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Abstract Inflammation is mediated by a variety of soluble
factors, including a group of secreted polypeptides known
as cytokines. The anti-inflammatory cytokines are a series
of immune regulatory molecules that control the pro
inflammatory cytokine response. Cytokines act in concert
with specific cytokine inhibitors and soluble cytokine
receptors to regulate the human immune response. The aim
of the present study is to probe the anti-inflammatory
potential of the crude extract and the bioactive metabolite
isolated from marine bacteria Streptomyces sp. on key
inflammatory mediators like tumor necrosis factor-α and
interleukin-6. Here, we isolated ten known pyrazine-1,4-
dione substituted cyclic dipeptide by semi-preparative
HPLC and studied their anti-inflammatory activities
against tumor necrosis factor-α and interleukin-6.

Compound 3, 4, 5, 7 and 8 showed good inhibition of the
both the cytokines in lipopolysaccharide-stimulated mac-
rophages. The study reveal that compound 7 was to be
specific inhibitor for tumor necrosis factor-α which effi-
ciently inhibited tumor necrosis factor-α release in a dose-
dependent manner and decreased lipopolysaccharide
induced tumor necrosis factor-α production in human per-
ipheral blood mononuclear cells in both the in vitro and
in vivo experiments.
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Introduction

Microbial natural products are an important source of both
existing and new drugs (Solanki et al. 2008). With marine
species comprising approximately half of the total global
biodiversity, the sea offers an enormous resource for novel
compounds and it has been classified as the largest
remaining reservoir of natural molecules to be evaluated for
drug activity (De Vries and Beart 1995). To date, most
attention has been applied to marine ecosystems, especially
deep sea environments, as a rich source of novel microbes
and hence natural products. So far several distinct classes of
biomolecules were isolated from sea microbes prove to be
having the potent immunomodulatory and antitumor activ-
ities (Remsing et al. 2003). Among the producers of com-
mercially important metabolites, actinomycetes have proven
to be a prolific source with a surprisingly small group of
taxa accounting for the vast majority of compounds. Acti-
nomycetes are responsible for the production of about half
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of the discovered secondary metabolites, notably anti-
biotics, antitumor agents, immunosuppressive agents and
enzymes (Wu et al. 2007; Williams et al. 2007; Sujatha
et al. 2005). Secondary metabolites produced by actino-
mycetes possess a wide range of biological activities and
the vast majority of these compounds are derived from the
single genus Streptomyces which are responsible for about
two-thirds antibiotics, the most widely recognized second-
ary metabolites, including many antimicrobials such as
erythromycin, streptomycin and tetracycline with unusual
structures and potent biological activities (Lam 2006). That
is one of the reasons the isolation of unusual environments
for bioactive natural products is of great interest.

Inflammation, the response of tissue to injury, is char-
acterized in the acute phase by increased blood flow and
vascular permeability along with the accumulation of fluid,
leukocytes, and inflammatory mediators such as cytokines
(Yuan et al. 2006). The human immune response is regu-
lated by a highly complex and intricate network of control
elements. Under physiological conditions, these cytokine
inhibitors serve as immunemodulatory elements that limit
the potentially injurious effects of sustained or excess
inflammatory reactions (Akyol et al. 2012). The release of
pro-inflammatory cytokines is an important mechanism by
which the immune cells regulate the inflammatory respon-
ses and contribute to various inflammatory and autoimmune
disorders (Gayathri et al. 2007). Tumor necrosis factor-α
(TNF-α) and Interleukin-6 (IL-6) are two of the most
important cytokines. These two cytokines act as pro-
inflammatory mediators of a variety of autoimmune dis-
eases such as pain and joint destruction in RA (Smolen and
Steiner 2003).

TNF-α is a pro-inflammatory cytokine produced mainly
by macrophages and T cells that play a key role in many
physiological immune processes, but when produced in
excess it can cause severe damage to the host. Over-
expression of TNF-α is correlated with many pathological
conditions like Crohn’s disease, ulcerative colitis (Papa
Gobbi et al. 2016), diabetes (Hotamisligil et al. 1995),
multiple sclerosis (Selmaj et al. 1991), stroke (Lovering and
Zhang 2005) and cirrhosis (Such et al. 2001).

IL-6 is a multifunctional cytokine synthesized and
released by a variety of cells, including macrophages, in
response to infection, tissue damage, or immunological
challenge, playing an important role in the regulation of
inflammation, immune responses, the acute-phase reaction,
and haematopoiesis. IL-6 acts both at local and systemic
levels affecting the functionality of several cell types,
including not only immune system cells, but also hepato-
cytes, skeletal muscle cells and adipocytes. As a pro-
inflammatory cytokine, IL-6 is present in high levels in both
the synovium and serum of RA patients, and in the serum
and ascitic fluid (AF) of cirrhotics (Ruiz-Alcaraz et al.

2011) inducing many different cellular and physiological
responses during these chronic inflammation processes.

Nowadays, a big effort has been made in terms of TNF-α
inhibition, but still no small molecule has been approved so
far as reliable inhibitors of this cytokine. So far, TNF-α
inhibitor drugs in clinics are proteins having undesirable
side effects. IL-6 inhibitors have proved to be potentially
useful for treatment of Alzheimer’s disease, psychiatric
disorders, cancer, diabetes, and depression (Rosler et al.
2001); (Jahromi et al. 2000) converting the designing of IL-
6 inhibitory agents into a major hope in the area of anti-
inflammatory drug development.

All the compounds were analyzed for their ability to
decrease lipopolysaccharide (LPS) induced TNF-α and IL-6
production in human peripheral blood mononuclear cells
(PBMCs). Co-incubation of 1–10 with LPS at 5 h showed a
considerable inhibition of TNF-α and IL-6 at 10 µM, when
compared to LPS-induced control cells and rolipram
standard.

Result and discussion

The 5 litres fermentation batch of marine-derived bacteria
Streptomyces sp. were extracted three times with EtOAc. In
the preliminary screening, the resulting extract was tested
for their anti-inflammatory activities, both in vitro and
in vivo experiments, against key inflammatory mediators
TNF-α and IL-6, and the results showed that at 1 µg/mL
concentration, the extract inhibited TNF-α and IL-6 release
in a dose-dependent manner and decreased LPS induced
TNF-α and IL-6 production in human PBMCs. We ana-
lyzed extract by preparative HPLC and developed a method
through which maximum number of compounds were
resolved (Fig. 1).

Consequently, ten known pyrazine-1,4-dione substituted
cyclic dipeptide class of secondary metabolites were sepa-
rated with >95 % purity (1–10) (Fig. 2). The structures of
the isolated compounds were characterized as cyclo(L-Tyr-
L-Pro) (1) (Rudi et al. 1994), cyclo(L-Pro-L-Val) (2)
(Takaya et al. 2007), cyclo(L-4-OH-Pro-L-Leu) (3) (Cronan
et al. 1998), cyclo(L-lle-D-Pro) (4), cyclo(D-trans-4-OH-
Pro-D-phe) (5) (Fdhila et al. 2003), cyclo(L-lle-L-Pro) (6)
(Takaya et al. 2007), cyclo(L-Leu-L-Pro) (7) (Takaya et al.
2007); (Jayatilake et al., 1996), cyclo(D-Pro-L-Phe (8)
(Debitus et al. 1998), cyclo(D-6-Hyp-L-Phe) (9) (Park et al.
2006), cyclo(D-Pro-D-Phe) (10) (Fdhila et al. 2003) by
analysis of HRESIMS, NMR (1D and 2D spectroscopy),
and their comparison with those of the literature data
(Fig. 2). All the compounds (1–10) were screened for their
ability to decrease lipopolysaccharide induced TNF-α and
IL-6 production in human peripheral blood mononuclear
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cells (PBMCs) (Gayathri et al. 2007; Lin and Lin 2011;
Ammon 2010).

LPS, a component of the gram-negative bacterial cell
wall, is one of the major causative agents of gram-negative
sepsis. LPS is a potent inducer of monocytes and macro-
phages, which are key mediators of the innate immune
response. Stimulation of cells with LPS leads to a cascade
of intracellular signalling events that ultimately result in
production and secretion of cytokines and other inflamma-
tory mediators that constitute the pro-inflammatory
response. The potential anti-inflammatory properties of
compounds were evaluated in PBMC because this macro-
phage model produces high concentrations of IL-6 and
TNF-α in culture upon activation with LPS, and reduced the
need for additional animals required to obtain and use pri-
mary cultures. In the in vitro experiments incubation of
compounds with LPS at 5 h showed a considerable inhibi-
tion of TNF-α and IL-6 over three concentrations (10, 5 and
1 μM), when compared to LPS-induced control cells and
rolipram standard (Table 1). The compounds 3, 4, 5, 7 and 8
against TNF-α, and 5 and 8 against both IL-6 (Table 1)
showed maximum inhibitory effects, having % inhibition
>40 at 10 μM concentrations. The compounds 3, 4, and 7
were exhibited poor % inhibition against IL-6, whereas 1, 2,
6, 9 and 10 was not detected (nd) against both TNF-α and
IL-6. In the in vitro experiments, the compounds 7 (IC50

9.4 µM) against TNF-α, and 5 (IC50 8.3 µM) against IL-6
were proven the most potent among all (Table 1). For all
active compounds from above in vitro analysis, in vivo

Fig. 1 HPLC chromatogram:
flow rate 0.7 mL/min; solvents
water (A) acetonitrile (B);
column Eclipse XDB-C18, 5
µm, 9.4 × 250 mm; column
temp. 30; injection vol. 35 µL

Fig. 2 Structures of all the compounds isolated from Streptomyces sp
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evaluation was performed in mice to determine their ability
to replicate in animal models (Table 2). At a dose of 20 mg/
kg concentration, compounds 4 (44.8 %), and 7 (63.4 %)
against TNF-α, and 4 (41.4 %) and 7 (57.1 %) against IL-6
were proven the most potent among all. In summary, the
compound 7 found to be specific inhibitor for TNF-α, in
both in vitro and in vivo experiments, which efficiently
inhibits TNF-α and IL-6 release in a dose-dependent man-
ner and decreased LPS induced TNF-α and IL-6 production
in human PBMCs. The cytokines IL-6 and TNF-α were
evaluated because these pro-inflammatory cytokines play a
key role in the inflammatory response and can be easily
quantified in supernatant and serum samples. Levels of IL-6
and TNF-α were not detectable in untreated cells and ani-
mals that served as control in vitro and in vivo respectively.
However, cell culture data did not always accurately predict
the results in an animal model. Thus, the compounds under

observation are studied in vivo. This was supported by the
findings that there is considerable variation in both in vitro
and in vivo results. Discrepancies between cell culture data
and animal data are not entirely surprising considering only
one cell type exists in the culture studies, whereas multiple
cell types capable of producing pro-inflammatory cytokines
are present in a whole animal system. Additionally, other
inflammatory mediators may influence the cytokine
response.

Material and methods

General experimental procedures

High resolution mass spectra were obtained on Agilent
6540 (Q-TOF) high resolution mass spectrometer, in the
electro spray ionisation (ESIMS) mode. 1H NMR spectra
were recorded (Brucker Avance) DPX FT-NMR at 400 and
500MHz and 13C NMR at 125 and 100MHz in CDCl3 and
MeOD, chemical shifts values are reported in δ (ppm) units
and coupling constants values in hertz. Tetramethylsilane
(TMS) was used as internal standard. Semi preparative
HPLC was performed on an Agilent HPLC with a RP-18
column (250 × 4.6 mm, 5 μm; Agilent), a photodiode array
detector and auto injector function (Agilent 1260 series).
Fetal bovine serum was obtained from GIBCO Invitrogen
Corporation USA.

Fermentation conditions

Seed inoculums of the Streptomyces sp. was prepared by
growing the culture in 500 mL of modified FM 17 medium
(glucose, 20 g; yeast powder, 5 g; casein, 5 g; KNO3, 10 g;
CaCO3, 2 g; seawater, 1 L; pH 7.2–7.4 for 3 days at 30±
2 οC. These inoculums was used to seed 5 L of FM 17
media and incubated for 10 days at 30± 2 οC and 150 rpm.

Extraction and isolation

The microbial producer Streptomyces sp. was isolated from
the marine ascidian Synoicum indicum, collected from
intertidal rocky habitat of Honnavar, Karnataka, India
(14.19 Long, 74.45 Lat). The specimens were frozen
immediately after collection which was further washed in
sterile seawater 3 times followed by moist heat treatment at
50 °C for 30 min. The sample was homogenized with sterile
seawater, serially diluted till 10−5 dilutions and 0.1 ml ali-
quots of each dilution were plated on to Actinomycete
Isolation Agar (AIA1). The plates were incubated at 30 °C
for 2 to 3 weeks. Colonies were selected based on fila-
mentous growth and the color of substrate and aerial
mycelium. The individual colonies were purified and

Table 1 Anti-inflammatory effect (inhibition of TNF-α and IL-6
cytokines produced in vitro) of 1–10

In vitro cytokine assay

TNF-α IL-6

Samples Conc.

10 µM 10 µM

% Inhibitions % Inhibitions

3 45.5 23.7

4 55.8 39.2

5 41.2 62.1

7 61.8 29.2

8 46.4 47.3

Rolipram (0.3 µM) 69 71

TNF-α tumor necrosis factor- α, IL-6 interleukin-6

Table 2 Anti-inflammatory effect (inhibition of TNF-α and IL-6
cytokines produced in vivo) of 1–10

In vivo Cytokine Assay

TNF-α IL-6

Samples Conc.

20 mg/kg 20 mg/kg

% Inhibitions % Inhibitions

3 34.6 29.1

4 44.8 41.4

5 34.7 30.9

7 63.4 57.1

8 34.1 33.1

Rolipram (1 mg/kg) 72 67

Compounds having % inhibition >40 are considered as active
compounds; Results are summarized in table for both % of cytokine
inhibition and expressed as the mean± SEM

TNF-α tumor necrosis factor- α, IL-6 interleukin-6
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maintained in 20 % glycerol at −80 °C. Out of several
strains, NIO-1034 was selected for further bioassay-guided
isolation of active molecules.

The sequences of PCR products were analyzed by using
Basic Local Alignment Search Tool (BLAST). Nucleotide-
nucleotide BLAST was carried out with facility of National
Centre for Biotechnology Information (NCBI) database,
NIO-1034 showing 99 % identity with Streptomyces sp.
(Ali et al. 2013). 5 litre culture broths of Streptomyces sp.
extracted with ethyl acetate and concentrated under reduced
pressure, afforded 250 mg of ethyl acetate extract. The
extract was re-dissolved in HPLC-grade acetonitrile (4 mL)
followed by filtration through a 0.45 µm filter; the resulting
solution was subjected to semi-preparative HPLC. As a
result, ten compounds were purified: 1 (42 mg, tR 21.4 min),
2 (32 mg, tR 22.6 min), 3 (5.2 mg, tR 25.0 min), 4 (2.5 mg,
tR 30.6 min), 5 (4.3 mg, tR 32.5 min), 6 (20.3 mg, tR 35.7
min), 7 (25 mg, tR 42.3 min), 8 (9 mg, tR 44.8 min), 9 (1.2
mg, tR 50.7 min), 10 (12 mg, tR 15.6 min). The semi-
preparative HPLC used was equipped with Agilent
1260 series with PDA detector. The elution performed with
water (A) and acetonitrile (B) as mobile phase (0–35 min,
19 % B; 35–45 min, 19–40 % B; 45–50 min, 40 % B;
50–57 min, 40–95 % B; 57–65 min, 95 % B; 65–70 min,
95–19 %; 70–75 min, 19 % B). Eclipse XDB-C-18 (5 µm,
250 × 9.4 mm) column was used at a flow rate of 0.7 mL/
min (run time 75 min; column temp. 30 °C; injection vol.
35 µL; UV detection at 215 nm). The purity of the com-
pounds was >95 % by HPLC/UV analysis. Purified com-
pounds were identified and characterized by IR, UV,
HRESIMS, NMR (1D and 2D spectroscopy), and their
comparison with those of the literature data.

Compound 1

White solid; (+)-HRESIMS ion peak at m/z 261.12353
[M+H]+ (calcd for C14H17N2O3, 261.1234);

1H NMR (500
MHz, MeOD) δ 7.04 (d, J= 8.4 Hz, 2H), 6.70 (d, J= 8.4
Hz, 2H), 4.35 (t, J= 4.0 Hz, 1H), 4.09–3.98 (m, 1H), 3.54
(dt, J= 11.8, 8.3 Hz, 1H), 3.38–3.31 (m, 1H), 3.05 (qd, J=
14.2, 4.9 Hz, 2H), 2.08 (dt, J= 15.9, 5.6 Hz, 1H), 1.85–1.74
(m, 2H), 1.28–1.16 (m, 1H); 13C NMR (126MHz, MeOD)
δ= 170.81 (C, C-1), 166.96 (C, C-6), 157.67 (C, C-4′),
132.13 (2×CH, C-2′), 127.66 (C, C-1′), 116.20 (2×CH, C-
3′), 60.06 (CH, C-2), 57.90 (CH, C-7), 45.94 (CH2, C-5 ),
37.64 (CH2, C-8), 29.40 (CH2, C-3), 22.74 (CH2, C-4).

Compound 2

White solid; (+)-HRESIMS ion peak at m/z 197.12857 [M
+H]+ (calcd for C10H17N2O2, 197.1285);

1H NMR (500
MHz, CDCl3) δ 6.69 (s, 1H), 4.08 (t, J= 7.6 Hz, 1H), 3.94
(s, 1H), 3.64 (dt, J= 11.8, 8.2 Hz, 1H), 3.60–3.44 (m, 1H),

2.63 (dtd, J= 13.9, 6.9, 2.4 Hz, 1H), 2.44–2.29 (m, 1H),
2.15–2.04 (m, 1H), 2.02 (dd, J= 10.6, 7.8 Hz, 1H),
1.97–1.82 (m, 1H), 1.09 (d, J= 7.2 Hz, 3H), 0.92 (d, J=
6.8 Hz, 3H); 13C NMR (126MHz, CDCl3) δ 170.26 (C, C-
1), 165.02 (C, C-6), 60.46 (CH, C-7), 58.80 (C, C-2), 45.10
(CH2, C-5), 28.51 (CH2, C-3), 28.44 (CH, C-8), 22.34
(CH2, C-4), 19.07 (CH3, C-9), 16.07 (CH3, C-10).

Compound 3

White solid; (+)-HRESIMS ion peak at m/z 227.1391
[M+H]+ (calcd for C11H19N2O3, 227.1390);

1H NMR (500
MHz, MeOD) δ 4.52 (dd, J= 10.8, 6.4 Hz, 1H), 4.46 (d, J
= 3.8 Hz, 1H), 4.16 (d, J= 5.2 Hz, 1H), 3.65 (dd, J= 12.7,
4.4 Hz, 1H), 3.43 (d, J= 12.8 Hz, 1H), 2.28 (dd, J= 13.2,
6.4 Hz, 1H), 2.12–2.08 (m, 1H), 1.98–1.84 (m, 3H),
1.56–1.47 (m, 1H), 0.96 (dd, J= 6.1, 2.5 Hz, 6H); 13C
NMR (126MHz, MeOD) δ 173.10 (C, C-1), 169.07 (C, C-
6), 69.14 (CH, C-4), 58.74 (CH, C-2), 55.20 (CH2, C-5),
54.63 (CH, C-7), 39.41 (CH2, C-8), 38.19 (CH2, C-3),
25.82 (CH, C-9), 23.33 (CH3, C-10), 22.23 (CH3, C-11).

Compound 4

White solid; (+)-HRESIMS ion peak at m/z 211.1440
[M+H]+ (calcd for C11H19N2O2, 211.1441);

1H NMR (400
MHz, CDCl3) δ 6.21 (s, 1H), 4.10 (dd, J= 9.7, 6.7 Hz, 1H),
3.83–3.77 (m, 1H), 3.71 (dt, J= 11.7, 8.6 Hz, 1H),
3.59–3.48 (m, 1H), 2.48–2.37 (m, 1H), 2.09–2.00 (m, 1H),
2.00–1.96 (m, 1H), 1.96–1.91 (m, 1H), 1.92–1.82 (m, 1H),
1.58–1.52 (m, 1H), 1.26 (ddd, J= 10.6, 9.7, 4.9 Hz, 1H),
1.03 (d, J= 6.9 Hz, 3H), 0.94 (t, J= 7.4 Hz, 3H); 13C NMR
(101MHz, CDCl3) δ 169.20 (C, C-1), 165.15 (C, C-6),
62.97 (CH, C-7), 58.37 (CH, C-2), 45.65 (CH2, C-5), 39.66
(CH, C-8), 29.40 (CH2, C-3), 24.52 (CH2, C-9), 21.99
(CH2, C-4), 15.30 (CH3, C-11), 11.28 (CH3, C-10).

Compound 5

Yellowish oil; (+)-HRESIMS ion peak at m/z 261.1232 [M
+H]+ (calcd for C14H17N2O3, 261.1234);

1H NMR (500
MHz, CDCl3) δ 7.36 (t, J= 7.3 Hz, 2H), 7.33–7.28 (m, 1H),
7.23 (d, J= 7.5 Hz, 2H), 5.72 (s, 1H), 4.58 (s, 1H), 4.47
(dd, J= 10.9, 6.1 Hz, 1H), 4.32 (d, J= 9.8 Hz, 1H), 3.78
(dd, J= 13.2, 4.3 Hz, 1H), 3.63 (d, J= 3.6 Hz, 1H), 3.58 (d,
J= 13.5 Hz, 1H), 2.79 (dd, J= 14.5, 10.6 Hz, 1H), 2.36 (dd,
J= 13.3, 6.1 Hz, 1H), 2.11–1.97 (m, 1H); 13C NMR (126
MHz, CDCl3) δ 169.64 (C, C-1), 165.15 (C, C-6), 135.80
(C, C-1′), 129.33 (2×CH, C-2′), 129.13 (2×CH, C-3′),
127.63 (CH, C-4′), 68.40 (CH, C-4), 57.41 (CH, C-2),
56.16 (CH, C-7), 54.44 (CH2, C-5), 37.79 (CH2, C-3),
36.71 (CH2, C-8).
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Compound 6

White solid; (+)-HRESIMS ion peak at m/z 211.1441 [M
+H]+ (calcd for C11H19N2O2, 211.1441);

1H NMR (400
MHz, CDCl3) δ 6.44 (s, 1H), 4.15–4.01 (m, 1H), 3.97 (s,
1H), 3.64 (dt, J= 13.2, 8.0 Hz, 1H), 3.55 (ddd, J= 12.6,
12.0, 8.2 Hz, 1H), 2.44–2.34 (m, 1H), 2.34–2.21 (m, 1H),
2.14–2.02 (m, 1H), 2.02–1.96 (m, 1H), 1.96–1.83 (m, 1H),
1.43 (dtd, J= 14.9, 7.5, 3.5 Hz, 1H), 1.20 (tdd, J= 9.8, 8.9,
5.3 Hz, 1H), 1.07 (dd, J= 7.2, 2.1 Hz, 3H), 0.93 (t, J= 7.4
Hz, 3H); 13C NMR (101MHz, CDCl3) δ 170.22 (C, C-1),
165.06 (C, C-6), 60.53 (CH, C-2), 58.76 (CH, C-7), 45.12
(CH2, C-5), 35.36 (CH, C-8), 28.52 (CH2, C-3), 24.04
(CH2, C-9), 22.33 (CH2, C-4), 15.78 (CH3, C-11), 12.06
(CH3, C-10).

Compound 7

Colorless Chrystal; (+)-HRESIMS ion peak at m/z
211.14435 [M+H]+ (calcd for C11H19N2O2, 211.1441);

1H
NMR (400MHz, CDCl3) δ 6.04 (s, 1H), 4.12 (t, J= 8.2 Hz,
1H), 4.02 (dd, J= 9.5, 3.5 Hz, 1H), 3.65–3.47 (m, 2H),
3.17–3.14 (m, 1H), 2.35 (dtd, J= 9.8, 6.9, 3.0 Hz, 1H),
2.20–2.09 (m, 1H), 2.10–2.03 (m, 1H), 2.04–1.96 (m, 1H),
1.96–1.83 (m, 1H), 1.82–1.74 (m, 1H), 1.53 (ddd, J= 14.5,
9.5, 5.0 Hz, 1H), 1.00 (d, J= 6.6 Hz, 3H), 0.96 (d, J= 6.6
Hz, 3H); 13C NMR (126MHz, CDCl3) δ 171.08 (C, C-1),
166.95 (C, C-6), 59.18 (CH, C-2), 53.60 (CH, C-7), 45.58
(CH2, C-5), 38.46 (CH2, C-8), 28.11 (CH2, C-3), 24.59
(CH, C-9), 23.17 (CH3, C-10), 22.80 (CH2, C-4), 21.46
(CH3, C-11).

Compound 8

White solid; (+)-HRESIMS ion peak at m/z 245.12868 [M
+H]+ (calcd for C14H17N2O2, 245.1285);

1H NMR (400
MHz, CDCl3) δ 7.32 (s, 1H), 7.27 (d, J= 3.5 Hz, 2H), 7.21
(d, J= 5.9 Hz, 2H), 5.87 (s, 1H), 4.21 (s, 1H), 3.64 (d, J=
9.1 Hz, 1H), 3.42 (t, J= 10.6 Hz, 1H), 3.20–3.06 (m, 2H),
3.04 (d, J= 9.8 Hz, 1H), 2.19 (s, 1H), 1.95 (s, 1H), 1.81
(dd, J= 20.3, 9.8 Hz, 1H), 1.75 (d, J= 18.6 Hz, 1H); 13C
NMR (101MHz, CDCl3) δ 169.59 (C, C-1), 164.89 (C, C-
6), 135.20 (C, C-1′), 129.95 (2×CH, C-2′), 128.78 (2×CH,
C-3′), 127.55 (CH, C-4′), 59.01 (CH, C-7), 57.74 (CH, C-
2), 45.17 (CH2, C-5), 40.43 (CH2, C-8), 28.91 (CH2, C-3),
21.66 (CH2, C-4).

Compound 9

White solid; (+)-HRESIMS ion peak at m/z 261.1233 [M
+H]+ (calcd for C14H17N2O3, 261.1234);

1H NMR (700
MHz, CDCl3) δ 7.40–7.34 (m, 2H), 7.34–7.30 (m, 1H),
7.25 (d, J= 6.8 Hz, 2H), 5.84 (s, 1H), 4.49 (dd, J= 10.6,

3.7 Hz, 1H), 3.84–3.78 (m, 1H), 3.63–3.57 (m, 1H), 3.66 (d,
J= 21.4 Hz, 1H), 2.83–2.77 (m, 1H), 2.26 (dd, J= 12.1,
5.8 Hz, 1H), 2.15 (d, J= 16.1 Hz, 1H), 2.23–2.18 (m, 1H),
2.01 (s, 1H); 13C NMR (176MHz, CDCl3) δ 168.89 (C, C-
1), 166.5 (C, C-6), 132.9 (C, C-1′), 129.3 (2×CH, C-2′),
129.25 (2×CH, C-3′), 127.66 (CH, C-4′), 84.77 (CH, C-2),
55.90 (CH, C-7), 45.46 (CH2, C-5), 36.95 (CH2, C-8),
36.93 (CH2, C-3), 19.89 (CH2, C-4).

Compound 10

White solid; (+)-HRESIMS ion peak at m/z 245.12877 [M
+H]+ (calcd for C14H17N2O2, 245.1285);

1H NMR (400
MHz, CDCl3) δ 7.35 (t, J= 7.2 Hz, 2H), 7.31–7.26 (m, 1H),
7.23 (d, J= 7.0 Hz, 2H), 5.81 (s, 1H), 4.28 (dd, J= 10.3,
2.9 Hz, 1H), 4.07 (t, J= 7.7 Hz, 1H), 3.71–3.62 (m, 1H),
3.62–3.57 (m, 1H), 3.59–3.49 (m, 1H), 2.80 (dd, J= 14.5,
10.4 Hz, 1H), 2.45–2.25 (m, 1H), 2.03 (ddd, J= 12.8, 9.2,
4.7 Hz, 1H), 1.99–1.93 (m, 1H), 1.93–1.84 (m, 1H); 13C
NMR (101MHz, CDCl3) δ 169.44 (C, C-1), 165.07 (C, C-
6), 136.03 (C, C-1′), 129.20 (2×CH2, C-2′), 129.16 (2×CH,
C-3′), 127.46 (CH, C-4′), 59.11 (CH, C-2), 56.25 (CH, C-
7), 45.40 (CH2, C-4), 36.80 (CH2, C-8), 28.33 (CH2, C-3),
22.50 (CH2, C-5).

Preparation of chemicals and drugs for in vitro and
in vivo anti-inflammatory activity studies

In vitro assay

Heparinised venous blood was taken from a healthy human
volunteer. Mononuclear cells were isolated in a
Ficoll–Hypaque density gradient using standard procedures
which separated PBMCs from whole blood. The buffy coat
containing PBMCs was removed carefully following cen-
trifugation and washed twice in phosphate buffer saline
(PBS). Cells were counted and the samples were incubated
with 1 × 106 cells/well in triplicate in 96 well microtiter
plates. All the compounds (1–10) were tested to check their
anti-inflammatory activity against TNF-α and IL-6 at three
different concentrations. To do so, anti-inflammatory
activity against TNF-α and IL-6 were analyzed as the per-
centage of inhibition of these cytokines production when
human peripheral blood mononuclear cells (PBMCs) were
treated with Lipopolysaccharide (LPS). Dose response
study was done in LPS (mitogen) (1 μg/mL) induced PBMC
with different concentrations i.e., 10, 5 and 1 µM of com-
pounds. The results were expressed in % inhibition with
respect to control. Experiments were done in triplicates and
repeated three times. Anti-inflammatory effect of 1–10 dose
response assays was used to determine the capacity of
inhibition of these compounds upon the pro-inflammatory
cytokines TNF-α and IL-6 measured by Enzyme-linked
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immunosorbent assay (ELISA). Data represents the mean ±
SEM of the representative compounds for the inhibition of
TNF-α and IL-6 tested on three different assays.

In vivo assay

Female Balb/C mice (Mus musculus) 8–10 weeks old and
weighing 20–25 g, in groups of six, were used for the study.
Experiments were designed to minimize the numbers of
animals used. The animals were housed under standard
laboratory conditions 23± 1 °C, 55± 10 % relative humid-
ity, 12/12 h light/dark cycles, fed with standard pellet diet
(Lipton India Ltd) and received water ad libitum. None of
the animals was sacrificed throughout the study; however,
as per the institute’s norms, the animals, after experi-
mentation, were subjected to euthanasia by a high inhala-
tional dose of diethyl ether and disposed of by incineration.
Mice were orally treated with the test compound at different
concentrations for 1 h. Then via i.p. administration 0.5 mg/
kg LPS was given. After 2.5 h blood was obtained by retro-
orbital plexus and allowed to clot for 30 min at R.T. Serum
was collected and stored at −80 °C till ELISA. Then it was
analyzed for IL-6 and TNF-α by ELISA. Cytokine analysis
for IL-6 and TNF-α was performed using Mouse TNF-α
ELISA and Mouse IL-6 ELISA kits purchased from Invi-
trogen, USA. Absorbance was read at 450 nm. The results
were expressed in % inhibition with respect to control.
Experiments were done in triplicates and repeated three
times. Results were expressed as the mean± SEM.

Conclusions

In summary, here we reported ten cyclic dipeptides from
marine-derived bacteria Streptomyces sp. For the first time,
all these compounds evaluated for their anti-inflammatory
activities, and the compound 7 found to be specific inhibitor
for TNF-α which inhibiting efficiently TNF-α release in a
dose-dependent manner and decreased LPS induced TNF-α
and IL-6 production in human PBMCs, in both in vitro and
in vivo experiments.
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