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Abstract
In response to evolutionary selective pressure, prokaryotes have developed a rich array of secondary
metabolites, some of which may be inhibitory to the innate immune system and the inflammatory
response in vertebrates. We utilized the RAW264.7 macrophage cell line stimulated with LPS in a
nitric oxide (NO) assay to screen for compounds with immunomodulatory activities from a library
of marine natural products, and found that the malyngamide structure class, found commonly in the
marine cyanobacterium Lyngbya majuscula, has potent activity. Several of the malyngamides were
found to possess IC50 values of 5.4 – 18 μM. Malyngamide F acetate exhibited strong concentration-
dependent anti-inflammatory activity in the NO assay with an IC50 of 7.1 μM and with no cytotoxicity
at the concentrations tested. Subsequent real-time PCR of selected genes revealed a unique cytokine
profile after LPS stimulation (TLR4) with decreased expression of iNOS, IL-1β, IL-6, and IL-10,
but increased TNF-α expression. Additional experiments utilizing CpG and Poly I:C stimulation to
selectively activate the MyD88-dependent and -independent pathways via TLR9 and TLR3
substantiated the finding that malyngamide F acetate selectively inhibits the MyD88-dependent
pathway. To our knowledge, this is the first report of a natural product inhibiting the MyD88-
dependent pathway.
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1. Introduction
An enormous demand exists for new and potent anti-inflammatory drugs because inflammation
underlies a multitude of human diseases, including cancer, Alzheimer's disease, and arthritis
(Mantovani et al., 2008; Villoslada et al., 2008). A potential source for inhibitors of
inflammation includes the rich suite of secondary metabolites from diverse bacteria (Binks and
Sriprakash, 2004; Renner et al., 1999). We reasoned, however, that many marine microbes
might also produce anti-inflammatory factors since a large portion of marine life has not
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developed an adaptive immune response and rely mainly on their innate immune system as a
defense against pathogens. Thus, marine bacteria might be selectively better at evading
detection by the innate immune system than their terrestrial counterparts, and production of
anti-inflammatory natural products might be an important part of this evolutionary strategy.
Indeed, several examples of molecules with anti-inflammatory properties have been discovered
in cyanobacteria (Appleton et al., 2002; Prinsep and Thomson, 1996; Stevenson et al., 2002).

The cyanobacterium Lyngbya majuscula is a prolific producer of secondary metabolites
displaying significant structural diversity and biological activity (Edwards et al., 2004;
Gerwick et al., 1994; Gerwick et al., 2001, Tidgewell et al., 2009). The malyngamides, one
common class of metabolite from L. majuscula, are structurally intriguing because they
combine polyketide portions with presumed amino acid subunits. Since 1978, over 30 different
malyngamides have been isolated and possess a wide range of biological properties such as
antifeedant activity, ichthyotoxicity, toxicity to other marine animals, cytotoxicity to cancer
cells, anti-HIV, anti-leukemic, and anti-tumor activity (Appleton et al., 2002; Kan et al.,
1998; Orjala et al., 1995; Tan et al., 2000; Todd and Gerwick, 1995; Wan and Erickson,
1999; Wu et al., 1997; Wylie and Paul, 1988). Surprisingly, a specific molecular target of the
malyngamides has yet to be identified, but it is likely that there are several due to the diversity
of biological effects these elated molecules display.

Lipopolysaccharide (LPS), an endotoxin, stimulates the production of pro-inflammatory
mediators such as nitric oxide (NO), tumor necrosis factor-α (TNF-α), and interleukins (Hewett
and Roth, 1993; Kubes and McCafferty, 2000; Watson et al., 1999). Excessive production of
these pro-inflammatory mediators is implicated in several inflammatory-related diseases (Beck
and Wallace, 1997; Carroll et al., 1998; Macmicking et al., 1997; Martel-Pelletier, 1998;
Norrby-Teglund and Stevens, 1998). Therefore, inhibition of the over-production of these
mediators is an attractive strategy by which to treat these disease conditions.

In this study we used an in vitro NO anti-inflammatory assay with murine macrophage cells
(RAW264.7) to screen a diversity of marine cyanobacterial and algal natural products from a
library housed at the Scripps Institution of Oceanography. Malyngamide F and F acetate were
our most potent screening hits. Subsequently, we evaluated a broader range of malyngamides
present in this library to gather initial structure-activity relationships. While several of these
other malyngamides were found to be active, malyngamide F acetate was the most potent and
hence was further characterized as to its mechanism of action in the RAW264.7 cell culture.

2. Materials and methods
2.1 Chemicals

Defined Fetal Bovine Serum (FBS) and penicillin-streptomycin were purchased from HyClone
(Logan, UT). Dulbecco's modified Eagle medium (DMEM) was purchased from Gibco
(Auckland, New Zealand). Lipopolysaccharide (LPS) (Escherichia coli, serotype 026:B6), 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), PCR primers, CpG (5'-
TCCATGACGTTCCTGACGTT-3'), Poly I:C, and sulfanilamide were purchased from
Sigma-Aldrich (St. Louis, MO). N-(1-napthyl) ethylenediamine dihydrochloride (NED) was
purchased from Ricca Chemical Company (Arlington, TX). NG-nitro-l-arginine-methyl ester
hydrochloride (L-NAME) was purchased from Acros Organics (Morris Plains, NJ).
Malyngamides C acetate, F, F acetate, H, I, J, K, L, and T were purified as previously described
and accessed from the marine algal and cyanobacterial natural products library at Scripps
(Ainslie et al., 1985; Gerwick et al., 1987; Nogle and Gerwick, 2003; Orjala et al., 1995; Todd
and Gerwick, 1995; Wu et al., 1997).
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2.2 Cell culture
Cells from the mouse macrophage cell line RAW264.7 (ATCC; Manassas, VA) were cultured
in DMEM with 4 mM L-glutamine and 4.5 g/l glucose supplemented with 10% FBS, penicillin,
and streptomycin. Unless otherwise stated RAW264.7 cells were seeded in 96-well plates (5
× 104 cells/well), and after 1 day were stimulated with 3 μg/ml LPS in the absence or presence
of pure compound (1 to 10 μg/ml) for 24 hours in triplicate wells at 37 °C with 5% CO2.

2.3 Nitrite assay
The generation of NO was assessed in the supernatant of cell cultures by quantification of
nitrite using the Griess reaction (Green et al., 1982). In brief, 50 μl of each supernatant were
added to 96-well plates together with 50 μl 1% sulfanilamide in 5% phosphoric acid plus 50
μl 0.1% NED in water, and the optical density was measured at 570 nm. The IC50 value, the
sample concentration resulting in 50% inhibition of NO production, was determined using non-
linear regression analysis (% nitrite versus concentration).

2.4 MTT assay
Cell viability was determined by mitochondrial-dependent reduction of MTT to formazan
quantified at 570 and 630 nm. Cells were incubated with 1 mg/ml MTT at 37 °C for 25 min,
the medium was aspirated, and resuspended in 100 μl DMSO for solubilization of the formazan
dye. The percent survival was determined by comparison with the control group.

2.5 RNA isolation and cDNA synthesis
RAW264.7 cells were seeded in 6-well plates (8 × 105 cells/well), and after 1 day each well
was stimulated with either LPS (3 μg/mL), CpG (10 μg/mL), or Poly I:C (50 μg/mL) in the
absence or presence of malyngamide F acetate (10 μg/ml) in triplicate at 37 °C with 5%
CO2. Total cellular RNA was isolated from cells incubated for 6 h. Cells were harvested with
1 ml of TRIZol in a 1.5 ml microcentrifuge tube. Total RNA was extracted using the TRIZol
protocol for isolating RNA from cell culture (Invitrogen, Carlsbad, CA) followed by cDNA
synthesis using SuperScript III Reverse Transcriptase (Invitrogen, Carlsbad, CA). Total RNA
(2500 ng/sample) were incubated with Superscript III at 55 °C for 1 h following manufacturers
protocol for First Strand Synthesis to produce the cDNAs.

2.6 Quantitative real-time polymerase chain reaction (qRT-PCR)
PCR was performed using the selective primers for mouse genes 18S, TNF-α, IL-1β, IL-6,
IL-10, and iNOS genes (Table 1). Real-time quantitative PCR assays were performed in 20
μl reaction mixtures containing 10 μl SYBR® Premix Ex Taq™, 0.4 μl of ROXII™ solution
(Cat # RR041A, Takara Mirus Bio Inc, Madison, WI), with primers at 200 nM final
concentration, 1 μl cDNA template at 1:20 dilution, and dH2O for a final reaction volume of
20 μl. Each sample was run in triplicate using the 96-well MX3000P QPCR thermocycler
(Stratagene, La Jolla, CA). Thermocycling conditions were comprised of an initial polymerase
activation step at 95 °C for 30 s, followed by 40 cycles at 95 °C for 15 s, at 62 °C for 15 s, and
at 72 °C for 15 s. No template controls were run in tandem to ensure that PCR signals generated
were devoid of contaminating genomic DNA. For each target gene, the qRT-PCR protocol was
validated by checking melting curves for the absence of primer-dimers or other unwanted
amplicons. Reaction efficiencies of 94% for 18S, 97% for TNF-α, 89% for IL-1β, 92% for
IL-6, 94% for IL-10, and 82% for iNOS were determined from a dilution series of cDNA
ranging from 1×102 to 1×106 molecules/μl for each gene, created using RNA isolated from
samples treated with LPS only. Initial data were expressed as Ct (threshold cycle) values
obtained from real-time PCR. The relative quantification of TNF-α, IL-1β, IL-6, IL-10, and
iNOS target genes were performed by calibrating against the mean of the control sample and
normalizing to the reference gene, 18S. The MxPro v4 (Stratagene, La Jolla, CA) software
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package was used to analyze raw data and Gnumeric was used to perform Student's t-tests of
the means and to graph the resulting fold changes.

2.7 ELISA assay
The secretion of mouse TNF-α and IL-6 were measured by ELISA using the Ready-Set-Go!
kit obtained from eBioscience (San Diego, CA). Media from three separate wells of RAW264.7
cells after treatment with malyngamide F acetate and LPS for 6 h were serially diluted and
assayed and the optical density was measured at 450 nm.

2.8 Statistics
All experiments were repeated at least three times. Data are presented as the mean ± standard
deviation for the indicated number of independently performed experiments. Student's t-test
was used for the determination of statistical significance with P < 0.05 being considered
significant.

3. Results
3.1 The effect of malyngamides on NO production

A screen of over 130 compounds from the Scripps Institution of Oceanography-UCSD library
of marine natural products (Gerwick et al., 2008) for inhibition of NO production in LPS-
stimulated RAW264.7 macrophage cells revealed malyngamide F and F acetate as the two
most potent screening hits (0% nitrite production at 10 μg/ml of compound). Subsequently, a
small library of different malyngamides (C acetate, F, F acetate, H, I, J, K, L, and T) was further
screened in this assay (Fig. 1). Nitrite, one of two primary, stable, and nonvolatile breakdown
products of NO, is commonly used as an indicator for NO production. In this assay system,
nitrite was monitored in cultured LPS-stimulated RAW264.7 cells using the Griess reaction.
LPS (3 μg/ml) markedly increased the amount of NO from basal level to 21.8 ± 0.6 μM (100%
nitrite production) after 24 h of incubation (Fig. 2). Of the compounds tested, malyngamides
F, F acetate, and L showed significant decreases in nitrite production. Malyngamides C acetate,
H, I, and K showed a slight reduction of nitrite production, however, they were not significantly
different from controls. The anti-inflammatory activity of malyngamides J and T could not be
determined due to their strong cytotoxic effect (60 and 9 % cell survival, respectively).

3.2 Malyngamide F acetate, a potent inhibitor of NO production
Various concentrations of malyngamide F acetate were analyzed for its effect on nitrite
production in RAW264.7 cells stimulated with LPS to determine its dose-response
characteristics and potency. NO production was significantly inhibited in a concentration-
dependent manner with an IC50 of 3.4 μg/ml (7.1 μM) (Fig. 3). The slope of this curve suggests
negative cooperativity and displayed a Hill coefficient of 0.43 an indication for a decrease in
the affinity of the target enzyme for other malyngamide F acetate molecules. Malyngamides
C acetate, F, J, and L also inhibited NO production in a concentration-dependent manner
(supplemental data). These malyngamides had IC50 values of 18, 5.4, 7.7, and 15 μM
respectively (Table 2). As an inhibitory control in this assay, L-NAME, a specific inhibitor of
inducible nitric oxide synthase (iNOS), was tested and gave an IC50 of 193 μM.

3.3 The cytokine expression pattern of malyngamide F acetate in RAW264.7 cells
Further studies were performed to gain insight into the mechanism by which malyngamide F
acetate inhibits NO production. Malyngamide F acetate was chosen over the other
malyngamides tested because of its more potent NO inhibitory activity, lack of cytotoxicity,
and availability. A select group of genes and proteins were chosen for analysis because they
are common markers in the LPS-induced iNOS pathway. Specifically, the expression of TNF-
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α, IL-1β, IL-6, IL-10, and iNOS were investigated in RAW264.7 cells after treatment with
malyngamide F acetate. Quantitative RT-PCR identified a decrease in expression of the iNOS
transcript and showed that it was reduced almost 4-fold (Fig. 4). Interestingly, these studies
revealed that IL-1β, IL-6, and IL-10 mRNA expression also decreased by about 3 – 5 fold,
respectively. In contrast, TNF-α mRNA expression increased by 2-fold. ELISAs of TNF-α and
IL-6 were performed on the cell media to demonstrate that the modulations observed at the
transcriptional level corresponded to modulations in protein expression levels. Approximately
20 000 ± 320 pg/ml of TNF-α was detected in cell media containing LPS and malyngamide F
acetate, an amount which was about twice as much as the LPS alone control (10 148 ± 1047
pg/ml), and thus was well correlated with the mRNA expression (Fig. 5A). IL-6 concentrations
in cell media following treatment with LPS and malyngamide F acetate were measured at 881
± 33 pg/ml. In LPS alone treated cells, IL-6 was detected at a concentration of 1662 ± 33 pg/
ml, approximately twice the concentration as the samples that were treated with malyngamide
F acetate, and thus also corroborated the mRNA expression data (Fig. 5B).

The unique cytokine profile of an increase in TNF-α transcription in contrast to decreases in
IL-1β, IL-6, and IL-10 transcription suggests that malyngamide F acetate may be acting upon
the MyD88-dependent inflammatory pathway. To explore this hypothesis, RAW264.7
macrophage cells were stimulated with either CpG (MyD88-dependent) or Poly I:C (MyD88-
independent) with and without malyngamide F acetate. TNF-α transcripts experienced about
a 4-fold reduction in expression upon treatment with malyngamide F acetate in cells stimulated
with CpG while the samples that were treated with Poly I:C did not show a statistically
significant change (Fig. 6A). Poly I:C treatment of the cells did exhibit an increase in TNF-α
expression (Ct value of 22.8) compared to cells without any Poly I:C (Ct value of 26.9).
Analysis of IL-10 transcripts showed that expression was reduced about 40-fold upon treatment
with malyngamide F acetate in cells stimulated with CpG while samples that were treated with
Poly I:C did not show a statistically significant fold change (Fig. 6B). In addition, the Ct values
for the IL-10 transcript were very high (31) an indication of no real IL-10 activation by Poly:IC.

4. Discussion
A screening campaign of diverse marine natural products from marine algae and cyanobacteria
for their potential anti-inflammatory activity, using the inhibition of NO formation assay in
RAW264.7 cells, led to the initial discovery that malyngamide F and F acetate were relatively
potent and had minimal cytotoxicity. Hence, a broader evaluation of the malyngamide structure
class for anti-inflammatory activity was initiated, and an evaluation of cytokine modulation
by the most potent in the series, malyngamide F acetate, was undertaken. The primary assay
used in this investigation, LPS stimulation of the murine macrophage cell line RAW264.7,
leads to NO formation resulting from iNOS activity. This end result is primarily initiated by
signaling cascades in the toll-like receptor 4 (TLR4) pathways.

Following the initial screening hit, the next goal of this study was to determine the relative
potency of the various malyngamides present in our library in the LPS-stimulated NO
production assay. We found that malyngamides F, F acetate, J, L, and T displayed relatively
potent inhibition of NO production (Fig. 2). Malyngamides J and T, however, were found to
inhibit NO production largely as a consequence of their cytotoxicity. Structurally, the
malyngamides tested are very similar in their overall molecular architecture in that they share
the same methoxy-containing fatty acyl chain and have an oxidized cyclohexyl ring that
appears to derive from an amino acid modified with several polyketide synthase (PKS)
extensions (Fig. 1). It is quite clear that the differences in NO inhibition among the
malyngamides are due to structural variations involving these latter PKS extended amino acid
subunits. Furthermore, the activities of malyngamides F and F acetate can be specifically
attributed to the hydroxyl or acetoxyl substituents at C-6 on the cyclohexenone ring because
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malyngamide K, which does not possess these substituents, lacked any ability to induce NO
inhibition. These results suggest that the C-6 hydroxyl or acetoxyl group on a malyngamide
skeleton is mechanistically involved in producing the observed anti-inflammatory activity in
this structure class (Fig. 1). Furthermore, it is possible that malyngamide F acetate is a prodrug
which is cleaved by cellular esterases to malyngamide F, and that its greater potency is a
reflection of its increased cellular uptake.

Further investigation of the immunomodulatory properties of this structure class utilized
malyngamide F acetate because of its greater potency as an inhibitor of NO production, lack
of cytotoxicity, and adequate quantities available for further testing. Malyngamide F acetate
was found to inhibit the production of NO in LPS-stimulated RAW264.7 cells in a
concentration-dependent manner and was bound non-cooperatively (Fig. 3). Additionally,
reduction in iNOS mRNA expression in the RAW264.7 cells after treatment with malyngamide
F acetate suggests it acts upstream of the transcription of the iNOS enzyme (Fig. 4).

In addition to iNOS, the expression of a number of other potentially relevant cytokines was
investigated. We hypothesized that expression of TNF-α, IL-1β, and IL-6 would decrease after
treatment with these anti-inflammatory malyngamides in RAW264.7 cells (Chen et al.,
2008). Cytokine expression with malyngamide F acetate, however, exhibited an interesting
and unexpected pattern where IL-1β, IL-6 and IL-10 were all down-regulated while TNF-α
was upregulated (Fig.s 4 and 5). Based on these observations, it is possible that malyngamide
F acetate may be acting on a target in the MyD88-dependent pathway because it has been
shown that LPS stimulation decreases IL-1β and increases TNF-α transcription in the MyD88
knockout mouse by means of the MyD88-independent pathway (TRIF-dependent) (Covert et
al., 2005; Kawai et al., 2001; Kawai and Akira, 2007). In addition, high TNF-α transcript levels
could be partially attributed to low transcriptional levels of IL-6 and IL-10 since both of these
cytokines have been implicated in the inhibition TNF-α. (Benveniste et al., 1995, Rajasingh et
al., 2006). To further decipher the nature of malyngamide F acetate's interaction with the
MyD88-dependent and -independent pathways, transcription of TNF-α and IL-10 was
measured in CpG and Poly I:C treated cells (Fig. 6). TNF-α and IL-10 were both down regulated
at the transcriptional level in the CpG treated cells. If malyngamide F acetate is indeed
inhibiting the MyD88-dependent pathway then activation of TLR9, which is exclusively
activated by CpG and depends solely on the MyD88-dependent pathway (Boonstra et al,
2006, Kawai and Akira, 2007), would deliver a biological response with lower levels of TNF-
α and IL-10 transcripts. Furthermore, when the macrophages were treated with Poly I:C, which
activates TLR3 via a MyD88-independent pathway, no difference in TNF-α and IL-10
transcription between control and treated cells were seen. Indeed, there was no indication that
Poly I:C treatment increased the transcription of IL-10 at all. This is in accordance with earlier
observations by Ando et al. (2008). These results strongly suggest that the MyD88-dependent
pathway was inhibited while the TRIF-dependent pathway was not (Fig. 7). Some examples
of selective inhibition of MyD88-dependent and -independent pathway inhibition exist. For
example tumor growth factor-β selectively inhibits the MyD88-dependent pathway (Naiki et
al., 2005) and the natural product resveratrol has been shown to selectively inhibit the MyD88-
independent pathway (TRIF) (Youn et al., 2005). To our knowledge though, this is the first
report of a natural product that selectively inhibits the MyD88-dependent pathways of TLR4
and 9.

Malyngamide F acetate should be further investigated when an additional supply of the
compound is obtained, either from natural sources or chemical synthesis. These investigations
should include activation and phosphorylation patterns of proteins involved in the TLR4 and
the TNF-α MyD88-dependent pathways, such as MyD88, TRAF-3, TRAF-6 and IRF-3. In
addition it will be useful to fluorescently label malyngamide F acetate, utilizing protocols
developed by Hughes et al. (2009), in an effort to identify the protein target for this compound
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since we can envision that malyngamide F acetate could be a very useful tool in cell biology
or as a potential immunomodulatory agent in the treatment of disease.

5. Conclusion
In summary, this study provides evidence that a select group of malyngamides inhibit NO
production in LPS-stimulated murine macrophage cells (RAW264.7). Malyngamide F acetate
from the marine cyanobacterium L. majuscula demonstrated the most potent concentration-
dependent inhibition of NO. Further investigation of malyngamide F acetate showed that its
engagement of TLR4 suppressed IL-1β, IL-6, IL -10, and iNOS transcription and increased
TNF-α transcription. On the other hand CpG activation of TLR9 inhibited the transcription of
all the cytokines tested including TNF-α. Furthermore, engagement of TLR3 (Poly I:C
treatment) with and without malyngamide F acetate treatment did not change the transcription
of TNF-α and IL-10 indicating that malyngamide F acetate selectively inhibits the MyD88-
dependent pathway. The cytokine profile exhibited after malyngamide F acetate treatment is
unique, and thus further use of this compound could be useful as a tool in cellular biology.
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Fig. 1. Structures of the malyngamides tested in the NO and MTT assays
The malyngamides are a structurally intriguing class of secondary metabolites which combine
fatty acyl chains with polyketide synthase extended amino acid subunits, and which occur in
nearly all tropical marine collections of the cyanobacterium Lyngbya majuscula.
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Fig. 2. The anti-inflammatory effect of malyngamides
Malyngamides C acetate, F, F acetate, H, I, J, K, L, and T (10 μg/ml) were incubated with
RAW264.7 cells for 1 hour. Thereafter, lipopolysaccharide (LPS, 3 μg/ml) was added and the
cells were incubated for 24 hours at 37 °C. The cell media was assayed for nitrite as a measure
of LPS induced inflammatory response. The cells were assayed by MTT to determine
cytotoxicity. Bars represent the mean ± standard deviation; N = 3. * P-value < 0.05 compared
to LPS treatment alone. ** P-value < 0.01 compared to LPS treatment alone. Bars are % nitrite
and ● are % cell survival.
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Fig. 3. Concentration-dependent inhibition of NO by Malyngamide F acetate
Malyngamide F acetate was incubated with RAW264.7 cells for 1 hour at various
concentrations (10, 6, 3, and 1 μg/ml). Thereafter, lipopolysaccharide (LPS, 3 μg/ml) was added
and the cells were incubated for 24 hours at 37 °C. The cell media was assayed for nitrite to
determine the degree of inflammatory response. Bars represent the mean ± standard deviation;
N = 3.
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Fig. 4. Gene expression profiles of RAW264.7 cells after treatment with malyngamide F acetate as
determined by quantitative RT-PCR
Malyngamide F acetate (10 μg/ml) was incubated with RAW264.7 cells for 1 hour. Thereafter,
LPS (3 μg/ml) was added and the cells were incubated for 6 hours at 37 °C. The media was
aspirated, the cells were resuspended, and the RNA extracted using the TRIzol method. Next,
cDNA was generated and a quantitative RTPCR was performed using primers for 18S, TNF-
α, IL-1β, IL-6, IL-10, and iNOS. Samples were assayed in triplicate. Bars represent the mean
± standard deviation; N = 3. * P-value < 0.05 compared to LPS treatment alone. ** P-value <
0.01 compared to LPS treatment alone.
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Fig. 5. Effects of malyngamide F acetate on TNF-α and IL-6 protein concentrations induced by
LPS in RAW264.7 cells
Cell media was isolated from the RAW264.7 murine macrophage cell line after treatment with
malyngamide F acetate as described in Fig. 4 and analyzed by ELISA. Values are means ±
standard deviation. * P < 0.01 compared to LPS treatment alone.
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Fig. 6. Effects of malyngamide F acetate on TNF-α and IL-10 expression profiles in RAW264.7 cells
after stimulation with CpG and Poly I:C as determined by quantitative RT-PCR
Malyngamide F acetate (10 μg/ml) was incubated with RAW264.7 cells for 1 hour. Thereafter,
CpG (10 μg/ml) or Poly I:C (50 μg/ml) was added and the cells were incubated for 6 hours at
37 °C. The media was aspirated, the cells were resuspended, and the RNA extracted using the
TRIzol method. Next, cDNA was generated and a quantitative RT-PCR was performed using
primers for 18S, TNF-α, and IL-10. Samples were assayed in triplicate. Bars represent the mean
± standard deviation; N = 3. * P-value < 0.01 compared to LPS treatment alone.
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Figure 7. A simplified depiction of the intracellular pathways for TLR3, 4, and 9 that illustrates
the selectivity of malyngamide F acetate inhibition
Malyngamide F acetate acts as an inhibitor in the TRL4 and 9 MyD88-dependent pathways
which are stimulated by LPS and CpG. The TLR3 MyD88-independent pathway, however, is
not inhibited by malyngamide F acetate upon stimulation by Poly I:C.
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Table 1

Primer sequences used to quantify gene expression by real-time PCR

Gene Sequences

TNF-α 5'-CCACCACGCTCTTCTGTCTA-3' (f)

5'-CACTTGGTGGTTTGCTACGA-3' (r)

IL-1β 5'-TGTGAAATGCCACCTTTTGA-3' (f)

5'-TGTCCTCATCCTGGAAGGTC-3' (r)

IL-6 5'-CCGGAGAGGAGACTTCACAG-3' (f)

5'-TCCAGTTTGGTAGCATCCATC-3' (r)

IL-10 5'-TGCTATGCTGCCTGCTCTTA-3' (f)

5'-ATGTTGTCCAGCTGGTCCTT-3' (r)

iNOS 5'-AACGGAGAACGTTGGATTTG-3' (f)

5'-TTCTGTGCTGTCCCAGTGAG-3' (r)

18S 5'-CGGCTACCACATCCAAGGAA-3' (f)

5'-GGGCCTCGAAAGAGAGACCTGT-3' (r)

Primers were designed, using the program Primer 3 (vO.4.0), taking into consideration minimal secondary structure (http://frodo.wi.mit.edu/).
Sequences were analyzed using BLAST to verify specificity. All oligonucleotides were optimized for PCR assays.
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Table 2

Potency of malyngamides in the Nitric Oxide Assay

Compound MW IC50 (μM)

Malyngamide C Acetate 497 18

Malyngamide F 439 5.4

Malyngamide F Acetate 481 7.1

Malyngamide J 607 7.7

Malyngamide L 425 15

L-NAME 270 193

Malyngamides C acetate, F, F acetate, J, and L were assayed as described in Figure 3. IC50 values were determined from the response curve generated
from this data.
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