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Abstract

Asthma is a chronic obstructive lung disease characterized by recurrent episodes of bronchoconstriction and wheezing. Con-
ventional asthma treatment involves the suppression of airway inflammation or improving airway flow. Rosmarinus officialis, also
known as rosemary, is a Mediterranean plant that is used for the treatment of inflammatory diseases. Carnosol, a diterpenoid found
in rosemary extracts, has been known to exhibit anti-inflammatory, anti-tumor, and anti-oxidant effects. The effect of carnosol on
allergic responses has not been tested yet. The effect of carnosol on a murine allergic asthma model were investigated. Carnosol
inhibited the degranulation of RBL-2H3 mast cells. Carnosol treatment inhibited the increase in the number of eosinophils in the
bronchoalveolar lavage fluids (BALF) of mice treated with ovalbumin. Carnosol treatment also inhibited inflammatory responses
and mucin production in histologic studies. Carnosol treatment inhibited the increases of IL-4 and IL-13 cytokines expression in
both BALF and the lungs. These results suggest that carnosol may have a potential for allergic asthma therapy.
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INTRODUCTION

Allergic asthma is a chronic inflammatory disease of the
airways of the lungs and is characterized by chest tightness,
coughing, shortness of breath, and wheezing with large het-
erogeneity of clinical phenotypes (Park and Im, 2019). More
than 300 million people are patients of asthma worldwide
(Park and Im, 2019). Environmental factors such as air pol-
lution and allergens can cause asthma in addition to genetic
factors (Aoki et al., 2008). No cure is available for asthma, but
the use of inhaled corticosteroids, B-adrenergic receptor ago-
nists or leukotriene D, receptor antagonists could reduce the
symptoms in addition to avoiding allergens (Lemanske and
Busse, 2010; Averell et al., 2019; Trinh et al., 2019). Consider-
ing the side effects of long-term use of current therapeutics,
identifying a new therapeutic strategy from natural resources
is essential.

Rosmarinus officialis (also known as rosemary) is a Medi-
terranean plant, which is now widely spread in many countries
(Kashyap et al., 2017). Rosemary extract is useful in curing
inflammatory diseases (da Rosa et al., 2013; Kashyap et al.,
2017). Carnosol, a phenolic diterpenoid found in rosemary

extracts, has been shown to possess anti-inflammatory, anti-
tumor, and anti-oxidant effects (Singletary, 1996; Johnson,
2011; Kashyap et al., 2017). However, the effect of carnosol in
allergic responses has not been tested yet.

Previously, carnosol has been reported to have anti-inflam-
matory effects. Carnosol activated the anti-inflammatory per-
oxisome proliferator-activated receptor-y at the transcriptional
level (Rau et al., 2006) and inhibited NF-xB-mediated iNOS
gene expression and NO production in macrophages (Chan
et al., 1995; Lo et al., 2002; Mengoni et al., 2011). Carnosol
also inhibited the formation of pro-inflammatory leukotrienes
in intact human polymorphonuclear leukocytes (Poeckel et
al., 2008), and inflammatory cytokines and chemokines pro-
duction (Schwager et al., 2016). Therefore, the suppressive
activity of carnosol in inflammatory responses could be useful
in treating allergic asthma, as anti-inflammation in the lungs
is one of the therapeutics for asthma. In the present report,
the effects of carnosol were investigated on a murine allergic
asthma model.
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MATERIALS AND METHODS

Materials
Carnosol and other materials were purchased from Sigma-
Aldrich (St. Louis, MO, USA).

Assessment of degranulation

Rat RBL-2H3 cells were obtained from the American Type
Culture Collection (ATCC, Manassas, VA, USA) and cultured
at 37°C in a 5% CO,-humidified incubator as described previ-
ously (Huang et al., 2018). Degranulation from RBL-2H3 cells
was evaluated by measuring B-hexosaminidase release (Lee
et al., 2018). We used monoclonal anti-dinitrophenyl mouse
immunoglobulin E and human dinitrophenyl albumin to induce
degranulation (Kim and Im, 2019).

Animals

Female five-week-old BALB/c mice were purchased from
Daehan Biolink (Seoul, Korea). They were housed in the lab-
oratory animal facility at Pusan National University and fed
water and food ad libitum. The Pusan National University In-
stitutional Animal Care Committee reviewed and approved the
protocol with respect to ethical issues and scientific care (Ap-
proval Number, ED-PNU2019-0011)

Asthma induction in BALB/c mice

Six-week-old BALB/c mice (22 g) were randomly divided
into three groups (n=5): vehicle-injected control group, oval-
bumin (OVA)-injected asthma group, and carnosol (5 mg/kg)-
treated plus OVA-injected group. Asthma was induced by in-
traperitoneal injection of OVA and aluminum hydroxide on DO
and D14. The mice were challenged by exposure to nebulized
OVA for D28, D29, and D30 (Aoki et al., 2010). Carnosol was
administrated via intraperitoneal injection 30 min before OVA
challenge. Bronchoalveolar lavage fluid (BALF) was collected
from the lungs on D32, and the cell population of BALF cells
was analyzed after staining.

Cell counting and analysis in BALF

Using a Cellspin® centrifuge (Hanil Electric, Seoul, Korea),
the immune cells in BALF were adhered to a glass slide and
fixed in methanol for 30 s. Cells on slides were stained with
May-Grunwald solution for 8 min and subsequently by Giemsa
solution for 12 min.

Reverse transcription polymerase chain reaction (RT-PCR)

RT-PCR was performed to analyze the expression levels
of Th2 and Th17 cells. Total RNA was isolated using TRIzol™
reagent (Invitrogen, Waltham, MA, USA), and used for cDNA
synthesis. Promega GoTaq® DNA polymerase (Promega Cor-
poration, Madison, WI, USA), primers for each gene, and the
synthesized cDNA were reacted to amplify the specific genes.
Primers sequences and PCR conditions for specific genes are
described in a previous report (Park et al., 2018).

Histological examination of the lungs

Tissue sections of lungs from mice of each group were pre-
pared. Periodic acid-Schiff (PAS) staining and hematoxylin
and Eosin (H&E) staining were performed to identify mucus-
secreting goblet cells and eosinophil infiltration, respectively.
For PAS staining, the Schiff's regent was used, and for H&E
staining, hematoxylin and eosin regents were used (Heo and
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Im, 2019; Kim and Im, 2019).

The degree of lung inflammation was evaluated using a sub-
jective scale of 0-3 by a treatment-blind observer (Heo and Im,
2019; Kim and Im, 2019). Mucin-secreting cells stained with
PAS in the airways were counted from two lung sections per
mouse. The length of the bronchi basal lamina using was also
simultaneously measured ImagedJ software (National Institute
of Health, MD, USA). Mucous production was expressed by
the number of PAS-positive cells per mm of bronchiole.

Measurement of cytokine levels

IL-4 levels in BALF were quantitated using an ELISA kit. A
capture antibody and a biotinylated detection antibody specific
for IL-4 were obtained from eBioscience (cat. 14-7041-68, and
cat. 33-7042-68C, San Diego, CA, USA). Avidin-horseradish
peroxidase was used and the absorbance was measured at
450 nm (Lee et al., 2018).

Statistical analysis

The results are expressed as means + standard errors
(SEs). For statistical significance, analysis of variance (ANO-
VA) was used, followed by Turkey’s post hoc test using Graph-
Pad Prism software (GraphPad Software, Inc., La Jolla, CA,
USA). p values<0.05 indicated statistical significance.

RESULTS

Carnosol inhibited degranulation of RBL-2H3 mast cells

RBL-2H3 mast cells were used to ascertain if carnosol in-
hibits antigen-induced degranulation. f-Hexosaminidase ac-
tivity was measured as degranulation activity in the medium
after antigen exposure (Heo and Im, 2019; Kim and Im, 2019).
Carnosol inhibited the release of -hexosaminidase in a dose-
dependent manner and also significantly inhibited degranula-
tion at concentrations higher than 3 uM (Fig. 1).

Carnosol inhibited immune cell accumulation in BALF

An OVA-induced allergic asthma model in female BALB/c
mice was utilized to verify the inhibitory effects of carnosol in
vivo. Total cell number and cell populations were analyzed in
BALF (Fig. 2). The total cell number rose to 504.4% in the
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Fig. 1. Effect of carnosol on p-hexosaminidase release in RBL-
2H3 cells. RBL-2H3 cells were incubated with anti-DNP IgE for 18 h,
and challenged with DNP human serum albumin (HSA). Cells were
treated with carnosol at the indicated concentrations 30 min before
antigen challenge. Basal degranulation was calculated from the
samples without IgE and HSA. The degranulation from samples
treated with IgE and HSA was used as a positive control. The
results are presented as means + SEs of values from three inde-
pendent experiments. ***p<0.001 vs. the non-HSA-treated group.
#p<0.05, #p<0.01, *p<0.001 vs. the HSA-treated group.
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BALF of OVA-induced asthma mice compared to that in the
vehicle-treated group (Fig. 2A, 2B). Carnosol inhibited OVA-
induced rise in total cell number by 37.2% (Fig. 2A, 2B). The
cell populations were analyzed from the BALF (Fig. 2B, 2C).
Carnosol inhibited the significant increase in eosinophil num-
bers by 43.6% compared to the OVA-treated group (Fig. 2B).
The macrophage population did not significantly increase by
OVA treatment (Fig. 2B). The lymphocyte population was quite
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Fig. 2. Suppressive effects of carnosol on the increase in immune
cells in BALF by OVA. (A) Mice were sensitized with OVA twice by
i.p. injection on DO and D14, and later challenged on D28, D29,
and D30 with nebulized OVA. Carnosol was administrated intra-
peritoneally at the dose of 5 mg/kg, 30 min before OVA challenge.
Cells in BALF were stained using May-Griinwald stain and count-
ed. (B) Total cell counts, eosinophils, and macrophages in BALF. (C)
Lymphocytes counts in the BALF. The results are presented the
mean + SE cell count values (n=5). ***p<0.001 vs. the PBS-treated
group, #p<0.001 vs. the OVA-treated group.
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lower than the eosinophil population. OVA treatment increased
the lymphocyte counts, and carnosol inhibited the increment
by 65.7% (Fig. 2C).

Carnosol suppressed the production of Th2 and Th17
cytokines in lungs and BALF

We measured the mRNA levels of Th2 cytokines in the
lungs and immune cells of BALF. We also measured the
mMRNA levels of IL-17A, as Th17 cells were recently recog-
nized as regulators of allergic asthma (Wakashin et al., 2009;
Newcomb and Peebles, 2013). The mRNA levels of the four
cytokines were increased by OVA treatment in the BALF
and lungs (Fig. 3). Carnosol treatment significantly inhibited
mRNA expression of IL-4, IL-5, and IL-13 by 58.9%, 55.7%,
and 23.1%, respectively, but not that of the Th17 cytokine in
the BALF (Fig. 3A). The mRNA levels of IL-4 and IL-13 were
inhibited by carnosol in the lungs (IL-4 by 28.5% and IL-13 by
50.04%), but not the IL-5 and IL-17 levels (Fig. 3B).

Carnosol inhibited mucin secretion and inflammation in
the lungs

The lungs were histologically examined on D32. PAS stain-
ing was utilized to detect the presence of mucins. Stored or
secreted mucins appear as violet in color in the PAS-stained
sections. Dark purple-stained cells surrounded the bronchioles
in the OVA-treated group, and carnosol treatment reduced
mucin-stained cells (Fig. 4A). The eosinophils were rarely ob-
served as small, navy blue dots in the control group, and in the
OVA group, eosinophils were found to be densely surrounding
the bronchioles by using H&E staining (Fig. 4B). Semi-quan-
titative analysis was performed by counting the PAS-stained
cells per mm of the bronchioles (Fig. 4C) (Heo and Im, 2019;
Kim and Im, 2019). PAS-stained cells were rarely found in
the control group. Approximately 110 PAS-stained cells were
counted per mm in the OVA group, and carnosol treatment sig-
nificantly inhibited the PAS-stained cells (Fig. 4C). Also semi-
quantitative evaluation using a subjective scale of 0-3 was ap-
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Fig. 3. Carnosol treatment inhibited the expression of cytokines at the mRNA level in the BALF cells and lungs. Analysis of mRNA expres-
sion of Th2 cytokines (IL-4, IL-5, and IL-13) and Th17 cytokine (IL-17A) from the BALF cells (A) or the lung tissues (B). Relative mRNA
levels of cytokines were quantified as ratios to GAPDH transcript levels. Values represent the mean + SE (n=5). ***p<0.001 vs. the PBS-

treated group, *p<0.05, #p<0.01, #p<0.001 vs. the OVA-treated group.
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Fig. 4. Protective effect of carnosol against airway inflammation
and mucin production. (A) Panels show H&E-stained sections of
lung tissues from the PBS group, OVA group, and carnosol plus
OVA group. Sections from mice in the OVA-induced and carnosol-
treated OVA-induced groups showed an accumulation of eosino-
phils (small navy blue dots, green arrows). (B) Panels show PAS-
stained sections of lung tissues. Mucin is stained in purple color (red
arrows). (C) Lung inflammation was semi-quantitatively evaluated.
Histological findings were scored as described in the materials and
methods section. (D) Mucous production was evaluated by count-
ing the number of PAS-positive cells per mm of bronchiole (n=5 per
group). Bar=50 um. Graphs represent the mean + SE values (n=5).
***p<0.001 vs. the PBS-treated group, **p<0.001 vs. the OVA-
treated group.

plied to assess lung inflammation from H&E staining (Heo and
Im, 2019; Kim and Im, 2019). The inflammation score in the
OVA group was approximately 2.5, while carnosol treatment
significantly inhibited the score (Fig. 4D).

Carnosol suppressed the IL-4 protein levels in the BALF

The protein levels of IL-4 and IL-13 in BALF were measured
by using ELISA to verify the effect of carnosol on Th2 cyto-
kine expression. The IL-4 levels were increased in the OVA-
induced group compared to the vehicle-treated control group,
and the increase in IL-4 levels was significantly suppressed by
carnosol treatment (Fig. 5). IL-13 levels in the samples were
out of detectable ranges.

DISCUSSION

Although the anti-inflammatory, anti-oxidant, and anti-tumor
effects of carnosol have been previously reported (Singletary,
1996; Johnson, 2011; Kashyap et al., 2017), its anti-asthma
effect has not been tested yet. In this report, the effect of car-
nosol, a constituent of rosemary extract, on allergic asthma
was investigated for the first time. Mast cells are a key player
in the initiation and development of allergic responses. FceRI
is equipped with circulating IgEs on the plasma membranes of
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Fig. 5. Effect of carnosol treatment on IL-4 protein levels in BALF.
ELISA was used to measure the protein levels of IL-4 in BALF (n=5
per group). The results represent the mean + SE of protein levels
(n=5). **p<0.01 vs. the PBS-treated group, *p<0.01 vs. the OVA-
treated group.

mast cells. Cross-linking of IgEs by specific antigens induces
degranulation of mast cells (Lane and Lee, 1996). Allergic me-
diators such as histamine and leukotrienes are released from
granules of mast cells by degranulation, which is a key step
in the induction of allergic responses. Carnosol was found to
inhibit degranulation of mast cells in the RBL-2H3 cells.

Carnosol treatment significantly inhibited the allergic fea-
tures in BALF and the lungs of mice in the OVA-induced mu-
rine allergic asthma model. The responses of Th2 cytokines
such as IL-4 and IL-13 are very important in the development
of asthma (Fish et al., 2005; Locksley, 2010). Those cytokines
induce mucus hypersecretion, metaplasia of goblet cells, pro-
liferation of smooth muscle cells, and recruitment of eosino-
phils (Fish et al., 2005; Locksley, 2010). Production of Th2 cy-
tokines was suppressed by carnosol treatment. Furthermore,
the inflammatory scores were reduced and mucin production
was suppressed by carnosol treatment in the lung tissues.
The level of Th17 cytokine was increased by OVA treatment,
but was not inhibited by carnosol in both BALF and lungs, in
contrast to the suppressive effects of carnosol on Th17A lev-
els in cargeenan-induced pleurity and experimental autoim-
mune encephalomyelitis (da Rosa et al., 2013; Li et al., 2018).
Carnosol suppressed OVA-induced increase of IL-5 in BALF,
though not in the lungs. In experimental autoimmune enceph-
alomyelitis, mMRNA levels of IL-5 were increased in the spleno-
cytes from carnosol-treated mice (Li et al., 2018). These differ-
ential and contrasting effects of carnosol on cytokines IL-17A
and IL-5 may be attributed to different mice models and differ-
ent stages of carnosol treatment. Carnosol treatment inhibited
differentiation of CD4* T cells to Th17 cells and suppressed
development of experimental autoimmune encephalomyelitis
(Li et al., 2018). In the present OVA-induced allergic asthma
model, carnosol was administration during the OVA challenge
stage and not during the sensitization stage. This may mini-
mize the effect of carnosol on Th17 differentiation. The effects
of carnosol treatment during the sensitization stage and on
differentiation of CD4* T cells to IFNy* (Th1), IL4* (Th2), IL17*
(Th17), and Foxp3* (Treg) cells need to be further investigated
in the near future.

The anti-allergic effect of carnosol has also been observed
in other Th2 cell-related diseases. In skin pharmacology, topi-
cal application of carnosol has been reported in PMA-induced
ear edema, phthalic anhydride-induced atopic dermatitis, and
UVB-induced inflammation (Mengoni et al., 2011; Lee et al.,
2017; Yeo et al., 2019). Carnosol reduced the expression of
IL-18 and TNF-a and inhibited COX-2 in PMA-induced ear in-
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flammation in vivo (Mengoni et al., 2011). Carnosol treatment
decreased TNF-a and IL-1B in phthalic anhydride-induced
atopic dermatitis via STAT-3 inhibition (Park et al., 2014; Lee
et al., 2017).

Based on literature, the anti-asthma effects of carno-
sol could result from several mechanistic modulations in
inflammation-related proteins: (i) carnosol activation of anti-
inflammatory peroxisome proliferator-activated receptor-y
transcriptionally (Rau et al., 2006), (ii) carnosol inhibition of
pro-inflammatory leukotrienes formation through antagonizing
intracellular Ca?* response induced by a chemotactic stimu-
lus and attenuating ROS formation in intact human polymor-
phonuclear leukocytes (Poeckel et al., 2008), (iii) carnosol
suppression of INOS gene expression and NO production by
NF-kB inhibition in macrophages (Chan et al., 1995; Lo et al.,
2002; Mengoni et al., 2011), (iv) carnosol inhibition of inflam-
matory cytokines and chemokines production (Schwager et
al., 2016). All the mechanistic observations could be linked
to each other at transcriptional levels such as peroxisome
proliferator-activated receptor-y activation and NF-kB inhibi-
tion. Carnosol anti-inflammation may contribute to the pres-
ent anti-allergic effect, as allergic asthma is a kind of chronic
inflammatory disease.

In summary, we report that carnosol induces suppressive
effects on degranulation of mast cells in vitro and anti-allergic
effects in vivo in an OVA-induced murine model, suggesting
the potential therapeutic efficacy of carnosol from Rosmarinus
officialis.
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