Rat neutrophils were obtained by peritoneal
lavage 3 to 4 hours after glycogen induction.

Reagents

RA was obtained from Ortho Pharmaceutical Co. (Rari-
tan, NJ). Stock solutions were prepared in dimethyl sulf-
oxide (DMSO) at a concentration of 20 mg/ml and stored
frozen, protected from light. Working solutions were pre-
pared in the appropriate culture medium at the time of
use. When cells were treated with RA they were pro-
tected from light during the incubation period. The final
concentration of dimethyl sulfoxide in the culture medium
ranged from 0.02 to 0.10%. These concentrations of
DMSO had no detectable effect. For in vivo use, RA was
prepared in DMSO at a concentration of 100 mg/ml. At
the time of injection, the RA was diluted in serumfree cul-
ture medium. Thus, at the highest concentration of RA,
rats received 100 IlI of DMSO. Control animals treated
with this amount of DMSO were indistinguishable from
untreated positive control animals. Phorbol 12-myristate
13-acetate (PMA), N-formyl-methionyl-leucyl-
phenylalanine (FMLP), cytochalasin B, xanthine, xanthine
oxidase, and N-succinyl-l-alanyl-l-alanyl-l-alanyl-para-
nitroanilide (suc-ala-ala-ala-pNA) were obtained from
Sigma Chemical Co. (St. Louis, MO).

Measurement of Superoxide Anion (02-)
Production

02- generation was measured as the superoxide dis-
mutase-inhibitable reduction of ferricytochrome C ac-
cording to the method of Babior, Kipnes, and Curnutte.22
The reaction mixture consisted of 2 x 1 06 unstimulated or
stimulated neutrophils and 80 ,um ferricytochrome C (ob-
tained from Sigma Chemical Company) in 0.9 ml of
HBSS. To one set of duplicate tubes was added 0.1 ml of
HBSS whereas 85 units of superoxide dismutase (SOD)
was added to the other set. The tubes were incubated for
60 minutes at 370C after which the total volume was
brought to 1.8 ml. The tubes were centrifuged and the
absorbance of the supernatant fluids at 550 nm was de-
termined. The difference in absorbance between the
presence and absence of SOD was determined and the
amount of ferricytochrome C reduced was calculated
based on an extinction coefficient of 18.5 cm 1 mM-
for ferricytochrome C.

Measurement of Proteolytic Enzyme Activity

Hydrolysis of hemoglobin by unstimulated and stimu-
lated neutrophils was used as a measure of proteolytic
enzyme activity.23 Bovine hemoglobin was prepared as
a 5 mg/ml solution in HBSS and 0.5 ml of the hemoglobin
solution was incubated with 2 x 106 neutrophils in 0.1 ml
for 4 hours at 37°C. After incubation, 0.25 ml of 40% tri-
chloroacetic acid was added to precipitate the protein.
The tubes were left at room temperature for an additional
15 minutes and then were centrifuged at 2000 rpm for 20
minutes. Following this, 0.5 ml of the supernatant fluid
was removed from each tube and the amount of proteo-
lytic fragments remaining in solution was determined by

24 ""wtathe Lowry method, in comparison with a BSA standard.
In addition to hemoglobin hydrolysis, we also exam-

ined the cleavage of the synthetic substrate suc-ala-ala-
ala-pNA as a measure of elastolytic activity. The assay
was carried out as described in our past report.21 Essen-
tially, 2 x 1 06 unstimulated or stimulated neutrophils were
incubated for 30 minutes in HBSS. After separation of the
cells by centrifugation, 0.5 ml of supernatant fluid was
incubated for 18 hours with 1 ml of suc-ala-ala-ala-pNA
(1.25 mg/ml). The amount of pNA released from the pep-
tide was determined by measuring the change in optical
density at 405 nm.

Cytotoxicity Assay

Cytotoxicity was measured using a standard 51Cr-
release assay.25 The endothelial cells were seeded into
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wells of a 24-well culture dish at 1.0 x 1 05 cells per well
in 1 ml of culture medium. Each well received 1 ,uCi of
Na51CrO4 (New England Nuclear; Boston, MA). The cells
then were incubated for 18 hours after which they were
washed twice to remove unincorporated radioactivity and
were ready to use. Suspensions of neutrophils in HBSS-
BSA were added to duplicate wells to give the desired
effector to target ratios in a final volume of 1.0 ml. The
neutrophils were allowed to settle onto the endothelial cell
monolayer for 30 minutes prior to the addition of the stim-
ulating agent (50 nM PMA) which was added in a volume
of 0.1 ml per well. After an additional incubation at 37C
for 4-6 hours, 0.9 ml of supernatant was removed from
each well and centrifuged. The supernatant (0.5 ml) was
aspirated and assayed in a y-scintillation counter to de-
termine 51Cr release. Spontaneous release was obtained
from wells receiving medium only and total release was
obtained from wells receiving 0.2% Triton X-100. The
spontaneous release never exceeded 20% of the total
release and in most experiments ranged between 5 and
10% of the total release. The percentage of cytotoxicity
was calculated by the following formula:

Experimental release
- spontaneous release

% Cytotoxicity =Total release - spontaneous release

Adhesion Assay

Endothelial cells were seeded into the wells of a 24-well
culture dish as described for the cytotoxicity assay ex-
cept that they were not 51Cr-labeled. The cells were in-
cubated for 18 hours after which they were washed twice
and used. Suspension of neutrophils were added to du-
plicate wells at 5 x 105 cells per well and allowed to settle
onto the endothelial cell monolayer for 30 minutes. PMA
(50 nM) was added and the cells incubated for one hour.
Non-attached neutrophils were then removed and the
endothelial cell monolayers washed gently two times. The
washes were added to the tubes containing the non-
attached neutrophils and the entire sample counted. The
percentage of attached cells was determined from this.

Animal Studies

Male pathogen free Long-Evans rats (250-300 grams)
(Charles River, Portage, Ml) were used in these studies.
To produce lung injury, a tracheostomy incision was sur-
gically performed and a fine Teflon catheter was inserted
into the distal trachea under Ketamine anesthesia. During
inspiration, 100 ,ug of affinity purified rabbit antibovine
serum albumin IgG was instilled into the airways in a total
volume of 0.25 ml. The catheter was then withdrawn and

the incision closed with silk sutures. Immediately follow-
ing closure of the incision, the animals were injected in-
travenously with 10 mg of crystalline BSA. Quantitation of
lung injury was accomplished by the intravenous injec-
tion of 1 ,ug of rat 1251-IgG along with the BSA. Four hours
later, the animals were sacrificed. The pulmonary vascu-
lature was perfused with 10 ml of saline, with drainage of
the perfusate being accomplished by aortic transection.
Residual lung radioactivity was assessed by counting ra-
dioactivity in a gamma scintillation counter and a lung:
blood ratio of lung permeability was obtained. To obtain
morphologic evidence of injury, lungs from animals
treated in the same manner (but without 1251-IgG) were
removed, inflated with formaldehyde and embedded in
paraffin. The embedded tissues were cut, stained with
hematoxylin and eosin and examined under light micros-
copy. The pathophysiological basis of the lung injury has
been previously characterized in this model.-6

Injury to the skin was accomplished in a similar man-
ner except that the antibody was injected into shaved
skin sites rather than instilled into the airways. Normally,
100 ,ug was injected per skin site in a total volume of 50
,ul. This model of immune-complex injury has also been
described in a previous report.27

Results

Effects of RA on °2- Production and
Proteolytic Enzyme Release by
PMA-stimulated Human and Rat
Neutrophils

In the first series of experiments, RA was examined for its
ability to interfere with the functions of neutrophils that
contribute to the inflammatory process. Consistent with
previous findings of others 7,8,10,11,13 we found that pre
treatment of human neutrophils for 45 minutes with con-
centrations of RA ranging from 1-20 jig/ml interfered with
generation of 02- and with proteolytic enzyme release.
Results demonstrating inhibitory effects of RA on O2-
generation are shown in Figure 1. Minimal inhibition was
seen at 1 ,ug/ml and a 50% inhibition was achieved at
approximately 10 ,ug/ml.

The same concentrations of RA that inhibited 02-
generation also inhibited proteolytic enzyme release from
activated neutrophils. Data obtained using hemoglobin
hydrolysis as a marker are shown in Figure 2A. When the
elastase-specific substrate, suc-ala-ala-al-pNA, was
used, inhibition was even greater (Figure 2B). Inhibition of
oxygen radical production and proteolytic enzyme re-
lease by RA did not appear to be a reflection of nonspe-
cific toxicity because when RA-treated neutrophils were
stained with trypan blue after incubation in culture for 45
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Figure 1. Effects ofRA on 02-generation by human neutrophils. Neutrophils were treatedfor 45 minutes with the desired amount ofRAprior
to addition ofthe agonist. The agonist consisted of 1 x 10-6MFMLP in thepresence ofcytochalasin B at a concentration of 1 ig/ml. Values
shown represent average nmols of02-generatedper 2 x 106 cellsper hour and standard errors based onfour independent experiments with
duplicate samples per data point.

minutes, there was no increase in the number of staining
cells over that seen in untreated controls (not shown).

Rat neutrophils obtained from glycogen-induced peri-
toneal exudates were also examined for °2- production
and proteolytic enzyme release. Although these cells
produced smaller amounts Of 02- and released smaller
amounts of proteolytic enzymes than human cells on a

per-cell basis, they responded to RA in a similar manner
to the human neutrophils. A 50% inhibition of 02- pro-
duction was achieved at approximately 5 ,ug/ml (6 nmols
vs. 13 nmol per 2 x 1 o6 cells per 30 minutes). Likewise,
5 ,ug/ml of RA caused a 30% inhibition of proteolytic en-

zyme release whereas a 75% inhibition was achieved at
15 pug/ml.

The ability of RA to inhibit °2- production was prob-
ably not due to a direct scavenging effect because when
02- and hydrogen peroxide were generated using xan-

thine and xanthine oxidase, we saw no inhibition in the
presence of 1 to 20 ,ug/ml of RA (not shown).

Effects of RA on Neutrophil Adhesion to
and Killing of Endothelial Cells

We next examined RA for its ability to modulate neutrophil
adhesion to monolayers of rat pulmonary artery endothe-
lial cells. For this, 5 x 105 human neutrophils were treated
with RA (1-20 ,ug/ml) as described earlier and then
washed and added to monolayers of the endothelial
cells. PMA (5 nM) was added to activate the neutrophils
and the percentage of neutrophils adherent to the endo-
thelial monolayers determined 1 hour later. As seen in

Table 1, RA had no effect on the ability of the neutrophils
to attach to endothelial cells.

In previous studies we demonstrated that PMA-
activated human neutrophils were capable of killing en-

dothelial cells in a process that depended primarily on
the generation of oxygen radicals but also involved neu-

trophil proteases.252 2 Since RA inhibited both oxygen
radical formation and protease activity, it seemed reason-

able to suggest that the same treatment would reduce
injury to the endothelium. To test this, human neutrophils
were treated for 45 minutes with 1 to 20 ,ug/ml of RA and
then washed. The treated neutrophils and untreated con-
trol cells were then examined for ability to injure endothe-
lial cells in a 4-hour cytotoxicity assay. It was found that
the RA-treated neutrophils were less cytotoxic than un-

treated control neutrophils (Table 2). Inhibition of cytotox-
icity occurred over the same range of RA concentrations
that inhibited oxygen radical formation and enzyme re-

lease (1-20 ,ug/ml). No inhibition of cytotoxicity was ob-
served when the neutrophils were treated with a lower RA
concentration (0.1 ,ug/ml) (not shown).

Effects of RA on Endothelial Cell Sensitivity
to Killing by Neutrophils

Additional experiments were carried out in which the en-

dothelial cells, themselves, were treated for 18 hours with
RA and then washed and examined for sensitivity to kill-
ing by PMA-activated neutrophils. For these experiments,
the endothelial cells were plated in wells of a 24-well dish
and treated with RA (1-20 ,g/ml) in complete culture
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Figure 2. A: Effects ofRA on hemoglobin bydroEysis by human neutrophils. Neutrophils were treatedfor 45 minutes with the desiredamount
ofRA prior to addition of the agonist. The agonist consisted of 1 10-6M FMLP in the presence of cytochalasin B at a concentration of
1 Ag/mlm Values shown represent means and standard errors based on three independent experiments with duplicate samplesper datapoint
B: Effects ofRA on suc-ala-ala-ala-pNA hydrolysis by human neutrophils Neutrophils were exposed to RAfor 45 minutesfollowing which they
were stimulatedfor an additional 30 minutes with 1 X 10-6M FMLP in thepresence ofcytochalasin B (1 Ag/ml). Tbe supernatantfluid was
then collected and incubated with the substratefor 18 hours. Values shown represent average optical density change + the difference average
values and individual values based on duplicate samplesper datapoint in a single experiment. The experinment was repeated three times with
similar results.
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Table 1. Effects ofRA on Human Neutrophil Adhesion
To Endothelial Cells

% Attached

Group Exp. 1 Exp. 2

Neutrophils (unstimulated) 5 ± 1 9 ± 1
Neutrophils (PMA-stimulated) 67 ± 2 94 ± 1
Neutrophils (PMA-stimulated)

+ 1 p.g/ml RA 70 ± 5
+5 ,g/ml RA 65 ± 4
+ 10 ,ug/ml RA 68 ± 8 92 ± 2
+ 20 ,ug/ml RA 66 ± 2

Neutrophils were treated with the desired amount of RA for 45
minutes and washed. They were then added to endothelial cell
monolayers and allowed to settle for 30 minutes. PMA (50 nM) was
added and adherence measured after 1 additional hour as de-
scribed in the Materials and Methods section. Values shown repre-
sent the percentage of neutrophils attached to the endothelial cell
monolayers ± the difference between averages and individual val-
ues based on duplicate samples per data point.

medium along with 51Cr (at the time of plating). The pres-
ence of RA at these concentrations in the serum-
containing culture medium had no detectable effects on
endothelial cell viability, proliferation or ability to incorpo-
rate 51Cr. The cytotoxicity assay was carried out 1 day
later in the normal manner. As seen in Table 3, RA re-
duced endothelial cell sensitivity to neutrophil-mediated
killing. It thus appears that RA can interfere with neutro-
phil-mediated injury to vascular endothelial cells by an
effect on the target cells as well as on the neutrophils.

Effects of RA on Immune-complex Injury in
the Rat

Since RA was able to modulate neutrophil-mediated en-
dothelial cell injury in vitro, it was of interest to determine
if the same agent could modulate the acute inflammatory
response in vivo. To determine this, immune-complex-
mediated lung and skin injury was induced in Long-
Evans rats as described in the Materials and Methods
section. Control animals were compared with animals
that had been treated systemically with RA (5-10 mg/rat

Table 2. Effects ofRA on Ability ofHuman Neutrophils
to Injure Endothelial Cells

Group % 51 Cr-release

Buffer alone 8 ± 1
Neutrophils (Unstimulated) 8 ± 0
Neutrophils (PMA-stimulated) 31 ± 3
Neutrophils (PMA-stimulated)

+1 ,g/ml RA 27±3
+10,ug/mIRA 22±2
+20,ug/mlRA 16±2

Neutrophils were treated for 45 minutes with the desired amount
of RA and then washed and used in the cytotoxicity assay. Values
represent means and standard errors based on four separate ex-
periments with triplicate samples per data point.

Table 3. Increased Sensitivity ofEndothelial Cells to
Injury by Activated Neutrophils Following Endothelial
Cell Treatment with RA

Endothelial cell treatment' % 51Cr-release

No RA 40 1
1 ,ug/ml RA 28 2
5 ,ug/ml RA 25 1
10 ,g/ml RA 25 3
20 ,ug/ml RA 21 ± 2

Endothelial cells were pretreated for 1 day with RA and washed
and used in the cytotoxicity assay. Values shown represent means
and standard errors based on four separate experiments with trip-
licate samples per data point. In cells treated with RA (0-20 FLg/ml)
but not exposed to neutrophils, 51Cr-release values ranged from
7-10%.

given IP on the 2 previous days and immediately before
establishment of the immune complex-induced lesions).
The concentrations of RA used were chosen on the basis
of previous studies that indicated that rats would tolerate
this treatment.33 The degree of lung injury (assessed as a
lung/blood permeability ratio) and the degree of skin in-
jury (assessed as a skin/blood permeability ratio) were
both significantly decreased in the animals that had been
treated with RA (Table 4). Histologic examination of lungs
and skin sites are shown in Figure 3. The lung and skin
inflammatory sites in the positive control animals showed
a marked influx of neutrophils along with edema and cell
injury (Figure 3a, c). In the RA-treated animals, the de-
gree of tissue injury was less but the numbers of neutro-
phils present at the sites appeared to be the same as in

Table 4. Effects ofRA on Immune Complex-mediated
Lung and Skin Injury in the Rat

Permeability index
(lung)

Treatment Saline Antibody Inhibition

No RA 0.30 ± 0.10 0.71 ± 0.37
5 mg RA 0.48 ± 0.22 (56)
7.5 mg RA 0.41 ± 0.15 (74)
10 mg RA 0.45 ± 0.16 (63)

Permeability index
(skin)

Treatment Saline Antibody Inhibition

No RA 0.04 ± 0.02 0.47 ± 0.12
5 mg RA 0.33 ± 0.15 (28)
7.5 mg RA 0.26 ± 0.10 (49)
10mg RA 0.26 ± 0.11 (49)

Skin injury and lung injury were induced in fully anesthetized
Long-Evans rats by intradermal injection or intratracheal instillation
of rabbit antibody to bovine serum albumin followed by intravenous
injection of bovine serum albumin and rat I251-lgG. Treated animals
had been given intraperitoneal injections of RA once a day for the 2
previous days and a third intraperitoneal injection of RA immediately
before treatment with bovine serum albumin and antibody to bovine
serum albumin. Lung values represent averages ± standard devi-
ations based on groups of rats ranging from 9-11 rats/group. Skin
values represent averages ± standard deviations based on 23-42
individual skin sites on 7-11 individual rats/group.



Retinoic Acid and Inflammation 907
AJP October 1991, Vol. 139, No. 4

Figure 3. Histologic studies of skin and lung in positive control and RA-treated, immune complex-injured rats. In the lungs of animals
injured with IgG immune complexes there is neutrophilic infiltration along with intraalveolar hemorrbage and edema (a). By comparison,
in rats given RA in addition to the IgG immune complexes there are also neutrophils but there is a marked suppression of the lung injury
as evidenced by diminished intraalveolar hemorrhage and edema (b). In the dermal vasculitis model the degree of neutrophilic infiltration
into the dermal vessels appears equal in the IgG-control (c) and IgG plus RA-treated rats (d) (solid arrows). However, as in the lung, the
RA-treated rats do not show the extravascular edema, hemorrhage and necrosis (open arrows) that ispresent in thepositive control rats, (H&E,
x85).
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the positive controls (Figure 3b, d). Thus, the anti-
inflammatory effect of RA does not appear to be due to a
suppression of neutrophil influx. In additional experi-
ments, rats were also treated with 1.0 mg of RA per day
and then examined for immune- complex-mediated lung
and skin injury. Partial protection against lung injury was
obtained with this dose of RA but no significant protection
was obtained against skin injury (not shown).

Discussion

In previous studies we have established models of acute
immune complex-mediated inflammatory disease in the
lungs and skin of rats.26'27 The disease in both skin sites
and lungs is characterized by the formation of immune
complexes within the vascular wall, activation of comple-
ment and recruitment of neutrophils. The presence of
neutrophils is critical to the development of the tissue in-
jury in both sites. There is clear evidence that lung injury
depends on the formation of oxygen radicals26 but a role
for other factors has also been suggested.34 Indirect ev-
idence suggests that in the skin, factors other than oxy-
gen radicals may play critical roles.27 To define the cel-
lular and molecular mechanisms underlying the injury
process, we have examined neutrophil-mediated injury
to endothelial cells in culture. Using bovine and rat pul-
monary artery endothelial cells as targets, our studies
have shown that neutrophil-mediated injury is oxygen
radical-dependent and involves generation of the hy-
droxyl radical by ferrous iron reduction of hydrogen per-
oxide in a Fenton-type reaction.2528 1 These studies
have shown further that the generation of the hydroxyl
radical probably occurs within the endothelial cells utiliz-
ing iron from the endothelial cells2528 as well as oxidants
generated within the target cells.''1 Further, our in vitro
studies have suggested that although oxygen radicals
are critical for injury, other neutrophil products including
proteolytic enzymes, cationic proteins and membrane
active agents act synergistically with the oxidants to max-
imize injury. 32,35

The present studies indicate that RA is capable of
modulating the immune complex-induced injury in both
the skin and lungs in vivo and is also capable of interfer-
ing with neutrophil-mediated injury to the endothelium in
vitro. How protection from acute inflammatory injury is
brought about by RA is not known. In vitro studies sug-
gest that RA may act at the level of both the effector cell
population (neutrophils) and the target cells to bring
about a reduction in inflammatory injury. We conclude the
reduction in both lung and skin Arthus type reactions in
the RA-treated, immune complex-injured rats is a result of
effects on both the neutrophils and one of their major
targets. One can speculate that the same mechanisms

underlie the ability of retinoids to provide effective therapy
in a variety of skin conditions that are, at least in part,
reflections of acute inflammatory responses. In the past,
the ability of retinoids to suppress conditions such as
acne has been largely attributed to their inhibition of fol-
licular keratinization.1- The present data do not conflict
with these past observations but suggest that leukocytes
and endothelial cells as well as the cells of the epidermis
are targets of retinoid action.

The molecular mechanisms underlying the effects of
RA on neutrophil function and endothelial function are not
known. As indicated earlier, retinoids have detergentlike
properties15 and effects observed at high concentrations
may be the result of this activity. Alternatively, retinoids
influence the expression of numerous gene products in a
variety of cells.36 It is likely to be difficult to delineate
which effects are critical to the modulation of neutrophil
function. With regard to the endothelium, we are begin-
ning to understand some of the intracellular events that
regulate susceptibility to injury.25 3137 It will be possi-
ble to determine if one or more of these events is a target
of RA. As our understanding of the basic mechanisms of
neutrophil-mediated endothelial cell injury increases, this
will aid our efforts to delineate how RA acts in inflamma-
tion. Likewise, as we learn more about the mechanisms
of RA action, this could lead to a better understanding of
the inflammatory process, in general.

References

1. Goldstein JA, Comite H, Mescon H, Pochi PE: Isotretinoin in
the treatment of acne: histological changes, sebum produc-
tion and clinical observations. Arch Dermatol 1982,
118:555-558

2. Plewig G, Wagner A: Anti-inflammatory effects of 13-cis-
retinoic acid. An in vivo study. Arch Dermatol Res 1981,
270:89-94

3. Dicken CH: Retinoids: a review. J Am Acad Dermatol 1984,
11:541-552

4. Dicken CH, Powell ST, Spear KL: Evaluation of isotretinoin
treatment of hidradenitis suppurativa. J Am Acad Dermatol
1984, 11:50502

5. Harms M: Treatment of acne with orally administered
isotretinoin. Clinical study of 56 patients. Schweiz Med
Wochenschr 1983, 113:1549-1554

6. van de Kerkhof PC, Chang A, von Dooren-Greebe R, Geiger
JM, Happle R: Intra-epidermal accumulation of polymor-
phonuclear leukocytes in persistant palmoplantar pustulosis
during treatment with acitretin. Acta Derm Venereol 1988,
68:499-503

7. Yoshioka A, Miyachi Y, Imamura S, Niwa Y: Anti-oxidant
effects of retinoids on inflammatory skin diseases. Arch Der-
matol Res 1986, 278:177-183

8. Witz G, Goldstein BD, Amoruso M, Stone DS, Troll W: Reti-
noid inhibiton of superoxide anion radical production by hu-



Retinoic Acid and Inflammation 909
AJP October 1991, Vol. 139, No. 4

man polymorphonuclear leukocytes stimulated with tumor
promoters. Biochem Biophys Res Commun 1980, 97:863-
888

9. Dubertret L, Lebreton C, Touraine R: Inhibition of neutrophil
migration by etretinate and its main metabolite. Br J Derma-
tol 1982, 107:681-685

10. Kenster TW, Trush MA: Inhibition of phorbol ester-stimulated
chemiluminescence in human polymophonuclear leuko-
cytes by retinoic acid and 5,6 epoxyretinoic acid. Can Res
1981, 41:216-222

11. Wolfson M, Shinwell ES, Zvillich M, Rage-Zisman B: Inhibi-
tory effect of retinoic acid on the respiratory burst of adult
and cord blood neutrophils and macrophages: potential im-
plication to bronchopulmonary dysplasia. Clin Exp Immunol
1988, 72:505-509

12. Pigatto PD, Fioroni A, Riva F, Brugo MA, Morandotti A, Al-
tomare GF, Finzi AF: Effects of isotretinoin on neutrophil
chemotaxis in cystic acne. Dermatologica 1983,167:16-18

13. Camisa C, Eisenstat B, Ragaz A, Weissman G: The effects
of retinoids on neutrophil function in vitro. J Am Acad Der-
matol 1982, 6(Suppl):620-629

14. Norris DA, Osborn R, Robinson W, Tonnesen MG: Isotretin-
oin produces significant inhibition of monocyte and neutro-
phl chemotaxis in vivo in patients with cystic acne. J Invest
Dermatol 1987, 89:38-43

15. Meeks RG, Zaharevitz D, Chen RF: Membrane effects of
retinoids: possible correlation with toxicity. Arch Biochem
Biophys 1981, 207:141-147

16. Ginsburg I, Ward PA, Varani J: Lysophosphatides enhance
superoxide response of stimulated human neutrophils. In-
flammation 1989, 13:163-174

17. Badwey JA, Horn W, Hayworth PG, Robinson JM, Kar-
novsky ML: Paradoxical effects of retinoid in neutrophil stim-
ulation. J Biol Chem 1989, 264:14947-14953

18. Ryan US, White L: Microvascular endothelium isolation with
microcarriers: arterial, venous. J Tissue Cult Meth 1986,
10:9-13

19. Ryan US, Mayfield U: Asay and computation of angiotensin
converting enzyme activity of endothelial cells. J Tissue Cult
Meth 1986,10:15-25

20. Boyum A: Isolation of mononuclear cells and granulocytes
from human blood: isolation of mononuclear cells by one g
centrifugation, and of granulocytes by combining centrifu-
gation and sedimentation at 1 g. Scand J Lab Clin Invest
1968, 21 (Suppl 97):77-82

21. Varani J, Ward D, Johnson KJ: Nonspecific protease and
elastase activity in rat leukocytes. Inflammation 1982, 6:177-
183

22. Babior BM, Kipnes RS, Curnutte JT: Biological defense
mechanisms: the production by leukocytes of superoxide, a
potential bacteriocidal agent. J Clin Invest 1973, 52:741-
747

23. Anson ML: The estimation of pepsin, trypsin, papain and
cathepsin with hemoglobin. J Gen Physiol 1940, 23:79-89

24. Lowry OH, Rosebrough NJ, Farr AL, Randall RJ: Protein
measurement with the Folin phenol reagent. J Biol Chem
1951, 193:265-275

25. Gannon DE, Varani J, Phan SH, Ward JH, Kaplan J, Till GO,
Simon RH, Ryan US, Ward PA: Source of iron in neutrophil-
mediated killing of endothelial cells. Lab Invest 1987,57:37-
44

26. Johnson KJ, Ward PA: Role of oxygen metabolites in im-
mune complex injury of lung. J Immunol 1981, 126:2365-
2369

27. Oldham KT, Guice KS, Ward PA, Johnson KJ: The role of
oxygen radicals in immune complex injury. Adv Free Rad
Biol Med 1988, 4:387-397

28. Varani J, Fligiel SEG, Till GO, Kunkel RG, Ryan US, Ward
PA: Pulmonary endothelial cell killing by human neutrophils:
possible involvment of hydroxyl radicals. Lab Invest 1985,
53:65-663

29. Phan SH, Gannon DE, Varnai J, Ryan US, Ward PA: Xan-
thine oxidase activity in rat pulmonary artery endothelial cells
and its alteration by activated neutrophils. Am J Pathol 1989,
134:1201-1212

30. Varani J, Phan SH, Gibbs DF, Ryan US, Ward PA: H202-
mediated cytotoxicity of rat pulmonary enndothelial cells:
changes in ATP and purine products and effects of protec-
tive interventions. Lab Invest 1990, 63:683-689

31. Markey BA, Phan SH, Varani J, Ryan US, Ward PA: Inhibition
of H202 and neutrophil-induced endothelial cell cytotoxicity
by intracellular superoxide dimutase supplementation. Free
Rad Biol Med 1990, 9:307-314

32. Varani J, Ginsburg I, Schuger L, Gibbs DF, Bromberg J,
Johnson KJ, Ryan US, Ward PA: Endothelial cell killing by
neutrophils: synergistic interaction of oxygen products and
proteases. Am J Pathol 1989,135:435-438

33. Kurtz PJ, Emmerling DC, Donofrio DJ: Subchronic toxicity of
all-trans retinoic acid and retinylidene dimedone in Spra-
gue-Dawley rats. Toxicology 1984, 30:115-124

34. Gannon DE, He X, Ward PA, Varan J, Johnson KJ: Time-
dependent inhibition of oxygen radical-induced lung injury.
Inflammation 1990,14:509-521

35. Ginsburg I, Gibbs DF, Schuger L, Johnson KJ, Ryan US,
Ward PA, Varani J: Vascular endothelial cell killing by com-
binations of membrane-active agents and hydrogen perox-
ide. Free Rad Biol Med 1989, 7:369-376

36. Chytil F, Sherman DR: How do retinoids work? Dermatolog-
ica 1987, 179:8-12

37. Schuger L, Varani J, Marks RM, Kunkel SL, Johnson KJ,
Ward PA: Cytotoxicity of tumor necroiss factor-a for human
umbilical vein endothelial cells. Lab Invest 1989, 61:62-68


