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A B S T R A C T

In this study, a series of rosmarinic acid and analogs were investigated for their anti-inflammatory potential
against LPS-induced alveolar macrophages (MH-S). Our results showed that, among the test compounds, ethyl
rosmarinate (3) exhibited the most potent inhibitory effect on NO production in LPS-induced MH-S cells, with
low cytotoxicity. Compound 3 exhibited remarkable inhibition of the production of PGE2 in LPS-induced MH-S
cells. The inhibitory potency of compound 3 against LPS-induced NO and PGE2 release was approximately two-
fold higher than that of dexamethasone. Compound 3 significantly decreased the mRNA and protein expression
of iNOS and COX-2 and suppressed p65 expression in the nucleus in LPS-induced MH-S cells. These results
suggested that compound 3 inhibited NO and PGE2 production, at least in part, through the down-regulation of
NF-κB activation. Analysis of structure-activity relationship revealed that the free carboxylic group did not
contribute to inhibitory activity and that the alkyl group of the corresponding alkyl ester analogs produced a
strong inhibitory effect. We concluded that compound 3, a structurally modified rosmarinic acid, possessed
potent inhibitory activity against lung inflammation, which strongly supported the development of this com-
pound as a novel therapeutic agent for the treatment of macrophage-mediated lung inflammatory diseases, such
as COPD.

1. Introduction

Lung inflammation is fundamental to the etiology and persistence of
respiratory disease conditions, including asthma and chronic ob-
structive pulmonary disease (COPD). In particular, COPD is a major
health problem that results in morbidity and mortality worldwide
(Barnes, 2015). A recent systemic review and meta-analysis suggested a
high and growing prevalence of COPD, both globally and regionally
(Adeloye et al., 2015). Among the various cell types, alveolar macro-
phages and neutrophils are thought to be responsible for COPD-related
inflammation (Barnes, 2004; Meijer et al., 2013). However, there is
increasing evidence to show that alveolar macrophages play a key role
in the pathogenesis of COPD (Barnes, 2004). COPD is a disease of the
small airways and lung parenchyma, of which inflammation and tissue
destruction are the pathological hallmarks (Di Stefano et al., 2004).
Alveolar macrophages are the predominant cell type in the lung
(Shapiro, 1999; Pons et al., 2005), and a marked increase (5–10 fold) in
the numbers of macrophages both in airways and in lung parenchyma

was evident in patients with COPD (Keatings et al., 1996; Pesci et al.,
1998). Furthermore, the number of parenchymal alveolar macrophages,
but not neutrophils, was found to be directly proportional to the se-
verity of the disease (Finkelstein et al., 1995; Di Stefano et al., 1998).
Moreover, the pathological role of alveolar macrophages has been de-
monstrated, as the depletion of lung macrophages conferred protection
against the development of emphysema in an experimental model of
COPD (Beckett et al., 2013). Upon activation by harmful stimuli (pre-
dominantly cigarette smoke and bacterial infections) alveolar macro-
phages release inflammatory mediators including nitric oxide (NO),
prostaglandin E2 (PGE2) and pro-inflammatory cytokines such as tumor
necrosis factor-α (TNF-α) and interleukin-6 (IL-6) (Barnes, 2016). The
uncontrolled production or excessive accumulation of these mediators
can destroy lung tissue, which leads to respiratory failure and dys-
function. As a vital organ for gaseous exchange, chronic or excessive
inflammation of the lung can be life threatening. Currently, broncho-
dilators and inhaled corticosteroids are prescribed as the first-line
therapies for COPD. However, owing to the limited improvements in
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symptom control and survival rate (Callahan et al., 1991; Jiang and
Zhu, 2016), this approach has not provided a satisfactory solution.
More importantly, a certain proportion of patients with COPD are re-
ported to be resistant to corticosteroids and experience a deterioration
of their symptoms (Marwick et al., 2007; Malhotra et al., 2011; Jiang
and Zhu, 2016). When used at high doses or for a prolonged time,
corticosteroids can lead to problematic side effects, such as osteo-
porosis, aseptic joint necrosis, adrenal insufficiency, gastrointestinal,
hepatic, and ophthalmologic effects, hyperlipidemia, growth suppres-
sion, and possible congenital malformations (Buchman, 2001). A sig-
nificant increase in the risk of pneumonia with the long-term use of
inhaled corticosteroids has also been reported in patients with COPD
(Sonal and Loke, 2010). Therefore, the discovery and development of
new agents for the effective treatment of COPD are an urgent necessity.

Rosmarinic acid (1), an ester of caffeic acid and 3,4-dihydrox-
yphenyllactic acid, is commonly found in several medicinal plant spe-
cies, including Rosmarinus officialis (Kim et al., 2015) and Hyptis sua-
veolens (Prawatsri et al., 2013). Interest in this compound has increased
considerably in the last decade owing to its diverse pharmacological
activities, including anti-oxidant (Kelm et al., 2000; Al-Musayeib et al.,
2011), anti-cancer (Moore et al., 2016), anti-angiogenic (Cao et al.,
2016), anti-viral (Arabzadeh et al., 2013), and anti-microbial properties
(Abedini et al., 2013). Rosmarinic acid also exerts anti-inflammatory
effects, as demonstrated by its ability to inhibit NO and PGE2 release in
macrophage-mediated inflammation by using RAW 264.7 murine
macrophages of peritoneal origin as a model (Huang et al., 2009). In
addition, the anti-allergic activity of rosmarinic acid was also been
shown in an experimental model of allergic asthma (Costa et al., 2012;
Liang et al., 2016). These results indicated the immunomodulatory
properties of rosmarinic acid and suggested the possible use of this
compound for the treatment of airway inflammation. Nevertheless,
marked differences between the inflammatory cells involved in the
pathology of asthma and COPD have been described (Ichinose, 2009;
Moldoveanu et al., 2009). Moreover, there are functional and pheno-
typic differences among macrophages from different tissue sites (Guth
et al., 2009; Karagianni et al., 2013; Hussell and Bell, 2014). As such, an
appropriate therapeutic target for certain airway inflammatory diseases
would be of significant concern. As alveolar macrophages and the re-
lease of inflammatory mediators play a pivotal role in the pathogenesis
of COPD, and owing to the absence of scientific evidence addressing the
effects of rosmarinic acid on alveolar macrophages, this study therefore
investigated the anti-inflammatory potential of rosmarinic acid in LPS-
induced mouse alveolar macrophage MH-S cell lines. We also designed
and prepared analogs of this compound and examined their inhibitory
activities. The underlying mechanism responsible for the inhibitory
effect was also explored.

2. Materials and methods

2.1. Rosmarinic acid (1) and analogs 2–11

Rosmarinic acid (1) and methyl rosmarinate (2) (Fig. 1) are natural
compounds isolated from the weeds Hyptis sauveolens by our group
(Prawatsri et al., 2013). Structural modifications of rosmarinic acid to
the corresponding ester analogs, compounds 3–11, (Fig. 1) were
achieved by conventional esterification of rosmarinic acid to the cor-
responding esters using appropriate alcohols, with concentrated sul-
furic acid as a catalyst at room temperature, except for the benzyl ester
10 that was synthesized by coupling reaction between rosmarinic acid
(1) and benzyl alcohol using EDCI [1-(3-dimethylaminopropyl)-3-
ethylcarbodiimide] and DMAP (4-dimethylaminopyridine) in triethy-
lamine and dichloromethane. The products were purified by column
chromatography (Merck silica gel 60, particle size< 0.063mm) and
the structures of the synthesized analogs were confirmed by NMR
spectroscopic data (recorded on a Bruker AVANCE 400 FT NMR spec-
trometer, operating at 400MHz), and ESI mass spectral data (measured

with a Finnigan LC-Q mass spectrometer) (see Supplementary data).
The presence of the alkoxyl groups from the starting alcohols was
evident from the NMR spectra of the esters. The purity of the com-
pounds was approximately 95%. These compounds were dissolved with
dimethyl sulfoxide (DMSO; ≥ 99.5%, Sigma, France) and further di-
luted in culture medium before bioassay.

2.2. Cell culture and conditions

Murine alveolar macrophage cell line MH-S was obtained from
American Type Culture Collection (ATCC, Manassas, VA, USA). Cells
were cultured in Roswell Park Memorial Institute medium-1640 (RPMI-
1640; HyClone, Utah, USA) supplemented with 10% fetal bovine serum
(Gibco, South America), 10mM 4-(2-hydroxyethyl)-1-piper-
azineethanesulfonic acid (HEPES; HyClone, Utah, USA), 2 mM L-gluta-
mine (Gibco, Brazil) and 100 U/ml and penicillin and 100 μg/ml
streptomycin (Gibco, USA) in a 5% CO2 atmosphere at 37 °C.

2.3. Cell viability assay

Cell viability was assessed by the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay as previously described
(Mosmann, 1983). MH-S cells (1 × 105 cells/well) were plated in a 96-
well plate (Nunc™, Roskilde, Denmark) and incubated for 1 h at 37 °C in
a humidified atmosphere containing 5% CO2. The cells were then ex-
posed to test compounds (final concentration 25 μM) for 24 h. Cells
without the test compounds and cells treated with dimethyl sulfoxide
(DMSO) served as untreated and vehicle controls, respectively. After
the incubation, culture supernatant was discarded and 20 μl MTT so-
lution (5mg/ml; Sigma, St. Louis, MO, USA) was added. Cells were
incubated for another 3 h and the supernatant was removed, subse-
quently 100 μl of DMSO was added to solubilize the formazan. Absor-
bance of solubilized formazan solution was measured at 540 nm using a
microplate reader (Rayto RT-2100C microplate reader, China). Per-
centage of viable viability was calculated according to the equation:
(absorbance of treated cells/ absorbance of untreated cells) × 100.

2.4. Nitrite and PGE2 measurements

MH-S cells (1 × 105 cells/well) were plated in a 96-well plate
(Nunc™) and incubated for 1 h at 37 °C in an 5% CO2 atmosphere.

Fig. 1. Chemical structures of the test rosmarinic acid and analogs.
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Subsequently, the cells were treated with 1 μg/ml lipopolysaccharide
(LPS; Sigma, St. Louis, MO, USA) in the presence or absence of the test
compounds and incubated for 24 h (for NO) and 48 h (for PGE2). The
culture supernatant was collected and the nitrite (NO2–), a stable pro-
duct of NO was determined using the Griess reagent system (Promega
Corporation, USA). Briefly, 50 μl of culture supernatant was reacted
with 50 μl of 1% sulfanilamide in 5% phosphoric acid for 10min at
room temperature in the dark. Then, 50 μl of 0.1% naphthylethylene-
diamine dihydrochloride was added. After 10min incubation at room
temperature, the optical density was measured at 540 nm using a mi-
croplate reader (BioTek Synergy HT, USA) and nitrite concentration
calculated against a sodium nitrite standard curve. The levels of PGE2 in
culture medium were quantified by enzyme-immunoassay (R&D
Systems, Minneapolis, MN, USA) according to the manufacturer's in-
structions.

2.5. Reverse transcription polymerase chain reaction (RT-PCR)

MH-S cells (2 × 106 cells/well) were plated in 6-well plates
(Nunc™) and incubated at 37 °C in 5% CO2 for 1 h. Cells were stimu-
lated with LPS (1 μg/ml; Sigma) in the presence or absence of com-
pound 3 (2.5, 5, 10 and 25 μM). After 24 h-incubation, total cellular
RNA was extracted using TRIzol® reagent (Invitrogen, USA) according
to the manufacturer's instructions. The concentrations of extracted RNA
were determined by Nanodrop spectrophotometer (NanoDrop
Technologies, USA). Total RNA (2 µg) was reverse-transcribed to cDNA
using RevertAid First Strand cDNA Synthesis kit (Thermo Scientific,
USA) following the manufacturer's instructions. The resulting cDNA
was used as template for PCR analysis. The primer sequences of target
genes were: iNOS forward 5′-CTC AGC CCA ACA ATA CAA G-3′, reverse
5′-CTA CAG TTC CGA GCG TCA-3′, COX-2 forward 5′-AAG CCT TCT
CCA ACC TCT-3′, reverse 5′-ACA CTC TGT TGT GCT CCC- 3′ and β-actin
forward 5′-TGT TAC CAA CTG GGA CGA CA-3′, reverse 5′-AAG GAA
GGC TGG AAA AGA GC-3′ (Gao et al., 2014). Amplification conditions
were 25 cycles at 95 °C for 10 s, 61.7 °C for 40 s and 72 °C for 10 s (for
iNOS and β-actin) and 95 °C for 3 s, 56.4 °C for 40 s and 72 °C for 10 s
(for COX-2). The PCR products were separated by electrophoresis on
1% agarose gel for 35min. Gels were then stained with 1mg/ml ethi-
dium bromide and visualized by UV illumination. The intensity of each
band was determined by ImageJ software and the relative expression
level of iNOS or COX-2 gene was calculated using β-actin gene as a
reference housekeeping gene.

2.6. Western blotting analysis

MH-S cells (2 × 106 cells/well) were plated in 6-well plates
(Nunc™) and incubated at 37 °C in 5% CO2 for 1 h. Cells were stimu-
lated with LPS (1 μg/ml; Sigma) in the presence or absence of com-
pound 3 (2.5, 5, 10 and 25 μM) for 30min (for NFκB p65), 24 h (for
iNOS) and 48 h (for COX-2). Cells were scraped into 1.5ml-micro-
centrifuge tubes, washed with cold phosphate-buffered saline (PBS) and
pellets. The cell pellets were then lysed using RIPA lysis buffer
(Amresco, OH, USA) containing Halt™ protease and phosphatase in-
hibitor cocktails (Pierce Biotechnology, IL, USA). Nuclear and cytosolic
proteins were extracted using NE-PER™ Nuclear and Cytoplasmic
Extraction Kit (Pierce Biotechnology) and a Halt™ protease and phos-
phatase inhibitor cocktails (Pierce Biotechnology). Protein concentra-
tion was determined using a Bradford Protein assay kit (Bio-Rad). The
extracted proteins (25 μg) subjected to electrophoresis using 10%
Novex™ NuPAGE™ Bis-Tris protein gels (Invitrogen, USA). Separated
proteins were transferred to nitrocellulose membranes (Bio-Rad,
Germany) and non-specific bindings were blocked with 5% skim milk in
TTBS (20mM Tris, 150mM NaCl, 0.1% Tween20) for 1 h at room
temperature. The membranes were then incubated overnight with pri-
mary antibodies specific to iNOS (sc-7271, Santa Cruz Biotechnology,
USA), COX-2 (sc-1745, Santa Cruz Biotechnology), NF-κB p65 (sc-8008,

Santa Cruz Biotechnology) and β-actin (ab-170325, Abcam). The
membranes were washed with TTBS twice and subsequently incubated
with peroxidase-conjugated AffiniPure goat anti-mouse IgG (115-035-
003, Jackson ImmunoResearch Laboratories, USA) or horseradish per-
oxidase-conjugated donkey anti-goat IgG (sc-2020, Santa Cruz
Biotechnology), as appropriate. After 1 h incubation at room tempera-
ture, the immunoreactive bands were detected by Clarity™ Western ECL
Blotting Substrates (Bio-Rad, USA) according to the manufacturer's in-
structions. Chemiluminescent signals were visualized using
ImageQuant LAS 4000 biomolecular imager (GE Healthcare Life
Sciences, UK). The relative intensities of the protein bands were mea-
sured by ImageJ software and then normalized with β-actin.

2.7. Statistical analysis

Experimental values were presented as mean± S.E.M. of at least
two independent experiments. Statistical analyses were carried out
Student's t-test using SPSS version 23.0 statistical program (Chicago, IL,
USA). The differences were considered statistically significant at
P<0.05.

3. Results

3.1. Effect of rosmarinic acid (1) and analogs 2–11 on cell viability

The effect of rosmarinic acid (1) and the analogs 2–11 on MH-S
macrophage cell viability was examined by using an MTT assay. As
shown in Fig. 2, the viabilities of cells exposed to the test compounds at
25 μM showed individual variability. A clear decrease in viability was
observed after the cells were treated with compounds 4, 5, 6, 7, 8, 9
and 10, compared with the untreated control. However, no changes in
viability were seen after exposure to compounds 1, 2, 3 and 11, which
suggested that these compounds were not cytotoxic to MH-S macro-
phage cells. Furthermore, no differences in cell viability were found
between the vehicle and untreated control.

3.2. Effect of rosmarinic acid (1) and analogs 2–11 on LPS-induced NO
production in MH-S macrophages

Initially, 25 μM rosmarinic acid (1) and analogs 2–11 were in-
vestigated for their inhibitory activities against LPS-induced NO pro-
duction in MH-S macrophages and the results are shown in Fig. 3A. The
treatment with compounds 2, 3, 4, 5, 6, 7, 8, 9 and 10 markedly re-
duced the LPS-stimulated production of NO compared with the pro-
duction in the LPS-treated group. Compound 11 exhibited a mild in-
hibitory effect, whereas compound 1 had no inhibitory effect. Through
the combination of inhibitory activity and cytotoxicity, compounds 2
and 3 were selected for further assessment of their dose-dependent

Fig. 2. Effect of rosmarinic acid (1) and analogs 2–11 on viability of MH-S macro-
phages. Cells were treated with the test compounds at 25 µM for 24 h, and the viability
was examined by an MTT assay. Data are given as mean± S.E.M. of independent ex-
periments.
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inhibitory effects against LPS-induced NO release, and their IC50 values
were determined. As shown in Fig. 3B, dose-dependent inhibition of
LPS-induced NO release was caused by these two compounds, with the
IC50 values of 12.42 and 15.09 μM for compounds 3 and 2, respectively.
At 10 μM, compound 3 inhibited NO production by 42.23%±3.86%;
at the same concentration, dexamethasone only resulted in
19.89%±4.37% inhibition. Given the strong inhibitory activity of
ethyl rosmarinate (3), this compound was therefore selected for sub-
sequent experiments.

3.3. Effect of ethyl rosmarinate (3) on LPS-induced PGE2 production in
MH-S macrophages

As shown in Fig. 4, compound 3 strongly inhibited the production of
PGE2 in LPS-induced MH-S macrophages; the effect occurred in a dose-
dependent manner. It was noted that the complete inhibition of PGE2
production in LPS-treated MH-S cells was occurred after treatment at
25 μM. When expressed as a percentage inhibition, 10 μM compound 3
inhibited PGE2 production by 90.31%±9.67%, whereas 10 μM dex-
amethasone caused 49.38%±14.97% inhibition.

3.4. Effects of ethyl rosmarinate (3) on iNOS and COX-2 mRNA and
protein expression

In order to determine whether the inhibitory effects of compound 3
on NO and PGE2 were related to the regulation of iNOS and COX-2
enzymes, the expression levels of these two enzymes were examined by
RT-PCR and Western blot analysis. As presented in Fig. 5A, the mRNA
level of iNOS was markedly increased after LPS treatment; this increase
was significantly (P<0.01) inhibited by treatment with compound 3.
Western blotting analysis also demonstrated that expression of iNOS
protein was upregulated by exposure to LPS; similarly this increase was
significantly inhibited as increasing concentrations of compound 3 were
applied (Fig. 5B). At 25 μM, compound 3 reduced the expression of
iNOS mRNA and protein to similar levels of unstimulated cells
(P>0.05). Furthermore, treatment with compound 3 inhibited the
LPS-induced expression of COX-2 mRNA and protein in a dose-depen-
dent manner (Fig. 5C and D). Unexpectedly, although the effect on
COX-2 protein expression was not observed at 24 h (see Supplementary
data), the reduction in LPS-stimulated COX-2 protein expression
mediated by compound 3 was evident at 48 h, which suggested that the
effect may be modulated by translational and/or post-translational
regulation effects in the late stage.

3.5. Effect of ethyl rosmarinate (3) on NF-κB activation

To further investigate whether the inhibition of NO by compound 3
was mediated by the NF-κB activation pathway, we examined the ex-
pression level of p65, part of the NF-κB transcription factor, in the
presence of compound 3 by using Western blotting. The results in Fig. 6
demonstrated that the expression level of p65 in the nuclear fraction
increased dramatically after stimulation with LPS for 30min compared
with the untreated control. However, although the difference was not
statistically significant, treatment with compound 3 decreased the ex-
pression level of p65 in the nucleus to a value close to the baseline in
unstimulated MH-S macrophage cells (P>0.05).

4. Discussion

Alveolar macrophages, which play a critical role in the pathogenesis
of COPD, NO and PGE2 are considered to be important biomarkers in
this lung inflammatory disorder (Barnes, 2016). Elevated PGE2 levels
and significantly increased iNOS expression and activity in the lungs of
patients with COPD have been well described, and this has been sug-
gested to be associated with the development of the severe impairments

Fig. 3. Inhibition of rosmarinic acid (1) and analogs 2–11 on LPS-induced NO
production in MH-S macrophages. (A) Initial screening. Cells were stimulated with LPS
(1 µg/ml) in the presence or absence of the test compounds (25 μM) for 24 h. The con-
centration of nitrite in culture supernatant was determined by Griess assay. (B) NO in-
hibitory activity of compounds 2 and 3. MH-S cells were stimulated with LPS (1 µg/ml) in
the presence or absence of the test compounds at 2.5, 5, 10 and 25 μM or dexamethasone
(Dex; 10 μM) for 24 h and nitrite concentration measured by Griess assay. Data are pre-
sented as mean± S.E.M. of independent experiments. ### P<0.001 compared with
untreated group; * P<0.05, ** P<0.01, *** P<0.001 compared with LPS-treated
group.

Fig. 4. Effect of ethyl rosmarinate (3) on LPS-induced PGE2 production in MH-S
macrophages. Cells were stimulated with LPS (1 µg/ml) in the presence or absence of
compound 3 (2.5, 5, 10 and 25 μM) or dexamethasone (Dex; 10 µM) for 48 h.
Concentrations of PGE2 in culture supernatant were determined by enzyme-im-
munoassay. Data are presented as mean±S.E.M. of independent experiments. #
P<0.05 compared with untreated group; * P<0.05 compared with LPS-treated group.
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in COPD (Maestrelli et al., 2003; Brindicci et al., 2010). Owing to their
influence on lung inflammation, alveolar macrophages are a good
therapeutic target for airway inflammatory diseases, particularly COPD
(Costa et al., 2015). In the present study, the anti-inflammatory po-
tentials of rosmarinic acid (1) and its analogs 2–11 were investigated in
an LPS-induced inflammatory model of alveolar macrophages. LPS was
used to induce alveolar macrophage inflammation as this component of
gram-negative bacterial cell wall is responsible for inducing patholo-
gical features of COPD (Ghorani et al., 2017). LPS also plays a sig-
nificant role in the bacterial infection-induced exacerbation of COPD,
which contributes to the development of the disease (Patel et al., 2002;
Wright et al., 2008; Pera et al., 2011). Although cigarette smoke is the
most important risk factor for COPD (Li et al., 2012), a large body of
evidence has revealed that LPS is one of the major active components in
cigarette smoke (Larsson et al., 2008). Recently, a methodological

review determined that LPS was among the three most commonly used
agents for the induction of COPD in an animal model that mimics the
important features of COPD (Fehrenbach, 2006; Wright et al., 2008).
Both in vitro and in vivo LPS-induced inflammation models have been
well-accepted as valuable tools for the investigation of COPD (Chen
et al., 2007; Gao et al., 2014; Ghorani et al., 2017). The results from this
study clearly showed that, among the test compounds, ethyl rosmar-
inate (3) exhibited the most potent inhibitory action on NO production
in LPS-induced MH-S cells and exhibited low cytotoxicity. Compound 3
also showed strong inhibitory activity against the production of PGE2 in
LPS-induced MH-S cells. In particular, the inhibitory potency of com-
pound 3 against LPS-induced NO and PGE2 release was approximately
two-fold higher than that of the reference drug, dexamethasone
(Ardestani et al., 2017). As compound 3 significantly inhibited both
inflammatory mediators, it would therefore provide the most potent

Fig. 5. Effects of ethyl rosmarinate (3) on iNOS and COX-2 mRNA and protein expression in LPS-induced MH-S macrophages. Cells were stimulated with LPS (1 µg/ml) in the
presence or absence of compound 3 (2.5, 5, 10 and 25 μM) as indicated in Materials and Methods. Expressions of iNOS and COX-2 mRNA and protein were determined by RT-PCR and
Western blotting analysis, respectively. Data are presented as mean± S.E.M. of independent experiments. # P<0.05, ## P<0.01 compared with untreated group; * P<0.05, **
P<0.01 compared with LPS-treated group.
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anti-inflammatory effects. Our results strongly indicated the potential
of compound 3 as a novel anti-inflammatory agent for the treatment of
macrophage-mediated inflammatory lung diseases, such as COPD.

NO and PGE2 are synthesized by inducible NO synthase (iNOS) and
cyclooxygenase-2 (COX-2), respectively (Kanwar et al., 2009; Gao et al.,
2014). To explore the anti-inflammatory mechanisms, the effects of
compound 3 on the LPS-induced iNOS and COX-2 mRNA and protein
expression were investigated. Our results demonstrated that compound
3 significantly decreased both the LPS-induced mRNA and protein up-
regulation of iNOS and COX-2 in MH-S macrophages (Fig. 5), and such
decreases were correlated with the accumulation of NO (Fig. 3) and
PGE2 (Fig. 4). As NF-κB p65 is critical for the induction of iNOS and
COX-2 expression in LPS-induced alveolar macrophages (Li et al.,
2002), the effect of compound 3 on the LPS-induced activation of NF-κB
p65 was assessed further. Given that NF-κB pathway is central to the
pathogenesis of COPD, this pathway offers an excellent therapeutic
target for the treatment of inflammatory diseases, including COPD
(Edwards et al., 2009). We found that the decrease in the p65 expres-
sion level in the nucleus after compound 3 treatment (Fig. 6) was no-
ticeably reduced to a level comparable with that of unstimulated al-
veolar macrophages. Although other pathways (e.g., AP-1 and IRF-3)
may be involved and cannot be excluded, all our results suggested that
compound 3 inhibited NO and PGE2 production by decreasing the ex-
pression of iNOS and COX-2 mRNA and protein, at least partially
through the downregulation of the NF-κB p65 activation pathway.

Through the investigation of anti-inflammatory activities by using a
series of rosmarinic acid (1) and analogs 2–11 with different chemical
structures, a relationship between the structure and the inhibitory ac-
tivity could be drawn from this study. We found that although a natural
rosmarinic acid (1) exerted no inhibitory activity, its methyl ester
analog (compound 2), which is also a natural compound, exhibited
strong activity. The sharp increase in the inhibitory activity of NO
production in going from the free carboxylic acid function to the methyl
ester function has prompted us to investigate whether larger alkyl
groups would give rise to analog(s) with higher inhibitory activity and a
number of alkyl ester analogs, compounds 3–11, were therefore syn-
thesized. Ethyl rosmarinate (3) is the first synthetic analog of the series.
This compound showed markedly stronger inhibitory activity than the
parent compound 1. An improvement of vasorelaxant activity of natural

rosmarinic acid (1) after the structural modification to ethyl rosmar-
inate (3) has also been reported (Wicha et al., 2015). Although higher
alkyl ester analogs 4–10 displayed strong inhibitory activities, such
modifications led to cellular cytotoxicity, which would limit the future
therapeutic applications of these compounds. To investigate whether
the introduction of polar functionality to the ethyl ester group would
give analog with higher inhibitory activity, the corresponding hydroxyl
analog, compound 11, was synthesized. Unexpectedly, a sharp decrease
in inhibitory activity was observed, which suggested that an additional
hydroxyl group abolished the activity. Collectively, these findings in-
dicated the importance of hydrophobic ester group and the ethyl
(CH2CH3) group seems to exert the most potent inhibitory activity
against LPS-induced alveolar macrophage inflammation and its pre-
sence produced low toxicity.

5. Conclusion

This study demonstrated for the first time that ethyl rosmarinate
(3), a structurally modified rosmarinic acid (1), exerted potent in-
hibitory activity against lung inflammation. This compound strongly
inhibited NO and PGE2 production in LPS-induced alveolar macro-
phages, without the induction of cellular toxicity. The mechanism re-
sponsible for the inhibitory effect on NO and PGE2 production was the
suppression of iNOS and COX-2 expression, which occurred at least in
part through the NF-κB activation pathway. As ethyl rosmarinate in-
hibited key inflammatory mediators, our findings provided scientific
evidence to support this compound as a promising novel therapeutic
agent for the treatment of macrophage-mediated lung inflammatory
diseases. Nevertheless, future investigations in an in vivo COPD model
are required to support the future therapeutic applications of this
compound.

Acknowledgements

This work was supported by the Naresuan University Research
Fund. Supports from The Thailand Research Fund (Grant no. DBG
5980003) and Center of Excellence for Innovation in Chemistry, Office
of the Higher Education Commission are gratefully acknowledged.

Conflict of interest

The authors declare no conflict of interest.

Appendix A. Supplementary material

Supplementary data associated with this article can be found in the
online version at http://dx.doi.org/10.1016/j.ejphar.2018.01.042.

References

Abedini, A., Roumy, V., Mahieux, S., Biabiany, M., Standaert-Vitse, A., Riviere, C.,
Sahpaz, S., Bailleul, F., Neut, C., Hennebelle, T., 2013. Rosmarinic acid and its methyl
ester as antimicrobial components of the hydromethanolic extract of Hyptis atrorubens
Poit. (Lamiaceae). Evid. Based Complement Altern. Med. 2013, 604536.

Adeloye, D., Chua, S., Lee, C., Basquill, C., Papana, A., Theodoratou, E., Nair, H., Gasevic,
D., Sridhar, D., Campbell, H., Chan, K.Y., Sheikh, A., Rudan, I., Global Health
Epidemiology Reference Group (GHERG), 2015. Global and regional estimates of
COPD prevalence: systematic review and meta–analysis. J. Glob. Health 5, 020415.

Al-Musayeib, N., Perveen, S., Fatima, I., Nasir, M., Hussain, A., 2011. Antioxidant, anti-
glycation and anti-inflammatory activities of phenolic constituents from Cordia si-
nensis. Molecules 16, 10214–10226.

Arabzadeh, A.M., Ansari-Dogaheh, M., Sharififar, F., Shakibaie, M., Heidarbeigi, M.,
2013. Anti herpes simplex-1 activity of a standard extract of Zataria multiflora Boiss.
Pak. J. Biol. Sci. 16, 180–184.

Ardestani, M.E., Kalantary, E., Samaiy, V., Taherian, K., 2017. Methyl prednisolone vs
dexamethasone in management of COPD exacerbation; a randomized clinical trial.
Emergency 5, e35.

Barnes, P.J., 2004. Alveolar macrophages as orchestrators of COPD. COPD 1, 59–70.
Barnes, P.J., 2015. Identifying molecular targets for new drug development for chronic

obstructive pulmonary disease: what does the future hold? Semin. Respir. Crit. Care

Fig. 6. Effect of ethyl rosmarinate (3) on NF-κB p65 activation in LPS- stimulated
MH-S macrophages. Cells were treated with compound 3 at 2.5, 5, 10 and 25 μM and
LPS 1 μg/ml. After 30min incubation, the expression of NF-κB p65 in the nuclear fraction
was determined by Western blotting. Results are presented as mean± S.E.M. of in-
dependent experiments. # P<0.05 compared with untreated group.

H. Thammason et al. European Journal of Pharmacology 824 (2018) 17–23

22

http://dx.doi.org/10.1016/j.ejphar.2018.01.042
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref1
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref1
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref1
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref1
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref2
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref2
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref2
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref2
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref3
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref3
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref3
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref4
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref4
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref4
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref5
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref5
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref5
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref6
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref7
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref7


Med. 36, 508–522.
Barnes, P.J., 2016. Inflammatory mechanisms in patients with chronic obstructive pul-

monary disease. J. Allergy Clin. Immunol. 138, 16–27.
Beckett, E.L., Stevens, R.L., Jarnicki, A.G., Kim, R.Y., Hanish, I., Hansbro, N.G., Deane, A.,

Keely, S., Horvat, J.C., Yang, M., Oliver, B.G., van Rooijen, N., Inman, M.D., Adachi,
R., Soberman, R.J., Hamadi, S., Wark, P.A., Foster, P.S., Hansbro, P.M., 2013. A new
short-term mouse model of chronic obstructive pulmonary disease identifies a role for
mast cell tryptase in pathogenesis. J. Allergy Clin. Immunol. 131, 752–762.

Brindicci, C., Kharitonov, S.A., Ito, M., Elliott, M.W., Hogg, J.C., Barnes, P.J., Ito, K.,
2010. Nitric oxide synthase isoenzyme expression and activity in peripheral lung
tissue of patients with chronic obstructive pulmonary disease. Am. J. Respir. Crit.
Care Med. 181, 21–30.

Buchman, A.L., 2001. Side effects of corticosteroid therapy. J. Clin. Gastroenterol. 33,
289–294.

Callahan, C.M., Dittus, R.S., Katz, B.P., 1991. Oral corticosteroid therapy for patients with
stable chronic obstructive pulmonary disease: a meta-analysis. Ann. Intern. Med. 114,
216–223.

Cao, W., Hu, C., Wu, L., Xu, L., Jiang, W., 2016. Rosmarinic acid inhibits inflammation
and angiogenesis of hepatocellular carcinoma by suppression of NF-κB signaling in
H22 tumor-bearing mice. J. Pharmacol. Sci. 132, 131–137.

Chen, C.Y., Peng, W.H., Tsai, K.D., Hsu, S.L., 2007. Luteolin suppresses inflammation-
associated gene expression by blocking NF-kappaB and AP-1 activation pathway in
mouse alveolar macrophages. Life Sci. 81, 1602–1614.

Costa, A., Sarmento, B., Seabra, V., 2015. Targeted drug delivery systems for lung mac-
rophages. Curr. Drug Targets 16, 1565–1581.

Costa, R.S., Carneiro, T.C., Cerqueira-Lima, A.T., Queiroz, N.V., Alcântara-Neves, N.M.,
Pontes-de-Carvalho, L.C., Velozo Eda, S., Oliveira, E.J., Figueiredo, C.A., 2012.
Ocimum gratissimum Linn. and rosmarinic acid, attenuate eosinophilic airway in-
flammation in an experimental model of respiratory allergy to Blomia tropicalis. Int.
Immunopharmacol. 13, 126–134.

Di Stefano, A., Capelli, A., Lusuardi, M., Balbo, P., Vecchio, C., Maestrelli, P., Mapp, C.E.,
Fabbri, L.M., Donner, C.F., Saetta, M., 1998. Severity of air flow limitation is asso-
ciated with severity of airway inflammation in smokers. Am. J. Respir. Crit. Care
Med. 158, 1277–1285.

Di Stefano, A., Caramori, G., Ricciardolo, F.L.M., Capelli, A., Adcock, I.M., Donner, C.,
2004. Cellular and molecular mechanisms in chronic obstructive pulmonary disease:
an overview. Clin. Exp. Allergy 34, 1156–1167.

Edwards, M.R., Bartlett, N.W., Clarke, D., Birrell, M., Belvisi, M., Johnston, S.L., 2009.
Targeting the NF-kappaB pathway in asthma and chronic obstructive pulmonary
disease. Pharmacol. Ther. 121, 1–13.

Fehrenbach, H., 2006. Animal models of pulmonary emphysema: a stereologist's per-
spective. Eur. Respir. Rev. 15, 136–147.

Finkelstein, R., Fraser, R.S., Ghezzo, H., Cosio, M.G., 1995. Alveolar inflammation and its
relation to emphysema in smokers. Am. J. Respir. Crit. Care Med. 152, 1666–1672.

Gao, Y., Fang, L., Cai, R., Zong, C., Chen, X., Lu, J., Qi, Y., 2014. Shuang-Huang-Lian
exerts anti-inflammatory and anti-oxidative activities in lipopolysaccharide-stimu-
lated murine alveolar macrophages. Phytomedicine 21, 461–469.

Ghorani, V., Boskabady, M.H., Khazdair, M.R., Kianmeher, M., 2017. Experimental an-
imal models for COPD: a methodological review. Tob. Induc. Dis. 15, 25.

Guth, A.M., Janssen, W.J., Bosio, C.M., Crouch, E.C., Henson, P.M., Dow, S.W., 2009.
Lung environment determines unique phenotype of alveolar macrophages. Am. J.
Physiol. Lung Cell. Mol. Physiol. 296, L936–L946.

Huang, N., Hauck, C., Yum, M.Y., Rizshsky, L., Widrlechner, M.P., McCoy, J.A., Murphy,
P.A., Dixon, P.M., Nikolau, B.J., Birt, D.F., 2009. Rosmarinic acid in Prunella vulgaris
ethanol extract inhibits lipopolysaccharide-induced prostaglandin E2 and nitric oxide
in RAW 264.7 mouse macrophages. J. Agric. Food Chem. 57, 10579–10589.

Hussell, T., Bell, T.J., 2014. Alveolar macrophages: plasticity in a tissue-specific context.
Nat. Rev. Immunol. 14, 81–93.

Ichinose, M., 2009. Differences of inflammatory mechanisms in asthma and COPD.
Allergol. Int. 58, 307–313.

Jiang, Z., Zhu, L., 2016. Update on molecular mechanisms of corticosteroid resistance in
chronic obstructive pulmonary disease. Pulm. Pharmacol. Ther. 37, 1–8.

Kanwar, J.R., Kanwar, R.K., Burrow, H., Baratchi, S., 2009. Recent advances on the roles
of NO in cancer and chronic inflammatory disorders. Curr. Med. Chem. 16,
2373–2394.

Karagianni, A.E., Kapetanovic, R., McGorum, B.C., Hume, D.A., Pirie, S.R., 2013. The

equine alveolar macrophage: functional and phenotypic comparisons with peritoneal
macrophages. Vet. Immunol. Immunopathol. 155, 219–228.

Keatings, V.M., Collins, P.D., Scott, D.M., Barnes, P.J., 1996. Differences in interleukin-8
and tumor necrosis factor-alpha in induced sputum from patients with chronic ob-
structive pulmonary disease or asthma. Am. J. Respir. Crit. Care Med. 153, 530–534.

Kelm, M.A., Nair, M.G., Strasburg, G.M., DeWitt, D.L., 2000. Antioxidant and cycloox-
ygenase inhibitory phenolic compounds from Ocimum sanctum Linn. Phytomedicine
7, 7–13.

Kim, G.D., Park, Y.S., Jin, Y.H., Park, C.S., 2015. Production and applications of ros-
marinic acid and structurally related compounds. Appl. Microbiol. Biotechnol. 99,
2083–2092.

Larsson, L., Szponar, B., Ridha, B., Pehrson, C., Dutkiewicz, J., Krysińska-Traczyk, E.,
Sitkowska, J., 2008. Identification of bacterial and fungal components in tobacco and
tobacco smoke. Tob. Induc. Dis. 4, 4.

Li, Y.-H., Yan, Z.-Q., Brauner, A., Tullus, K., 2002. Activation of macrophage nuclear
factor-κB and induction of inducible nitric oxide synthase by LPS. Respir. Res. 3, 16.

Li, Y., Li, S.-Y., Li, J.-S., Deng, L., Tian, Y.-G., Jiang, S.-L., Wang, Y., Wang, Y.Y., 2012. A
rat model for stable chronic obstructive pulmonary disease induced by cigarette
smoke inhalation and repetitive bacterial infection. Biol. Pharm. Bull. 35,
1752–1760.

Liang, Z., Xu, Y., Wen, X., Nie, H., Hu, T., Yang, X., Chu, X., Yang, J., Deng, X., He, J.,
2016. Rosmarinic acid attenuates airway inflammation and hyperresponsiveness in a
murine model of asthma. Molecules 21, 769.

Maestrelli, P., Pa´ska, C., Saetta, M., Turato, G., Nowicki, Y., Monti, S., Formichi, B.,
Miniati, M., Fabbri, L.M., 2003. Decreased haem oxygenase-1 and increased inducible
nitric oxide synthase in the lung of severe COPD patients. Eur. Respir. J. 21, 971–976.

Malhotra, D., Thimmulappa, R.K., Mercado, N., Ito, K., Kombairaju, P., Kumar, S., Ma, J.,
Feller-Kopman, D., Wise, R., Barnes, P., Biswal, S., 2011. Denitrosylation of HDAC2
by targeting Nrf2 restores glucocorticosteroid sensitivity in macrophages from COPD
patients. J. Clin. Invest. 121, 4289–4302.

Marwick, J.A., Ito, K., Adcock, I.M., Kirkham, P.A., 2007. Oxidative stress and steroid
resistance in asthma and COPD: pharmacological manipulation of HDAC-2 as a
therapeutic strategy. Expert. Opin. Ther. Targets 11, 745–755.

Meijer, M., Rijkers, G.T., van Overveld, F.J., 2013. Neutrophils and emerging targets for
treatment in chronic obstructive pulmonary disease. Expert Rev. Clin. Immunol. 9,
1055–1068.

Moldoveanu, B., Otmishi, P., Jani, P., Walker, J., Sarmiento, X., Guardiola, J., Saad, M.,
Yu, J., 2009. Inflammatory mechanisms in the lung. J. Inflamm. Res. 2, 1–11.

Moore, J., Yousef, M., Tsiani, E., 2016. Nutrients 8, 731.
Mosmann, T., 1983. Rapid colorimetric assay for cellular growth and survival: application

to proliferation and cytotoxicity assays. J. Immunol. Methods 65, 55–63.
Patel, I., Seemungal, T., Wilks, M., Lloyd-Owen, S., Donaldson, G., Wedzicha, J., 2002.

Relationship between bacterial colonisation and the frequency, character, and se-
verity of COPD exacerbations. Thorax 57, 759–764.

Pera, T., Zuidhof, A., Valadas, J., Smit, M., Schoemaker, R.G., Gosens, R., Maarsingh, H.,
Zaagsma, J., Meurs, H., 2011. Tiotropium inhibits pulmonary inflammation and re-
modelling in a guinea pig model of COPD. Eur. Respir. J. 38, 789–796.

Pesci, A., Balbi, B., Majori, M., Cacciani, G., Bertacco, S., Alciato, P., Donner, C.F., 1998.
Inflammatory cells and mediators in bronchial lavage of patients with chronic ob-
structive pulmonary disease. Eur. Respir. J. 12, 380–386.

Pons, A.R., Noguera, A., Blanquer, D., Sauleda, J., Pons, J., Agustí, A.G., 2005. Phenotypic
characterisation of alveolar macrophages and peripheral blood monocytes in COPD.
Eur. Respir. J. 25, 647–652.

Prawatsri, S., Suksamrarn, A., Chindaduang, A., Rukachaisirikul, T., 2013. Abietane di-
terpenes from Hyptis sauveolens. Chem. Biodiver. 10, 1494–1500.

Shapiro, S.D., 1999. The macrophage in chronic obstructive pulmonary disease. Am. J.
Respir. Crit. Care Med. 160, S29–S32.

Sonal, S., Loke, Y.K., 2010. Risk of pneumonia associated with long-term use of inhaled
corticosteroids in COPD: a critical review and update. Curr. Opin. Pulm. Med. 16,
118–122.

Wicha, P., Tocharus, J., Nakaew, A., Pantan, R., Suksamrarn, A., Tocharus, C., 2015. Ethyl
rosmarinate relaxes rat aorta by an endothelium-independent pathway. Eur. J.
Pharmacol. 766, 9–15.

Wright, J.L., Cosio, M., Churg, A., 2008. Animal models of chronic obstructive pulmonary
disease. Am. J. Physiol. Lung Cell. Mol. Physiol. 295, L1–L15.

H. Thammason et al. European Journal of Pharmacology 824 (2018) 17–23

23

http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref7
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref8
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref8
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref9
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref9
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref9
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref9
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref9
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref10
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref10
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref10
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref10
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref11
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref11
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref12
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref12
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref12
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref13
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref13
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref13
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref14
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref14
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref14
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref15
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref15
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref16
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref16
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref16
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref16
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref16
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref17
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref17
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref17
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref17
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref18
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref18
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref18
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref19
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref19
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref19
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref20
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref20
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref21
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref21
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref22
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref22
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref22
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref23
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref23
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref24
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref24
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref24
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref25
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref25
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref25
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref25
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref26
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref26
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref27
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref27
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref28
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref28
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref29
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref29
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref29
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref30
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref30
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref30
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref31
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref31
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref31
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref32
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref32
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref32
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref33
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref33
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref33
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref34
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref34
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref34
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref35
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref35
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref36
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref36
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref36
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref36
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref37
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref37
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref37
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref38
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref38
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref38
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref39
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref39
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref39
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref39
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref40
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref40
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref40
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref41
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref41
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref41
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref42
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref42
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref43
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref44
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref44
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref45
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref45
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref45
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref46
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref46
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref46
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref47
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref47
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref47
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref48
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref48
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref48
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref49
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref49
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref50
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref50
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref51
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref51
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref51
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref52
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref52
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref52
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref53
http://refhub.elsevier.com/S0014-2999(18)30055-4/sbref53

	Ethyl rosmarinate inhibits lipopolysaccharide-induced nitric oxide and prostaglandin E2 production in alveolar macrophages
	Introduction
	Materials and methods
	Rosmarinic acid (1) and analogs 2–11
	Cell culture and conditions
	Cell viability assay
	Nitrite and PGE2 measurements
	Reverse transcription polymerase chain reaction (RT-PCR)
	Western blotting analysis
	Statistical analysis

	Results
	Effect of rosmarinic acid (1) and analogs 2–11 on cell viability
	Effect of rosmarinic acid (1) and analogs 2–11 on LPS-induced NO production in MH-S macrophages
	Effect of ethyl rosmarinate (3) on LPS-induced PGE2 production in MH-S macrophages
	Effects of ethyl rosmarinate (3) on iNOS and COX-2 mRNA and protein expression
	Effect of ethyl rosmarinate (3) on NF-κB activation

	Discussion
	Conclusion
	Acknowledgements
	Conflict of interest
	Supplementary material
	References




