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Very little is known about the immunomodulatory potential of secondary metabolites isolated from marine microorganisms. In
the present study, we characterized pyrenocine A, which is produced by the marine-derived fungus Penicillium paxilli Ma(G)K
and possesses anti-inflammatory activity. Pyrenocine A was able to suppress, both pretreatment and posttreatment, the LPS-
induced activation of macrophages via the inhibition of nitrite production and the synthesis of inflammatory cytokines and PGE2.
Pyrenocine A also exhibited anti-inflammatory effects on the expression of receptors directly related to cell migration (Mac-
1) as well as costimulatory molecules involved in lymphocyte activation (B7.1). Nitrite production was inhibited by pyrenocine
A in macrophages stimulated with CpG but not Poly I:C, suggesting that pyrenocine A acts through the MyD88-dependent
intracellular signaling pathway. Moreover, pyrenocine A is also able to inhibit the expression of genes related to NFxB-mediated
signal transduction on macrophages stimulated by LPS. Our results indicate that pyrenocine A has promissory anti-inflammatory
properties and additional experiments are necessary to confirm this finding in vivo model.

1. Introduction cells. Lipopolysaccharide (LPS), which is produced by Gram-
negative bacteria, binds with a TLR complex composed
of CD14/LBP/TLR [1, 2], resulting in the activation of a
complex biochemical cascade that promotes the recruitment
of MyD88, the activation of protein kinases such as IRAK,
recruitment of the adaptor protein TRAF6, and the sub-

sequent activation of NF«kB and AP-1 in the nucleus [3].

Inflammation is a complex host immune system response
to stimuli such as microbial infection, endotoxin exposure,
burns, and tissue injury. Resident macrophages are the first
line of defense against insults and play a key role in the
development of inflammation [1, 2]. These phagocytes have

a variety of receptors on their surface membrane, termed
Pattern Recognition Receptors (PRRs), which facilitate inter-
actions with many molecules present on pathogens, known as
PAMPs (pathogen-associated molecular patterns). PRRs such
as TLRs (Toll-like receptors) interact with PAMPs that are
present on bacteria, viruses, parasites, and fungi, and these
interactions play a key role in the activation of phagocytic

Cytosolic IxB is only phosphorylated after stimulation by
lipopolysaccharide (LPS), resulting in the dissociation of the
IxB complex and the translocation of NFxB into the nucleus,
permitting interaction with the promoter regions of various
genes that encode proinflammatory mediators [4]. Activation
of these genes results in the excessive production of inflam-
matory cytokines including TNF-e, interleukin-1 (IL-1), and
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IL-6 and other inflammatory mediators such as nitric oxide
(NO) and lipid mediators, all of which play a deleterious
role in acute and chronic inflammatory diseases such as
atherosclerosis and arthritis [5]. In particular, prostaglandin
E2 (PGE2) is a major inflammatory lipid mediator involved
in the pathogenesis of chronic inflammatory diseases such as
rheumatoid arthritis [6]. PGE2 synthesis occurs when there
are disturbances in the cell membrane, leading to increased
intracellular calcium and the translocation of cytosolic phos-
pholipase A2 (cPLA2) to the nuclear membrane, followed by
the release of arachidonic acid (AA) from phospholipids in
the nuclear membrane. The released AA can be converted
into PGH2 in the presence of COX-1 (an enzyme consti-
tutively expressed in different cell types) and COX-2 (an
inducible enzyme) and then through the action of various
prostaglandin synthases to generate different classes of PGs.
PGE2 is a key lipid mediator synthesized by macrophages
and other cell types in the presence of LPS [7]. In addition
to promoting edema, PGE2 can indirectly act to modulate
the synthesis of different cytokines and chemokines [8, 9].
PGE2 plays a role in the development of inflammation at sites
of tissue injury by interacting with EP1/EP3 and therefore is
a prime target for potential anti-inflammatory drugs in the
treatment of acute and chronic inflammatory diseases [10].

Marine microorganisms are unique biological sources
of potently active secondary metabolites, which have been
investigated over the last 20 years with the goal of discov-
ering new drugs [11-13]. Marine fungi are considered to be
particularly rich metabolic sources of active natural products
[12-16]. Recently, we isolated pyrenocine A from the marine-
derived fungus Penicillium paxilli Ma(G)K. Pyrenocine A was
previously reported to be an antimalarial and a cytotoxic
agent that was active against KB, BC-1, and Vero cancer cells
[17]. However, there have been no reports describing the
immunoregulatory activity of pyrenocine A.

Given the importance of identifying potential new anti-
inflammatory drugs, the aim of this study was to investi-
gate the pretreatment and posttreatment anti-inflammatory
potential of pyrenocine A and to elucidate the possible
mechanisms through which this fungal metabolite can act on
immune cells.

2. Material and Methods

2.1. Isolation and Identification of Pyrenocine A. Pyrenocine
A was previously obtained from the growth culture medium
of the marine-derived fungus P. paxilli Ma(G)K, which was
isolated from the sponge Mpycale angulosa [18]. Briefly, P.
paxilli Ma(G)K was inoculated in 500 mL Schott flasks,
each containing 200 mL of 2% malt extract medium. Fungal
growth occurred with shaking (100 rpm) at 25°C for seven
days. At the end of the growth period, 200 mL of ethyl
acetate (EtOAc) was added to each flask. The culture media
mixture containing mycelia and EtOAc was left shaking at
100 rpm for 24h at 25°C. Then, the mixture was filtered
through Celite. The EtOAc fraction was separated by liquid-
liquid partitioning. Evaporation of the EtOAc fraction yielded
400 mg of an extract, which was separated by chromatog-
raphy on a cyanopropyl-bonded silica-gel cartridge (2g;
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eluents: 100% CH,Cl,, 100% EtOAc, and 100% MeOH). The
CH,Cl, fraction (130 mg) was separated by HPLC using a Cy4
reversed phase column Inertsil ODS-3 (4.6 x 250 mm; 5 ym)
with a gradient of 1: 1 MeOH : MeCN in H, O plus 0.1% formic
acid (flow rate: 1.0 mL/min; detection: UV absorptionat A,
254 nm). Pyrenocine A (42.7 mg) was identified by analyzing
the spectroscopic data and comparing them with the data in
the literature [18].

2.2. Cell Line Maintenance. The RAW 264.7 cell line, which
was used in all in vitro experiments, was obtained from the
Rio de Janeiro Cell Bank (BCRJ/UFR]). The RAW 264.7
cell line is a mouse leukemic monocyte-macrophage cell
line. For cytotoxicity assays and anti-inflammatory activity
assays, cells were thawed and expanded into cell culture
flasks in DMEM containing 10% FBS (fetal bovine serum)
and gentamicin (1:1000) at 37°C in an incubator with a
humidified atmosphere containing 5% CO,, following the
American Type Culture Collection (ATCC) guidelines.

2.3. Cell Stimulation: Pretreatment and Posttreatment Pro-
tocol, Cytotoxicity Assays, and Cell Death. RAW 264.7 cells
(5 x 10*) were distributed in 96-well plates and used for pre-
treatment and posttreatment assays. Lyophilized pyrenocine
A was reconstituted in DMSO and then diluted in DMEM-I
culture medium. Pretreatment protocol: pyrenocine A (3.75
then to 0.11 uM) was added to the cell culture for 2h, and
stimuli with LPS, CpG or Poly I:C (1 ug/mL) for 18 h at 37°C.
Posttreatment protocol: cells were incubated with LPS, CpG,
or Poly I.C (1ug/mL) for 2h, and then pyrenocine A was
added to the cell culture (3.75 to 0.11 uM) for 18 h at 37°C.
The supernatants were collected and stored at —80°C until
quantification of soluble mediators was performed.

The cytotoxicity was evaluated by MTT and Alamar Blue
assay and cells death by Annexin V/PI (BD Biosciences) as
manufacturer’s recommendation.

2.4. Quantification of Nitrite. Nitrite levels in the culture
supernatant samples were measured with Griess reagent as
previously described [19]. The absorbance of the samples was
measured in a microplate reader with a 540 nm filter (Biotek,
model 960).

2.5. Quantification of Cytokines and PGE2 Levels. Cytokine
production by macrophages was quantitated from culture
supernatants using an ELISA reader. Levels of IL-183, IL-6,
IL-10, IL-12, and TNF-« were determined using specific anti-
bodies (purified and biotinylated) and recombinant cytokine
standards following the manufacturer’s instructions (Opteia
B & D Systems, MN and PharMingen, San Diego, CA).
PGE2 was measured in culture supernatants using the EIA
kit for PGE2 with a monoclonal antibody according to the
manufacturer’s instructions (Cayman Chemical Company).

2.6. Flow Cytometry. The expression of surface receptors
(CD11b/CDI18 and B71, B7.2) was determined after treating
RAW 264.7 cells with pyrenocine A using both the pretreat-
ment and posttreatment procedures as previously described.
All samples were analyzed using a FACSCanto flow cytometer
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(A) Chemical structure of pyrenocine A

FIGURE 1: Structure of pyrenocine A produced in culture by the
marine-derived fungus Penicillium paxilli Ma(G)K.

(Becton Dickinson and San Jose, CA) and FACS DIVA
software.

2.7. RNA Isolation and Quantitative RT-PCR. Total RNA was
extracted and purified using silica-based spin columns (Qia-
gen RNeasy Mini Kit) following the manufacturer’s instruc-
tions. The isolated total RNA (5 ug) was reverse-transcribed
using the High Capacity cDNA Reverse Transcription Kit
(cat. number: 4391526, Applied Biosystems). Quantitative
real-time PCR (qRT-PCR) was performed with Applied
Biosystems 7500 Real Time PCR equipment. Selected target
genes were measured in a 96-well (TagMan express plate,
custom 2 x 48) TagMan NF«B signaling Target PCR Custom
Array Plate (Applied Biosystems) as described in the man-
ufacturer’s protocol. The resulting data from three indepen-
dent samples were analyzed based on the ACt to statistical
analysis and 2022 method to relative quantification (RQ)
to demonstrate the variation in gene expression [20] using the
reference endogenous gene Gapdh for normalization. Statisti-
cal significance was calculated using the two-tailed Student’s
t-test. P values of less than 0.05 were considered significant.

2.8. Statistical Analysis. The results are presented as the mean
+ SEM of at least three individual experiments performed in
quadruplicate (PGE2, nitrite, cytokines). Statistical analyses
were performed with GraphPad Prism Instat-4. For compar-
isons between three or more experimental groups, ANOVA
was applied followed by the Bonferroni multiple comparisons
test. RT-PCR statistical significance was calculated using
the two-tailed Student’s t test. The results were considered
statistically significant at P < 0.05.

3. Results

3.1. Effect of Pyrenocine A on Cell Viability and NO Inhibi-
tion. Pyrenocine A (Figure 1) was isolated and identified as
previously described [18]. The cytotoxicity of pyrenocine A
in RAW 264.7 cells was evaluated in the presence of LPS
using both the pretreatment and posttreatment protocols.
Our results demonstrated that, regardless of the protocol
used, treatment with pyrenocine A at concentrations below
3.75uM resulted in 100% cell viability. Cells treated with
pyrenocine A at 7.5 yuM showed a modest decrease in cell via-
bility (<3%) (data not shown). To minimize any false negative
results due to cell death rather than the anti-inflammatory
effects of pyrenocine A, we used concentrations of pyrenocine
A that resulted in 100% cell viability in subsequent assays.

The cytotoxicity of pyrenocine A in RAW 264.7 cells was
also evaluated by Alamar Blue assay (supplemental data,
Figure 1(a)) and cells death by Annexin/Propidium iodide
(supplemental data, Figure 1(b) in supplementary material
available online at http://dx.doi.org/10.1155/2014/767061). In
both assays we demonstrate that pyrenocine A alone did not
induce cells death and confirm by other methods that the
concentrations of pyrenocine A used in all experiments there
are low or any cytotoxicity.

Subsequently, we evaluated the anti-inflammatory poten-
tial of pyrenocine A by measuring the production of nitric
oxide (NO). Stimulation of macrophages with LPS induces
high levels of NO production compared to unstimulated cells.
Using both protocols, pretreatment and posttreatment, we
verified that pyrenocine A was able to inhibit the synthesis
of NO in a concentration-dependent manner in comparison
to macrophages stimulated with LPS (Figure 2). The anti-
inflammatory effects of pyrenocine A on NO synthesis
were evident even at low concentrations and were more
pronounced with the posttreatment protocol (Figure 2). The
treatment of pyrenocine A alone has no stimulatory effect on
RAW 264.7 cells; the amount of NO produced is the same as
untreated cells (data not shown).

3.2. Pyrenocine A Can Inhibit TNF-a Production by Macro-
phages. Next, we evaluated whether pyrenocine A was also
able to modulate cytokine production using both experimen-
tal approaches. As shown in Figure 3, macrophages secrete
high levels of TNF-« in the presence of LPS compared to
unstimulated cells (Figure 3). LPS-induced synthesis of these
inflammatory cytokines was inhibited by pyrenocine A in
a concentration-dependent manner with both the pretreat-
ment and posttreatment protocols. The inhibitory effects
of pyrenocine A on TNF-a synthesis were more evident
when the pretreatment procedure was employed (Figure 3).
However, treatment of macrophages with pyrenocine A in
the presence of LPS did not modulate the synthesis of other
inflammatory cytokines, including IL-1f3, IL-6, and IL-12, and
had low effect on the synthesis of IL-10 (data not shown).

3.3. Pyrenocine A Inhibits PGE2 Synthesis. 'The stimulation of
macrophages with LPS induces the synthesis of lipid medi-
ators such as PGE2, a major lipid inflammatory mediator
involved in the pathogenesis of chronic inflammatory dis-
eases such as rheumatoid arthritis [6]. Therefore, in addition
to examining inflammatory cytokines and NO, we evaluated
the ability of pyrenocine A to modulate the expression of
PGE2 synthesis in macrophages stimulated with LPS. As
shown in Figure 4, LPS stimulation induced the synthesis
of high concentrations of PGE2 compared to unstimulated
cells. Treatment with pyrenocine A using the pretreatment
procedure inhibited the synthesis of PGE2 by approximately
30 to 50% compared to LPS alone (Figure 4(a)) and at higher
concentration of pyrenocine A during the posttreatment
(Figure 4(b)).

3.4. Inhibition of Cell Surface Receptors Involved in Cellular
Adhesion and Activation by Pyrenocine A. During inflam-
mation, surface molecules such as Mac-1 (CDI1b/CD18)
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FIGURE 2: Anti-inflammatory effects of pyrenocine A on the production of NO. Pretreatment procedure: cells were pretreated with different
concentrations of pyrenocine A (3.75-0.11 M) for 2h and then stimulated with LPS (1 4g/mL) during 18 h. Posttreatment procedure: cells
were stimulated with LPS (1 yg/mL) for 2h and then pyrenocine A was added (3.75-0.11 uM) during 18 h. Afterwards, the supernatants were
collected, and nitrite concentrations were determined using Griess reagent. Results indicate the mean + SEM for six independent experiments
performed in quadruplicate for each condition. * P < 0.05 versus medium (control), P < 0.05 versus LPS (ANOVA followed by Bonferroni).
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FIGURE 3: Anti-inflammatory effects of pyrenocine A on the production of TNF-«. (a) Pretreatment procedure: cells were pretreated with
different concentrations of pyrenocine A (3.75-0.11 M) for 2h and then stimulated with LPS (1 ug/mL) during 18 h. (b) Posttreatment
procedure: cells were stimulated with LPS (1 g/mL) for 2h and then pyrenocine A (3.75-0.11 uM) was added during 18 h. The supernatants
were collected, and cytokine quantification was performed using an ELISA system. Results correspond to the mean + SEM of six independent
experiments performed in quadruplicate for each condition. *P < 0.05 versus medium (control), “P < 0.05 versus LPS (ANOVA followed by

Bonferroni). ND = not detectable.

and B71/B72 play important roles in the migration and
activation of macrophages [21, 22]. We next evaluated
whether pyrenocine A was able to modulate the expression
of this molecules in macrophages in the presence of an
inflammatory stimulus (LPS). LPS stimulation increased the
expression of Mac-1 and B7.1 compared to unstimulated cells
(Figure 5). Treatment of macrophages with pyrenocine A
with both the pretreatment and posttreatment procedures
diminished the amount of B7.1 and Mac-1 on the cell surface
measured by median intensity fluorescence (MIF) com-
pared to macrophages stimulated with LPS alone. As shown

in Figure 5(a), the pretreatment protocol with pyrenocine
A inhibited the expression of Mac-1 at levels similar to
unstimulated cells (without LPS). However, treatment with
pyrenocine A in the presence of LPS resulted in only a modest
inhibition of B7.2 expression on the surface of macrophages
(data not shown).

3.5. The Suppressive Effects of Pyrenocine A Are Dependent
on MyD88. LPS interacts with the CD14/LBP/TLR4 com-
plex, resulting in the activation of MyDd88-dependent
and MyDd88-independent pathways within a complex
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FIGURE 4: Anti-inflammatory effects of pyrenocine A on PGE2 production by macrophages. (a) Pretreatment procedure: cells were pretreated
with different concentrations of pyrenocine A (3.75-0.94 uM) for 2 h and then stimulated with LPS (1 ug/mL) during 18 h. (b) Posttreatment
procedure: cells were stimulated with LPS (1 4g/mL) for 2h and then pyrenocine A (3.75-0.94 uM) was added during 18 h. The supernatants
were collected, and the production of PGE2 was evaluated. The procedures were performed in triplicate.

biochemical cascade [1, 2]. To evaluate whether pyrenocine
A exerts its anti-inflammatory effects through the MyDd88-
dependent and MyDd88-independent pathways, we stimu-
lated macrophages with two agonists: a TLR3 ligand (Poly
I:C) and a TLRY ligand (CpG-ODN:s). Poly I:C promotes
TLR3 activation via MyD88-independent pathway (by TRIF
adapter molecule), while the binding of CpG to TLR9 induces
MyD88-dependent activation. Then, we evaluate whether
pyrenocine A exerts its anti-inflammatory effects by MyD88-
independent or MyD88-dependent pathway using both ago-
nists (Poly I:C and CpG-ODNs) as tools to suggest it. In the
presence of CpG, the pretreatment and posttreatment with
pyrenocine A on macrophages inhibited the synthesis of NO
in a concentration-dependent manner when compared with
CpG treatment alone (Figures 6(a) and 6(b)). However, in
both pre- and posttreatment protocols, pyrenocine A was
not able to inhibit NO synthesis when macrophages were
stimulated with Poly I:.C (Figures 6(c) and 6(d)).

3.6. Effects of Pyrenocine A on NF-kB-Dependent Gene Expres-
sion. We evaluated the expression of 43 genes, including
cytokines, chemokines, or their receptors and components of
the immune response, that are activated by NF-«B signaling
in macrophages after treatment with high concentration of
pyrenocine A using pretreatment and posttreatment proto-
cols, in the presence of LPS. Gene expression was considered
to be downregulated when the relative quantification (RQ)
was less than 0.6 and upregulated when the RQ was more than
1.4 compared to the LPS group in the absence of pyrenocine
A. The RQ was considered unchanged when the value was
between 0.6 and 1.4. For most of the genes tested, there
were no significant (P value <0.05) differences in the mRNA
levels (data not shown). However, the mRNA levels of the
proinflammatory cytokine Tnf decreased significantly with
the pretreatment procedure (Figure 7). Pyrenocine A also
may exert anti-inflammatory effects by decreasing a specific
mRNA of factors, such as Cxcll, Ccl2, Bcl2, Icaml, Ptges,

and TIr2 in the pretreatment procedure (Figure 7), as well
as Icaml and Illr in the posttreatment procedure (Figure 8).
Additionally, pyrenocine A increases the mRNA levels of the
anti-inflammatory cytokine I/10 in both the pretreatment and
posttreatment protocols (Figures 7 and 8). Some genes were
not amplified (data not shown), such as Vcaml, Il12a, and
Ccl20, indicating that RAW264.7 macrophage cells are unable
to transcribe these genes in response to LPS. Conversely,
some proinflammatory genes were upregulated with the post-
treatment treatment, such as Nos2, Illa, Cd40 and IlI2b, but
not with the pretreatment treatment, suggesting that pretreat-
ment procedure is able to downregulate proinflammatory
genes in response to LPS (Figures 7 and 8).

4. Discussion

Although marine microorganisms are currently considered
to be major natural sources of potently active secondary
metabolites, very few natural products that have been isolated
from marine microbes exhibit anti-inflammatory activity.
Examples include salinamides A and B, which are dep-
sipeptides produced by a marine streptomycete [23]; the
cyclomarins, which are cyclic peptides that are also produced
by a marine streptomycete [24]; lobophorins A and B, which
are complex macrolides isolated from marine actinomycete
cultures [25]; mangicols A and B, which are sesterterpenes
isolated from the marine fungus Fusarium heterosporum [26];
and mycoepoxidiene, which is produced by a fungus in the
genus Diaporthe [27]. Penstyrylpyrone, isolated from marine-
derived Penicillium sp., was found to inhibit the synthesis
of NO, PGE2, IL-1B3, and TNF-« in peritoneal macrophages
stimulated with LPS [28]. As microbial fermentation is a
sustainable process, the search for new anti-inflammatory
agents produced by marine microorganisms is an attractive
strategy to facilitate the production of bioactive compounds.

To assess the anti-inflammatory profile of a specific com-
pound, it is necessary to select a reliable approach. Our model



6
Mac-1
Pretreatment Posttreatment
2(5)8 2,349 125 ,746
T OE 25 100
g 2 200 P3 75 4
£ O 150 50 3
5] 100
o 50 25
0 0
— 700 400
ER _E
500
% 2 400 p3 | 220
— O 200
= 7 300 150
% 200 100
=] 100 50
0 0

4,224

3.75uM + LPS
Count

pri 1962 | 200
350
3%
300 P3
150
100
50
0 0

—_—
[S =TS, |
[ I E-)

} 1 1 ! L

1.87 uM + LPS
Count
Do
U1
(=l

450
400 1921] 150 436
350
398 100 ]
1%0 "
100 507

50

0 0

9,999

0.94 uM + LPS
Count
[
(=1
(=)

400 E
520 1,785 250
300 200
250 P3 150 4
150 100 4
100
50 50 4
0 0 -

10% 10° 10* 10°
Mac-1 PE-A

(a)

10% 10® 10* 10°
Mac-1 PE-A

Mediators of Inflammation

Posttreatment

150 1 2,792 3,082
100 4 P4 100 P4
50 4 50
0 0

Pretreatment

Untreated
Count

LPS (1 ug/mL)
Count

3.75uM + LPS
Count

1.87 uM + LPS
Count

0.94uM + LPS
Count

10%10° 10*10°
B7.1 PE-A

10%10% 10% 10°
B7.1 PE-A
(b)

FIGURE 5: Effects of pyrenocine A on the expression of Mac-1 and B7.2 by macrophages. Pretreatment procedure: cells were pretreated with
different concentrations of pyrenocine A (3.75-0.94 uM) for 2h and then stimulated with LPS (14g/mL) during 18 h. (b) Posttreatment
procedure: cells were stimulated with LPS (1 ug/mL) for 2h and then pyrenocine A was added (3.75-0.94 uM) during 18 h. The expression of
surface receptors such as Mac-1 and B7.1 was evaluated by MIF and by measuring the percentage of positive cells, respectively. All samples
were analyzed using flow cytometry and a FACSCanto machine with BD FACSDiva software. Results are representative of three independent

experiments.

for this in vitro study, specifically utilizing macrophages stim-
ulated with the inflammatory agent LPS, allows us to evaluate
the effects of immunomodulatory compounds on soluble
inflammatory signaling agents and cell surface receptors as
well as to elucidate the mechanism of action to identify poten-
tial new inflammatory targets. The rationale of our approach
is based on the fact that macrophages, which are resident cells
that are distributed throughout different tissues in the body,
play a key role in the inflammatory process and have a variety
of cell surface receptors that permit strong interactions with
PAMPs, which are present on the pathogen surfaces, as
well as with DAMPS (damage-associated molecular pattern
molecules) released by cells that enter necrosis. The results
described here demonstrate that pyrenocine A, a secondary
metabolite produced in liquid medium by the marine-
derived fungus Penicillium paxilli Ma(G)K, exerts potent

anti-inflammatory actions both pretreatment and posttreat-
ment on cells that are part of the innate immune response.
The anti-inflammatory activity of pyrenocine A was
initially assessed by ability to modulate nitric oxide pro-
duction. Treatment of macrophages with pyrenocine A
using both pretreatment and posttreatment procedures in
the presence of the inflammatory stimulus LPS promoted
strong concentration-dependent inhibition of NO produc-
tion. Activated macrophages are present in injured tissues
and are major producers of inflammatory mediators such as
proinflammatory cytokines and lipid mediators, which have
been implicated in the exacerbation and pathogenesis of acute
and chronic inflammatory diseases [29]. Various steroidal
and nonsteroidal (NSAIS) drugs have mechanisms of action
that involve the inhibition of proinflammatory cytokine and
chemokine production, including TNF-«, IL-1, IL-6, and IL-8
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FIGURE 6: Anti-inflammatory effects of pyrenocine A by TLR9/MyD88 pathway. Pretreatment procedure: cells were pretreated with different
concentrations of pyrenocine A (3.75-0.11 M) for 2h and then stimulated with CpG (1 #g/mL) during 18 h (a) or Poly I:C (1 ug/mL) (c).
Posttreatment procedure: cells were stimulated with CpG (1ug/mL) (b) or Poly I:C (1ug/mL) (d) for 2h and then pyrenocine A (3.75-
0.11 uM) was added during 18 h. The supernatants were collected to quantify NO. Results correspond to the mean + SEM of three independent
experiments performed in quintuplicate for each condition. * P < 0.05 versus CpG or Poly I:C alone (ANOVA).

as well as the inhibition of NO synthesis [30]. Dexamethasone
is a synthetic glucocorticoid with potent anti-inflammatory
effects that is used as the first-line treatment for inflammatory
diseases such as acute lung injury, asthma, and rheuma-
toid arthritis [31]. In addition to modulating inflammatory
cytokines, some drugs have the ability to increase the synthe-
sis of anti-inflammatory cytokines such as IL-10, which is a
cytokine capable of indirectly mediating the synthesis of anti-
inflammatory mediators, including various surface receptors
[32]. Beside dexamethasone, compounds from plants, such as
ursolic acid, have a potent anti-inflammatory effect an macro-
phages by promoting the inhibition of TNF-«, IL-1, and IL-
6 from macrophages in the presence of LPS as well as costi-
mulatory molecules (CD80 and CD86) in B cells and T cells
proliferation. The suppressive effect of ursolic acid is med-
iated, at least in lymphocytes, by the inhibition of nuclear
translocation of NF-«xB, NF-AT, and AP-1 translocation into

the nucleus. [33]. The results presented here demonstrate
that pyrenocine A has both pretreatment and posttreat-
ment anti-inflammatory effects on the synthesis of TNF-«
and PGE2 by macrophages stimulated with LPS. Treatment
with pyrenocine A did not induce increased IL-10 release,
regardless of the concentration and protocol used. Although
pyrenocine A did not induce statistically significant differ-
ences for IL-10 synthesis, both the pretreatment and post-
treatment procedure in the presence of LPS increased the
mRNA expression of IL-10. These results suggest that the
kinetics of IL-10 mRNA expression and protein production
may explain these contradictory results.

The recruitment of inflammatory cells to injured tissues
is mediated by chemoattractants and adhesion-promoting
agents such as integrins (CD11b/CD18), selectins (L-selectin),
and chemokines [34]. Proinflammatory macrophages pro-
mote the recruitment and activation of neutrophils through
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FIGURE 7: Evaluation of expression of genes related to NFxB-med

iated transcription-pretreatment procedure. Cells were pretreated with

pyrenocine A (3.75 uM) for 2 h and then stimulated with LPS (1 g/mL) during 18 h. PCR array plates were purchased from Life Technologies.

The results are presented as log ACt to statistical analysis (test t *P
expression (less than 0.6 was considered decreased and more than
independent experiments. *P < 0.05.

the release of cytokines and chemokines and the expression
of surface molecules such as selectins and integrins as well
as the subsequent recruitment of adaptive immune response
cells. Such soluble inflammatory mediators or stimuli can
also modulate the expression of costimulatory molecules on
dendritic cells such as B71 and B7.2, which are essential for
T cell activation. The expression of Mac-1 on macrophages
is important not only for cellular recruitment of monocytes,
cell-cell contact, and activation, but also for microbial phago-
cytosis [35]. Our results indicate that the pretreatment and
posttreatment procedure with pyrenocine A promoted the

< 0.05) and RQ (relative quantification) to show the variation in gene
1.4 increased). The results show the mean and standard deviation of 3

decrease of expression of the surface receptors Mac-1and B7.1
but only induced a slight decrease in B7.2 expression. Thus,
pyrenocine A inhibits cytokine synthesis and also inhibits
the expression of surface receptors involved in both cell
recruitment and in the activation of leucocytes. Additionally,
pyrenocine A inhibits macrophage mediators that reduce the
recruitment of inflammatory cells to injured tissue, thereby
contributing to disease chronicity.

Soluble mediators produced by inflammatory macro-
phages provide the microenvironment necessary for the
recruitment of inflammatory cells such as neutrophils,
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independent experiments. *P < 0.05.

macrophages, and autoreactive T lymphocytes. Substantial
amounts of NO and prostaglandin E2 (PGE2) are produced
during the inflammatory process by iNOS and cyclooxy-
genase 2 (COX-2) [36]. Pyrenocine A was able to inhibit
PGE2 synthesis with the pretreatment protocol but only mod-
estly inhibited synthesis with the posttreatment approach.
Similarly, Pgtes, one of the major enzymes involved in the
synthesis of PGE2, was also inhibited when macrophages
were treated with pyrenocine A using the pretreatment
protocol but not the posttreatment protocol.

To assess the molecular mechanism involved in pyreno-
cine A anti-inflammatory actions, macrophages were stim-
ulated with a TLR3 agonist (Poly I:C) and a TLR9 ago-
nist (CpG-ODNis) to evaluate the MyD88-independent and
MyD88-dependent signaling pathways, respectively. Since
there was no suppression of nitrite production by TLR3/Poly
LI:C, we speculated that the suppressive effect of pyrenocine
A on macrophages may be mediated by a MyD88-dependent
pathway. It appears that the suppressive effects of pyrenocine
A are selective, as it is able to inhibit a specific biochemical
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cascade and promote the suppressive actions of specific
inflammatory stimuli. When we analyzed the effects of
pyrenocine A on the modulation of NFxB-dependent gene
expression, we observed that pyrenocine A promoted the
inhibition of genes such as Cxcll, Ccl2, Icaml, and Tlr2 with
the pretreatment procedure and Icaml and IlIr with the
posttreatment procedure in addition to inhibiting Tnf and
Ptges mRNA expression. Conversely, pyrenocine A increased
the mRNA expression of the anti-inflammatory cytokine II-
10, both before treatment and after treatment. Our results
suggest that pyrenocine A can downmodulate the expression
of additional genes that are involved in the chemotaxis of
inflammatory cells (Cxcll, Ccl2) and an integrin involved in
recruitment and cell activation (Icam).

Together, our findings suggest that pyrenocine A has
a potential anti-inflammatory effect on cells from innate
immune response; however, the potential prophylactic and
therapeutic applications of pyrenocine A need to evaluate in
vivo inflammatory murine model.

5. Conclusions

In conclusion, we demonstrated that pyrenocine A, which
was produced in the culture media of the marine-derived fun-
gus Penicillium paxilli Ma(G)K, promotes immunosuppres-
sive effects via the inhibition of proinflammatory mediators
(TNF-a and PGE2) and the expression of molecules involved
in cell migration (Mac-1) and T cell activation (B71). Our
results suggest that pyrenocine A inhibits macrophage acti-
vation, probably by interfering with the MyD88-dependent
pathway but not through the TRIF signaling pathway.
Pyrenocine A is able to inhibit the expression of genes related
to NF«B activation in macrophages stimulated with LPS. Our
findings indicate that pyrenocine A is novel compound with
immunosuppressive properties.
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