
Fitoterapia 82 (2011) 414–421

Contents lists available at ScienceDirect

Fitoterapia

j ourna l homepage: www.e lsev ie r.com/ locate / f i to te
Suppression of COX-2, IL-1β and TNF-α expression and leukocyte infiltration
in inflamed skin by bioactive compounds from Rosmarinus officinalis L.

Eleonora S. Mengoni a, Gabriel Vichera a, Luciano A. Rigano a, Marcelo L. Rodriguez-Puebla b,
Silvia R. Galliano c, Eduardo E. Cafferata d, Omar H. Pivetta e, Sivia Moreno d, Adrián A. Vojnov a,⁎
a Instituto de Ciencia y Tecnología Dr. César Milstein, Fundación Pablo Cassará and Consejo Nacional de Investigaciones Científicas y Técnicas (CONICET), Saladillo 2468,
C1440FFX Buenos Aires, Argentina
b Department of Molecular Biomedical Sciences, North Carolina State University, 4700 Hillsborough Street, Raleigh, NC 27606, USA
c Instituto Universitario CEMIC and Universidad Maimónides, Buenos Aires, Argentina
d Fundación Instituto Leloir, CONICET, Av. Patricias Argentinas 435, 1035, Buenos Aires, Argentina
e Universidad Austral, Universidad de Ciencias Médicas, J.D. Perón 1500, Pilar (B1629AHJ) Buenos Aires, Argentina
a r t i c l e i n f o
⁎ Corresponding author. Instituto de Ciencia y T
Milstein”, Fundación Pablo Cassará, CONICET, Salad
Buenos Aires, Argentina. Tel./fax: +54 116872542.

E-mail address: avojnov@fundacioncassara.org.ar (

0367-326X/$ – see front matter © 2010 Elsevier B.V.
doi:10.1016/j.fitote.2010.11.023
a b s t r a c t
Article history:
Received 22 July 2010
Accepted in revised form 24 November 2010
Available online 1 December 2010
In the present study, we evaluated the effects of extracts and purified compounds from fresh
leaves of Rosmarinus officinalis L. Pretreatment with the major anti-inflammatory compounds,
carnosic acid (CA) and carnosol (CS), inhibited phorbol 12-myristate 13-acetate (PMA)-induced
ear inflammation inmice with an EC50 of 10.20 μg/cm2 and 10.70 μg/cm2, respectively. To further
understand the anti-inflammatory mechanism of these compounds, we analyzed the in vivo
expression of several inflammation-associated genes in mouse skin by reverse transcriptase-
polymerase chain reaction (RT-PCR). Our data showed that CA and CS reduced the expression of
IL-1β and TNF-α but had less effect on fibronectin and ICAM-1 expression. Interestingly, both
compounds selectively inhibited COX-2 but not COX-1. Histopathological analysis of hematoxylin
and eosin (H&E)-stained tissue revealed a marked reduction in leukocyte infiltration and
epidermal ulceration of PMA-treated ears when ears were pretreated with ethanolic extracts or
pure CA. In vitro, we showed that ethanolic extract, carnosic acid and carnosol significantly
inhibited the overproduction of nitric oxide (NO) in a dose-dependent manner in the RAW 264.7
murine macrophage cell line. For the first time in vivo, we showed that CA and CS differentially
regulate the expression of inflammation-associated genes, thus demonstrating the pharmaco-
logical basis for the anti-inflammatory properties reported for CA and CS.

© 2010 Elsevier B.V. All rights reserved.
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1. Introduction

Inflammation is a rapid response of tissue to injury and is
characterized in the acute phase by increased blood flow and
vascular permeability along with the accumulation of fluid,
leukocytes, and inflammatory mediators, such as cytokines
[10]. During the inflammatory process, a variety of soluble
factors promote leukocyte recruitment through increased
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expression of cellular adhesion molecules, such as intercel-
lular adhesion molecule-1 (ICAM-1). Several cytokines play
key roles in mediating acute inflammatory responses, such as
interleukin (IL)-1β and tumor necrosis factor-α (TNF-α),
which are extremely potent inflammatory molecules [19]. IL-
1β induces fever and shock-related hypotension in part by
inducing the production of prostanoids through increased
synthesis of cycloxygenase-2 (COX-2), a process that can
occur in fibroblasts, endothelial cells and human monocytes
[9]. The COX-2 protein catalyzes the biosynthesis of prosta-
glandins from arachidonic acid [39]. Unlike the constitutively
expressed cycloxygenase-1 (COX-1), which is important for
maintaining normal physiological functions, COX-2 is
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undetectable in tissue under basal conditions and is induced
transiently by pro-inflammatory cytokines, growth factors,
oncogenes and tumor promoters, such as phorbol 12-
myristate 13-acetate (PMA) [6]. Nitric oxide (NO) is another
inflammatory mediator secreted by monocytes and macro-
phages. Inducible nitric oxide synthase (iNOS) is one of three
enzymes that generate NO and mediate many physiological
events [21]. Vasodilatation in response to endothelium-
derived relaxing factor has also been attributed to NO [26],
and NO has been reported to play an important role in
inflammatory responses, such as edema in mouse skin [1,37].

Plant-derived phytochemicals are an important and
promising group of potential anti-inflammatory agents
because of their low toxicity and apparent benefit in acute
and chronic diseases [6]. Several rosemary extracts (RE) from
dried leaves have recently been characterized as having
topical anti-inflammatory activity. The RE extracts, ursolic
acid, oleanolic acid, and micromeric acid, were found to have
the most effective anti-inflammatory [2,27] and anti-tumor
activities [27]. Carnosic acid (CA) and carnosol (CS) (Fig. 1)
are the most abundant diterpenes in rosemary leaves [23,24].
In vitro studies in human polymorphonuclear leukocytes
(PMNL), U937 cells and human mammary epithelial cells
have shown that CA and CS act as strong anti-inflammatory
compounds [28,34,43]. However, to date, the expression of
pro-inflammatory genes and the histopathological analysis in
intact or inflamed skin tissue have not been analyzed.

In the present study, we examined the anti-inflammatory
properties of organic extracts and their bioactive compounds,
CA and CS, obtained from fresh rosemary leaves. Using a
formaldehyde-induced model of paw edema in mice, we first
established that topical application had the strongest anti-
inflammatory effects. We then used a PMA-induced model of
ear edema to analyze the effect of CA and CS on the
expression of COX-1, COX-2, IL-1β, ICAM-1, TNF-α and
fibronectin. Our results showed that inflamed tissue treated
with CA and CS exhibited a decreased expression of IL-1β and
TNF-α, a selective inhibition of COX-2 and a reduction in
leukocyte migration.

2. Materials and methods

2.1. Chemicals and reagents

Water and ethanolic rosemary extracts were prepared as
previously described [23]. The chemicals used in the study
were phorbol 12-myristate 13-acetate (PMA) (Sigma, St.
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Fig. 1. Chemical structures of carnosic acid (1) and carnosol (2).
Louis, USA), formaldehyde (Merck Química Argentina S.A.I.C,
Argentina), carnosic acid (CA) and carnosol (CS), (Alexis
Biochemicals, Lausen, Switzerland) and indomethacin (Mon-
tepellier, Argentina).

2.2. Animals

Male Balb/c mice weighing 20–25 g were obtained from
the Laboratorio Pablo Cassará. Animals were housed in steel
cages under standard conditions and allowed free access to
food andwater. Prior to use, animals were given twoweeks to
acclimate to the new environment. All animal experiments
were in compliance with the National Institute of Health
Guide for Care and Use of Laboratory Animals (Pub No. 85-23,
revised 1985).

2.3. Formaldehyde-induced plantar edema

Preliminary studies of the effect of RE on the acute phase
of inflammation were performed. The Ref. [35] model was
used with some modifications. Acute inflammation was
induced by injection of 20 μl of 3% formaldehyde in phosphate
buffered saline (PBS) into the sub-plantar region of both hind
paws. The control group received an equivalent volume of the
vehicle (PBS). Two hours later, the left hind paws were
treated with 10 μl of RE (12 mg/ml). The mice were divided
into groups of six mice each to test different treatment
protocols with RE. The first group received topical application
of RE, the second group was injected with RE and the third
group received bothmodes of treatment (injected and topical
application). After 24 h, the mice were sacrificed by cervical
dislocation, and the diameter of edema was measured with a
caliber. The degree of edema in each treatment group was
determined using the following equation:

Edema reduction (%)=100−((EP/A) 100), where EP
(edema production) is the difference between (right leg–
left leg) diameters from animals given the same treatment
and (right leg–left leg) diameters from control animals, and A
is the difference in the inflammation group.

2.4. Anti-inflammatory activity in the ear edema model

The ear edema model was used as previously described [7].
Anti-inflammatory activity was evaluated as the inhibition of
PMA-induced ear edema in mice. Cutaneous inflammation in
ears of Balb/c mice (n=10 for each group) was induced by
topical application of PMA (25 ng/cm2), and this condition was
considered to represent 100% inflammatory activity. Doses of
10, 20, 100, 250, 500, or 1000 μg/cm2 of RE or 2, 10 or 20 μg/cm2

of CAwere topically applied to the inner surface of the right ear
of mice 30 min before PMA application. The left ear remained
untreated. We used the non-steroidal anti-inflammatory drug
(NSAID), indomethacin as a reference. Control animals received
only PMA. Four hours after treatment, the mice were sacrificed
by cervical dislocation, and a plug (6 mmØ)was removed from
both treated and untreated ears for analysis. The anti-
inflammatory activity (AI) was measured as follows: AI=
((Wcontrol–Wtrial)/Wcontrol)×100%whereWcontrol=right
ear disk weight−left ear disk weight from control animals;
Wtrial=right ear disk weight−left ear disk weight from
animals given the same concentration of extract. The anti-
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inflammatory activity was expressed as a percentage of the
edema reduction in treatedmice compared to the control mice.
The activity was quantitatively evaluated by determining the
50% effective concentration (EC50) using nonlinear regression
with a sigmoidal dose–response curve fit.

2.5. Histology

The tissue specimens were fixed overnight in 4% buffered
formaldehyde, processed by standard methods, and stained
for hematoxylin and eosin (H&E). Semi-quantitative analysis
of tissues was performed by a blinded observer.

2.6. Cell lines

The murine monocyte macrophage cell line, RAW 264.7,
was kindly provided by Dr. Fernando Goldbaum (Fundación
Instituto Leloir, Buenos Aires, Argentina) and cultured at
37 °C in 5% CO2 with 95% air in Dulbecco's modified Eagle's
medium (DMEM) containing heat inactivated 10% (vol/vol)
fetal bovine serum (FBS, Bioser, Argentina), 2 mM glutamine,
100 IU/ml penicillin and 100 μg/ml streptomycin.

2.7. Measurement of nitrite concentration in culture medium

RAW 264.7 cells were cultured in 96-well plates and
grown to confluence. The medium was then replaced with
fresh medium, and cells were stimulated with 1 μg/ml of
Pseudomonas aeruginosa LPS (Sigma, USA). Two hours prior to
challenge with LPS, 12.5, 25 or 50 μg/ml of RE or 3.125, 6.25,
12.5 or 25 μg/ml of CA or CS was added to cultures. Cell
viability was assessed by trypan blue exclusion.

Nitrite accumulation in RAW 264.7 culture supernatants
wasmeasured using the Griessmethod as described previously
[32]. Briefly, 50 μl of 1% sulphanilamide in 5% phosphoric acid
and 50 μl of 0.1% N-(1-naphtyl)-ethylenediamine in water
were added to 50 μl of culture medium. After 10 min of
incubation at room temperature, the absorbance at 570 nm
was read with a microplate spectrophotometer. Micromolar
concentrations of nitrite were calculated from a standard curve
made with sodium nitrite as the reference compound.

2.8. RT-PCR analysis

After cutting into small pieces, ear tissuewas homogenized in
TRIZOL (Invitrogen) containing 1% beta-mercaptoethanol for
30 s using a Polytron homogenizer. Total RNA was extracted
using the Total RNA kit (Bioamerica, Inc.) according to the
manufacturer's protocol. The concentration of RNA was deter-
mined by measuring the absorbance at 260 and 280 nm, and
samples were stored at −70 °C until RT-PCR analysis. Compli-
mentary DNA was synthesized using an RT reaction at 42 °C for
60 min in a T-18 thermal cycler (IVEMA). Primerswere designed
based on the mouse cDNA sequences for COX-1, COX-2, IL-1β,
ICAM-1, TNF-α, fibronectin, and glyceraldehyde-3-phosphate
dehydrogenase (G3PDH). The primer sequences used for PCR
were as follows: COX-1: sense, 5′-TGC ATG TGG CTG TGG ATG
TCA TCA A-3′, antisense, 5′-CAC TAA GAC AGA CCC GTC ATC TCC
A-3′, 450 bp; COX-2: sense, 5′-TTC AAA AGA AGT GCT GGA AAA
GGT-3′, antisense, 5′-GAT CAT CTC TAC CTG AGT GTC TTT-3′,
583 bp; IL-1β: sense, 5′-TGC AGA GTT CCC CAA CTG GTA CAT
C-3′, antisense, 5′-GTG CTG CCT AAT GTC CCC TTG AAT C-3′,
387 bp; ICAM-1: sense, 5′-TCG GAG GAT CAC AAA CGA AGC-3′,
antisense, 5′-AACATAAGAGGC TGC CAT CACG-3′, 471 bp; TNF-
α: sense, 5′-ACA AGC CTG TAG CCC ACG-3′, antisense, 5′-TCC
AAA GTA GAC CTG CCC-3′, 428 bp; fibronectin: sense, 5′-GCA
ACG TGT TAT GAC GAT GG-3′, antisense, 5′-CTA ACG GCA TGA
AGCACTCA-3′, 253 bp;G3PDH: sense, 5′-TGAAGGGTAGGCCAT
GAG GTC CAC CAC-3′, 983 bp. The amplification was performed
using 25 μl of the reactionmixture at 94 °C for 15–60 s, 50–68 °C
for 30–60 s, and 72 °C for 45–90 s with 28 cycles for IL-1β and
35 cycles for the other genes. After amplification, 10 μl of reaction
mixture was analyzed by 1.5% agarose gel electrophoresis. The
bandswere visualizedbyGelRed™ solution (Biotium). The signal
intensities were normalized by comparing tested gene expres-
sion with G3PDH and represented as relative ratios.

2.9. Statistical analysis

Results are expressed as the mean±SEM of n experi-
ments. Analyses were performed using a one-way ANOVA
test. Differences were considered statistically significant at
pb0.05.

3. Results

3.1. Anti-inflammatory effects of ethanolic rosemary extracts

Preliminary studies were done to test the anti-inflamma-
tory properties of rosemary extracts using the formaldehyde-
induced plantar edema mouse model. Formaldehyde was
injected into the plantar tissue of mice, and 2 h later, water
and ethanolic REs were applied to the inflamed area either
topically or by injection, or both. Whereas treatment with
water RE showed no anti-inflammatory properties (data not
shown), ethanolic RE treatment resulted in a strong reduction
of edema (Fig. 2D and Table 1).

Injection of ethanolic RE reduced inflammation by 22%
when compared with the PBS control injection. However,
when the ethanolic RE was topically administered, inflam-
mation was reduced by 80% (Fig. 2D and Table 1).

In agreement with these results, histopathological analy-
sis of formaldehyde-induced plantar edema showed that
topical treatment with ethanolic RE strongly diminished the
number of leukocytes (a marker of the inflammatory process)
at the site of inflammation (Fig. 2C) compared with the
control samples (Fig. 2B). Based on these data, we used
topical application in further experiments and a PMA-
induced model of ear inflammation because it is a more
effective system to evaluate the major bioactive compounds
of rosemary extract.

3.2. CA and CS are the major anti-inflammatory bioactive
compounds

CA and CS have been reported to be the most abundant
compounds with antioxidant activity in ethanolic extracts of
rosemary leaves [23]. To assess the anti-inflammatory
properties of these compounds, we administered ethanolic
RE or pure CA or CS to animals prior to PMA-induced ear
inflammation. In agreement with our previous data, the
ethanolic RE administered at the indicated doses had a potent



Fig. 2. Reduction of paw edema in Balb/c mice treated topically with RE. Acute inflammation was induced by injection of 20 μl of 3% formaldehyde in PBS into the
sub-plantar side of both paws. Two hours later, mice were treated topically with 10 μl of RE (12 mg/ml). Samples were fixed overnight in 4% buffered
formaldehyde and stained with H&E. (A) Vehicle-treated control. (B) Formaldehyde (3%)-induced paw edema showing intense dermal edema and inflammatory
cell infiltration with presence of mononuclear and polymorphonuclear cells. (C) Topical RE treatment after formaldehyde injection showing reduced dermal
edema and inflammatory cell infiltration. (D) Image of paw showing edema reduction upon topical administration of RE.
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anti-inflammatory effect. As shown in Table 2, ethanolic RE
exerted a dose-dependent topical anti-inflammatory activity
in PMA-induced oedema, where an EC50 (dose giving 50%
oedema inhibition) was 128.3 μg/cm2.

Pure CA and CS were evaluated in the samemodel for anti-
inflammatory activity. Both compounds CA showed an EC50 of
10.20 μg/cm2 and 10.70 μg/cm2, respectively (Table 2). Etha-
nolic RE, CA and CS were compared to indomethacin, a
nonsteroidal anti-inflammatory drug used to relieve the
symptoms caused by different inflammatory processes
[12,25,40,41]. The ethanolic RE showed an anti-inflammatory
effect similar to that observed with indomethacin, whereas CA
and CS exhibited a significantly higher activity than this drug
(Table 2). Thus, CA and CS appear to be responsible for the anti-
inflammatory activity observed in rosemary extracts. Notably, a
Table 1
Effect of the Rosmarinus officinalis extract on formaldehyde-induced paw edema.

Treatment No. of mice Edema (

Control 6 0.280±
Control inflammation 6 0.330±
Injected application 6 0.319±
Topical application 6 0.290⁎±
Injected application + topical application 6 0.318⁎±

EP, edema production. Experimental groups were compared with control; ⁎pb0.05

Table 2
Anti-inflammatory effect of RE and CA on PMA-induced edema in mouse ears.

Compound Dose (μg/cm2) No. of mice E

10 10
20 10

RE 100 10 2
250 10 0
500 10 0

1000 10 0
2 10 2

CA 10 10 1
20 10 1
2 10 2

CS 10 10 2
20 10 1

Indomethacin 500 10
PMA 4 10

EC50, dose inhibiting the edematous response by 50%. Experimental groups were co
lower concentration of CA and CS than rosemary extract and
indomethacin was required to produce the same effect.

3.3. Histopathological analysis of mouse ears treated with
ethanolic RE and carnosic acid

Histopathological analysis of hematoxylin and eosin
(H&E)-stained tissue revealed a marked infiltration of
leukocytes and epidermal ulceration in PMA-treated ears
(Fig. 3B and Table 2), which is characteristic of acute
infection, but not in untreated ears (Fig. 3A). Pretreatment
with ethanolic RE strongly reduced the accumulation of
leukocytes. In addition, we observed vasodilatation similar to
that observed with indomethacin, thus confirming the
protective effect of ethanolic RE (Fig. 3C and D). The effect
cm) EP=[Treatment−control] Edema reduction (%)

0.010 0 100
0.016 0.050 –

0.010 0.039 22
0.004 0.010 80
0.010 0.038 24

.

dema (mg) Edema reduction (%) EC50 (μg/cm2)

3.26±1.48 3.9
3.13±1.27 7.8
.10⁎±0.50 38.2 128.3
.71⁎±0.14 78.9
.50⁎±0.14 84.3
.05⁎±0.08 98.6
.03⁎±0.51 40.2
.73⁎±0.24 49.3 10.2
.22⁎±0.26 64.1
.10⁎±0.80 38.2
.03⁎±0.40 40.2 10.7
.36⁎±0.40 59.8
0.27±0.17 92.2
3.40±0.15

mpared with control; ⁎pb0.05.



Fig. 3. Suppression of PMA-induced ear edema in Balb/c mice upon treatment with RE and CA. RE or CA was topically applied to the inner surface of the right ear of
mice 30 min prior to PMA (25 ng/cm2) administration. After 4 h, samples were fixed overnight in 4% buffered formaldehyde and H&E stained as described in
Materials and Methods. Control (A). PMA (B). Ethanolic RE (1000 μg/cm2) (C). Indomethacin (500 μg/cm2) (D). CA (20 μg/cm2) (E). Arrows indicate leukocyte
infiltration (B), low vasodilatation (C and D), and reduction in leukocyte accumulation (E).

418 E.S. Mengoni et al. / Fitoterapia 82 (2011) 414–421
of one of the major bioactive compounds, CA, was tested, and
reduced numbers of leukocytes were also observed when this
compound was topically applied (Fig. 3E).

3.4. Reduction of nitric oxide production by rosemary and its
bioactive compounds

Compounds able to reduce NO production by iNOS are
effective anti-inflammatory agents. For this reason, the effect
of ethanolic RE, CA and CS on iNOS activity was determined
[22]. Stimulation of RAW 264.7 cells with LPS has been shown
to promote NO generation and nitrite (NO2

−) accumulation in
the media [16]. In our studies, RAW 264.7 cells were pre-
incubated with 12, 25 or 50 μg/ml of ethanolic RE or 3.125,
6.25, 12.50 or 50 μg/ml of CA or CS and then stimulated with
1 μg/ml of LPS for 24 h. As shown in Fig. 4, ethanolic RE, CA
and CS significantly inhibited the production of NO in a dose-
dependent manner. The cytotoxic effects of the ethanolic RE
and CAwere evaluated in the presence or absence of LPS. Both
Fig. 4. Effect of RE, CA and CS on nitrite accumulation in culture medium of RAW 264
of RE, CA or CS and stimulated with LPS (1 μg/ml) 2 h later. After incubation for 24 h,
production. Data are representative of three independent experiments and show th
with LPS only.
RE and CA did not affect the viability of RAW 264.7 cells at the
concentrations used (data not shown). These results indicate
that the ethanolic RE and CA have a potent inhibitory effect on
NO synthesis.

3.5. CA and CS reduce mRNA expression of pro-inflammatory
molecules

RT-PCR was used to measure expression levels of several
inflammation-associated genes in PMA-induced skin injury
upon pretreatment with CA or CS.

Analysis of tissue without PMA treatment showed consti-
tutive expression of genes, such as COX-1, fibronectin and
G3PDH, as expected. The expression of inducible pro-inflam-
matory genes was not (or was only slightly) detected (Fig. 5).

In contrast, PMA treatment significantly induced IL-1β,
TNF-α and COX-2 expression. Skin pretreated with 20 μg/cm2

of CA or CS suppressed the expression of IL-1β with a
reduction of 67.64% and 65.06%, respectively. Moreover,
.7 macrophages. RAW 264.7 cells were treated with increasing concentrations
nitrite concentration in the culture mediumwas measured as a marker of NO
e mean±SD from triplicate samples. **pb0.05, compared with cells treated

image of Fig.�3
image of Fig.�4


Fig 5. Effect of CA and CS on PMA-induced ear edema. PMA and test compounds/vehicle were topically applied to the skin of ears. Ear edema was measured 4 h
after PMA treatment. Mice were then immediately sacrificed, and ears were removed for RT-PCR analysis. One representative PCR result from three analyses from
each group is shown. The ratios of band density were compared to G3PDH.
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pretreatment with CA reduced TNF-α expression to a greater
extent than pretreatment with CS (53% compared with 18.2%,
respectively), and both compounds completely inhibited
COX-2. The expression levels of COX-1, ICAM-1 and fibro-
nectin were not significantly reduced by topical application of
CA or CS compared to the PMA-treated group (Fig. 5).
4. Discussion

Currently, a major strategy in the alleviation of inflamma-
tion is to seek new agents with anti-inflammatory and
antioxidant properties [18]. The association between antiox-
idants and inflammation initially originated from studies that
found that free radicals are produced during the inflammatory
process by macrophages [38]. Based on this finding, several
synthetic and natural antioxidants have been evaluated for
their analgesic and anti-inflammatory activities [4].

Previous studies showed that the rosemary extracts,
carnosic acid and its derivative, carnosol, and rosmarinic
acid possess potent antioxidant activity [23]. In the current
study, we used in vivo and in vitromodels to evaluate the anti-
inflammatory properties of rosemary extracts and the most
abundant bioactive compounds from the extracts.
Using two in vivo inflammation models, we evaluated both
water and ethanolic fresh rosemary leaf extracts aswell as pure
CA and Cs, the most abundant compounds in ethanolic RE. We
determined that ethanolic but not water extracts reduced
inflammation (Tables 1 and 2), and pure CA and CS isolated
from ethanolic RE showed important anti-inflammatory activ-
ity. The EC50 was 128.3 μg/cm2 for the ethanolic extract; this
extractwas about 45% less active than indomethacin,whichhas
been reported to have an EC50 of 93 μg/cm2 [2]. Interestingly,
pure CA and CS showed an activity about nine-fold higher than
indomethacin (10.2 μg/cm2 and 10.70 μg/cm2, respectively)
(Table 2).

Supporting the potential use of CA and CS for inflamma-
tory disorders, these compounds had the highest topical anti-
inflammatory activity in mouse models compared to other
compounds already reported from rosemary plants. The
potency of CA (0.030 μmol/cm2) and CS (0.032 μmol/cm2)
was higher than ursolic acid (0.12 μmol/cm2), oleanolic acid
(0.29 μmol/cm2) and micromeric acid (0.22 μmol/cm2),
which were all obtained from dried rosemary leaves [2].

The ethanolic RE and CA effects were confirmed by
histopathological analysis of tissue from mouse ears and
paws in edema models of inflammation (Figs. 2 and 3). The
event initiating the inflammatory process is the infiltration of

image of Fig�5
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neutrophils into the wound site to prevent infection through
phagocytosis [3]. Our results suggested that ethanolic RE and
CA interfered with the recruitment of PMNL into the blood in
response to the acute inflammation induced by formaldehyde
(Fig. 2) or PMA (Fig. 3). Moreover, our results demonstrated
for the first time in vivo that CA and CS significantly decreased
the expression of IL-1β and TNF-α and completely inhibited
COX-2 expression (Fig. 5). Interestingly, both compounds
were highly selective in inhibiting COX-2 but not COX-1.
Therefore, we demonstrate here that the selective inhibition
of COX-2, which has been recently reported for rosemary
extracts [42], is due to the bioactive compounds, CA and CS,
from rosemary extracts. Our results suggest that these
compounds may be useful as anti-inflammatory agents with
fewer side effects than regular non-steroidal drugs.

It has been suggested that high levels of NO induced by
iNOS stimulate neutrophil accumulation [11]. The anti-
inflammatory effects of compounds of diverse origins have
been attributed to the inhibition of events involved in
inflammation, such as histamine release, cyclooxygenase-
2,5-lypoxigenase activity, elastase activity, complement ac-
tivity, and nitric oxide production [8,13–15,20,29,30,33,36].
In addition, NO produced by iNOS has been implicated in
pathological conditions of the skin. Dysregulated expression
of iNOS has been demonstrated in skin biopsies from patients
with psoriasis and patients with inflammatory arthritides
[17,31]. More recently, it has been demonstrated that NO
mediates inflammatory responses in human keratinocytes
[5]. Based on these reports and the fact that NO is increased
significantly during the process of edema in guinea pig skin
[37], we assessed the inhibitory activity of the ethanolic RE,
CA and CS on NO production in vitro by LPS-activated
macrophages. We demonstrated that ethanolic RE, CA and
CS inhibit NO production (Fig. 4) and that ethanolic RE
suppresses NF-κB activation using EMSA (data not shown),
suggesting that the anti-inflammatory activity of RE, CA and
CS may be due to their inhibition of pathways involving both
NO and NF-κB.

As far as we know, this study is the first to demonstrate in
vivo the anti-inflammatory effects of CA and CS with a
selective inhibition of COX-2.
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