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potent in vivo anti-inflammatory activity
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Spirooxindoles are a class of compounds with diverse biological activity. Previously, we identified a series of
spirooxindole-pyranopyrimidine compounds that exhibited broad-spectrum anti-cancer activity. In this
study, we evaluated one of these compounds, JP-8g, on mouse models and found that it showed potent in
vivo anti-inflammatory activity. Further investigation suggested that JP-8g may execute its
anti-inflammatory activity through nitric oxide synthase signaling pathways. Our results suggest that these
spirooxindole-pyranopyrimidine class compounds have potential for not only cancer treatment but also
inflammation therapy.

onsteroidal anti-inflammatory drugs (NSAIDs) are among the most commonly prescribed medications

for relief of inflammatory conditions'. In the United States, over 40 distinct compounds have been

approved by Food and Drug Administration (FDA), with almost 1,000 brands, formulations and doses
available’.

Despite all kinds of NSAIDs available, it have been found that administration of NSAIDs is usually associated
with gastrointestinal complications'. Recent studies have also warned the potential increased risks of cardio-
vascular® and renal* events with the use of NSAIDs. Although efforts have been taken to develop new NSAIDs,
adverse effects of NSAIDs remain a major concern in many patients, particularly the elderly with long-term use of
NSAIDs'. Further improvement on treatment of inflammation requires more detailed understanding of inflam-
matory biology, careful consideration of treatment for different patient population, and perhaps development of
new anti-inflammatory drugs with high efficacy yet low side effects.

Chiral spiroindoles are increasingly important lead compounds for a wide range of biologically active mole-
cules®”. In a previous study, we reported a novel approach to synthesize spirooxindole-type pyranopyrimidines
with both high yield and enantioselectivity®. Importantly, one such compound, namely JP-8g (Figure 1), exhib-
ited broad spectrum of anti-cancer activity’. This feature indicates that JP-8¢g may involve in a major signaling
pathway of tumor progression and, perhaps, mediate other physiological processes as well. In this study, we
evaluated JP-8g on three different mouse models and show that it also acts as an anti-inflammatiory small
molecule. Further studies suggest that JP-8g may execute anti-inflammatory activities via nitric oxide synthase
(NOS) signaling pathway.

Results

JP-8g is not toxic at concentrations of 10 pM and below. We first evaluated the cytotoxicity of JP-8g on mouse
primary peritoneal macrophages. While JP-8g resulted in reduced cell viability at high concentration (50 pM), it
showed very little toxicity at low concentrations (10 uM or below) (Figure 2). This is consistent with our previous
observation that normal cells were relatively tolerant to JP-8g°. Therefore, JP-8g were used at concentrations no
more than 10 pM for all the following in vitro experiments.

Evaluation of anti-inflammatory activity of JP-8g by mouse ear edema model. The anti-inflammatory activity
of JP-8g was first evaluated on xylene-induced ear edema model. As shown in Figure 3A, intraperitoneal (i.p.)
injection of JP-8g efficiently inhibited the exudative process caused by xylene. Notably, 50 mg/kg (96 pmol/kg) of
JP-8g inhibited edema by at least 50% whereas indomethacin required 100 mg/kg (140 pmol/kg) dosing to
achieve the same inhibition. The anti-edematous activity of JP-8g was further verified by oral administration
(p.0.). In this case, JP-8g efficiently prevented ear edema at doses of as low as 10 mg/kg (14 pumol/kg), similar to
the efficacy of indomethacin (Figure 3B).
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Figure 1| Structure of JP-8g.

Evaluation of anti-inflammatory activity of JP-8g by paw inflam-
mation model. We next assessed the anti-inflammatory activity of
JP-8g by paw inflammation model where carrageenan was
administrated by subcutaneous (s.c.) injection to induce a develop-
ing swelling of the paws in mice'’. The vehicle control indicated that
paw inflammation reached maximum at 4-6 h period after
carrageenan injection (Figure 4). Progression of inflammation was
significantly inhibited during 4-6 h period even with low dose
(12.5 mg/kg) of JP-8g. Higher JP-8g doses (25 and 50 mg/kg)
showed remarkable anti-inflammatory activity and prevented
progression of inflammation for extended time. Most surprisingly,
JP-8g (25 and 50 mg/kg) showed similar efficacy to a steroidal anti-
inflammatory drug dexamethasone (DEX, 5 mg/kg).

Evaluation of anti-inflammatory activity of JP-8g by neuroinflam-
mation model. To induce acute neuroinflaimmation, LPS was
intracerebroventricular (i.c.v.) injected in the third ventricle of
mice. This induced an increase in body temperature during a
period of 3-5 h, with a peak at 4 h (Figure 5, LPS). Co-injection of
JP-8g efficiently reduced LPS-stimulated increase of body tempera-
ture over the entire examined period. Notably, JP-8g with very dose
(50 pg/kg) could still efficiently relieve acute neuroinflammation.

Nitric oxide synthase signaling pathway is involved in the anti-
inflammatory activity of JP-8g. To understand the mechanism of
action of JP-8g, we examined the effect of JP-8g on NO release of
mouse primary peritoneal macrophages. As shown in Figure 6, JP-8g
attenuated LPS-induced NO production in a dose-dependent
manner. Furthermore, administration of the inducible NOS
(iNOS) inhibitor SMT"" and endothelial NOS (eNOS) antagonist
L-NAME significantly reduced the anti-inflammatory activity of
JP-8g (Figure 7) whereas and the neuronal NOS (nNOS)
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antagonist spermidine'® did not have significant impact on JP-8g
(Figure S1). Overall, these results suggested that NOS signaling
pathway may be involved in the JP-8g-mediated anti-inflamma-
tory process.

Discussion

NSAIDs are a group of compounds with chemically distinct struc-
tures. NSAIDs alleviate inflammation by inhibiting cyclooxygenase
(COX)''. Most of the non-selective cyclooxygenase (COX) inhibi-
tors are one- or two-ringed compounds, while COX-2 selective inhi-
bitors usually contain three rings with a bulky side chain. JP-8g
structure is relatively larger than NSAIDs but is tightly packaged into
compact space. We have shown in this study that spirooxindole
pyranopyrimidine molecule JP-8g exhibits potent in vivo anti-
inflammatory activities. To the best of our knowledge, JP-8g repre-
sents a novel scaffold that has not been reported before.

To understand the signaling pathways that may be involved in the
anti-inflammatory activity of JP-8g, we first sought to study the effect
of JP-8g on LPS-stimulated nuclear translocation of p65 in primary
macrophages. We found that pre-incubation of JP-8g with primary
macrophages had no significant effect on LPS-induced nuclear trans-
location of p65 (Figure S2). More importantly, administration of NF-
KB pathway inhibitors pyrrolidine dithiocarbamate (PDTC)" and
BAY 11-7082'¢ did not result in significant reduction of the in vivo
anti-inflammatory activity of JP-8g (Figure S3). Taken together,
these data suggested that the NF-kB signaling pathway is not
involved in the anti-inflammatory activity of JP-8g. This feature
can be an advantage of JP-8g because recent studies have highlighted
the beneficial sides of NF-xB'"*%.

Therefore, we intended to explore other signaling pathways that
may be involved in the anti-inflammatory activity of JP-8g. Nitric
oxide (NO) is an important signal transducer of the inflammation
process, mediating a wide variety of physiological processes in pain
signaling and immune response. NO plays an important role in the
function execution of macrophages, which are key immune response
cells during inflammation processes'. In this study, we show that JP-
8g can attenuate LPS-induced NO production in macrophages in a
dose-dependent manner. In vivo inhibition studies also supported
that NOS is involved in the anti-inflammatory activity of JP-8g
(Figure 7).

In conclusion, JP-8g is a bifunctional molecule that exerts both
anti-cancer and anti-inflammatory activities. Although the detailed
mechanisms of the dual activities of JP-8g are yet to be elucidated,
our study shed the light on that spirooxindole-pyranopyrimidine
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Figure 2 | Cytotoxicity of JP-8g on mouse primary peritoneal macrophages. Macrophages were treated with JP-8g of various concentrations for 24, 48
and 72 h. LPS (1 pg/mL) was included as a control. Cell viability was determined by MTT assay. All data are normalized to those of vehicle under
corresponding incubation time. Data are expressed as mean * s.e.m. (n = 5). Statistical analysis was performed by two-way ANOVA, followed by Tukey’s

post-test. (¥, p < 0.01; **, p < 0.001).

| 4:4372 | DOI: 10.1038/srep04372



>

80

70 f
60
50 | . T
40 A

30 H

Change of ear swelling (%)
¥

20 -

T T T T

Vehicle 10 25 50 25 50 100
JP-8g (mg/kg) IND (mg/kg)

vy

60

50 A

40 1

30 1

20 1

Jepe

Vehicle 10 25
JP-8g (mg/kg)

10 1

Change of ear swelling (%)

50 10 mg/kg
IND

Figure 3 | Anti-inflammatory activity of JP-8g on xylene-induced ear inflammation model. JP-8g of varying doses was i.p. (A) or p.o. (B) administrated.
A reference NSAID drug indomethacin (IND) was also included. Data are presented as mean = s.e.m. (n = 10). Statistical analysis was performed
by one-way ANOVA, followed by Tukey’s post-test (**, p < 0.01; ***, p < 0.001).

class compounds have great potential for not only cancer treatment
but also inflammation therapy.

Methods

Ethics statement. All animal experiments were performed in accordance with the
guidelines of China Council on Animal Care and Use. All animal procedures carried
out in this study were reviewed, approved, and supervised by the Institutional Animal
Care and Use Committee of the Ethics Committee of Lanzhou University, China.

Cell viability assay. Cytotoxicity of JP-8g was assessed on mouse primary peritoneal
macrophages. Primary peritoneal macrophages were isolated as described in
Supporting Information. Macrophages were maintained in RPMI 1640 medium (Life
Technologies, Grand Island, NY, USA) supplemented with 10% fetal bovine serum
(FBS) (Life Technologies) throughout the experiments. Cytotoxicity was assessed by
standard MTT assay. Briefly, 5 X 10° cells were seeded on to each well in 96-well
plates. At 24 h after seeding, JP-8g of concentrations ranging from 3.2 nM to 50 uM
was added to corresponding wells with a final volume of 100 pL. Lipopolysaccharide
(LPS, serotype 0111:B4 from Escherichia coli) was used as a control. Cells were kept at
37°C for 24, 48 or 72 h, and then thiazolyl blue tetrazolium bromide (MTT) (Sigma-
Aldrich Corp., St. Louis, MO, USA) was added to each well to a final concentration of
0.5 mg/mL. After 4 h of incubation at 37°C, the medium was removed and then the
dye crystals were removed by DMSO (Sigma) wash. The absorbance at 490 nm was
obtained using BioRad ELISA plate reader 680 (BioRad, Hercules, CA, USA).

Animal experiments. The in vivo evaluation of anti-inflammatory activity of JP-8g
was performed in male C57B/J mice. All animals were kept and the experiments were
performed in accordance with the European Community guidelines for the use of
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Figure 4 | Anti-inflammatory activity of JP-8g evaluated by carrageenan-
induced paw inflammation model. A steroidal anti-inflammatory drug
dexamethasone (DEX) was used as a reference compound. Data are shown
asmean = s.e.m. (n = 7) and significant difference between vehicle and JP-
8g was analyzed by ANOVA, followed by Tukey’s post-test (*, p < 0.05; **,
p < 0.01; **% p < 0.001).

experimental animals (86/609/EEC). All the protocols in this study were executed
under the guideline of the Ethics Committee of Lanzhou University, China. Male
C57B/J mice (18-22 g) were housed at 20-23°C with relative humidity of 65-75% for
1 week before the experiments, provided with a settled 12 h light/darkness cycle and
access to food and water ad libitum. Animals received human care and all efforts were
undertaken to minimize animal suffering before and during experiments.

Xylene-induced ear edema model. Topical application of xylene caused acute
inflammation characterized by edema and granulocytic cell infiltration into the skin.
Experiments were executed as described previously™. Briefly, mice were
intraperitoneally (i.p.) or orally (p.o.) administrated with vehicle, JP-8g and a
traditional NSAID indomethacin as a reference. At 30 min after drug administration,
10 pL of 2.5% (v/v) xylene dissolved in acetone solution was applied to the anterior
and posterior surface of the right ear. The left ear remained untreated. Control
animals received only the irritant, while the test mice received both the irritant and
drugs. At the time of maximum inflammatory response (~3 h after xylene
treatment), mice were sacrificed by cervical dislocation and a tissue disk of 6 mm
diameter was cut from each ear lobe. Edema was calculated by the difference in weight
between the samples from right treated and left untreated ears.

Carrageenan-induced paw inflammation model. Acute paw inflammation was
induced by intraplantar (i.pl.) injection of carrageenan into the right hind paws of
mice". In this experiment, 35 mice were divided into five groups with seven mice in
each group. Mice in group 1 received an i.pl. treatment of 60 pL vehicle (5% DMSO,
5% Cremophor EL and 90% saline, v/v). At 30 min after treatment, 25 pL of saline
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Figure 5 | Evaluation of the anti-inflammatory activity of JP-8g on LPS-
induced acute neuroinflammation model. Data are shown as mean *
s.e.m. (n = 7). Significant difference between JP-8g samples and LPS was
calculated by two-way ANOVA, followed by Tukey’s post-tests, (*, p <
0.05; **, p < 0.01; ***, p < 0.001).
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Figure 6 | The effect of JP-8g on LPS-stimulated NO release in primary
peritoneal macrophages. Data are expressed as mean * s.e.m. (n = 4).
Significant difference between JP-8g samples and LPS alone was analyzed
by two-way ANOVA, followed by Tukey’s post-tests (¥, p < 0.05; **, p <
0.01; ***, p < 0.001).

containing 5% (v/v) DMSO, 5% (v/v) Cremophor EL (Sigma) and 1% (w/v)
carrageenan (Sigma) was applied to the right footpad by subcutaneous (s.c.) injection
and 25 pL saline was applied to the left footpad. In group 2-4, mice were i.pl. injected
with 300 pL JP-8g of varying doses (12.5 mg/kg, 25 mg/kg and 50 mg/kg), followed
by s.c. injection of carrageenan at 30 min after drug pre-treatment. Group 5 was i.pl.
treated with 300 pL of 5 mg/kg DEX as a reference drug and carrageenan was s.c.
injected at 30 min after DEX injection. For the in vivo inhibition experiments, mice
were i.pl. administrated with 25 mg/kg of JP-8g in the absence or presence of NOS
inhibitors S-methylisothiourea (SMT), N°-nitro-L-arginine methyl ester (L-NAME)
and spermidine trihydrochloride (all purchased from Sigma). The thickness of left
and right footpads was measured using a caliper at 1, 2, 3, 4, 5, 6, 24 and 48 h post
dosing. The difference in the thickness of left untreated and right treated footpads was
calculated and presented to indicate the effects of anti-inflammatory drugs and
inhibitors. This study was executed in a blinded manner.

LPS-induced acute neuroinflammation model. In this experiment, 35 mice were
divided into five groups with seven mice in each group. The mice were fixed in
specially designed restraining device*'. A thermistor probe (Beijing No.1 Machine
Tool (Gaobeidian) Forging Corporation, Beijing, China) was inserted into the rectum
(to a depth of 2.5 cm) and the rectal temperature was recorded by a connected a BL-
420E+ recorder (Taimeng Technology Corporation, Chengdu, Sichuan, China). LPS
(5 ng/kg) or LPS mixed with JP-8g (50, 250 and 500 pg/kg) were prepared in
solutions in 4 pL final volume and then i.c.v. injected in the third ventricle of mice as
described before®*. Rectal temperature was recorded at different time points as an
indicator for neuroinflammation. All experiments were performed between 9 and 10
AM to minimize the effect of circadian variation of animals.
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Figure 7 | iNOS inhibitor SMT and eNOS inhibitor L-NAME inhibited
the in vivo anti-inflammatory activity of JP-8g. Results are shown as
means = s.e.m. (n = 7). Significant difference between JP-8g
administration in the absence and presence of inhibitors during 4-6 h
period was analyzed by two-way ANOVA followed by Tukey’s post-tests
(*, p < 0.05; **, p < 0.01; ***, p < 0.001).

Nitrite assay for estimation of NO production. Primary peritoneal macrophages
(1 X 10*/well) were plated in 96-well plates with MEM media, supplemented with
10% heat-inactivated FBS (Life Technologies). Cells were pre-treated with JP-8g of
various concentrations for 24, 48 and 72 h, respectively. Thereafter, cells were
changed into fresh medium containing 1 pg/mL of LPS and then incubated for 24, 48
or 72 h. After LPS treatment, 100 pL supernatant was transferred into new wells and
100 pL Griess reagent (Sigma) was added to each well as described*. The reaction was
incubated at room temperature for 15 min and the absorbance at 550 nm was
determined using Tecan infinite M200 (Tecan Group, Méannedorf, Switzerland). NO
production was calculated according to a standard curve of sodium nitrite of known
concentrations.
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