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Abstract 

In efforts to identify novel small molecules with anti-inflammatory properties, we 

discovered a unique series of tetracyclic indenoquinoxaline derivatives that inhibited 

lipopolysaccharide (LPS)-induced NF-κB/AP-1 activation.  Compound IQ-1 (11H-indeno[1,2-

b]quinoxalin-11-one oxime) was found to be a potent, non-cytotoxic inhibitor of pro-

inflammatory cytokine [interleukin (IL)-1α, IL-1β, IL-6, IL-10, tumor necrosis factor (TNF)-α, 

interferon (IFN)-γ, and granulocyte-macrophage colony-stimulating factor (GM-CSF)] and nitric 

oxide production by human and murine monocyte/macrophages.  Three additional potent 

inhibitors of cytokine production were identified through further screening of IQ-1 analogs. The 

sodium salt of IQ-1 inhibited LPS-induced TNF-α and IL-6 production in MonoMac-6 cells with 

IC50 values of 0.25 and 0.61 μM, respectively.  Screening of 131 protein kinases revealed that 

derivative IQ-3 (11H-indeno[1,2-b]quinoxalin-11-one-O-(2-furoyl)oxime) was a specific 

inhibitor of the c-Jun N-terminal kinase (JNK) family, with preference for JNK3.  This 

compound, as well as IQ-1 and three additional oxime indenoquinoxalines, were found to be 

high-affinity JNK inhibitors with nanomolar binding affinity and ability to inhibit c-Jun 

phosphorylation.  Furthermore, docking studies showed that hydrogen bonding interactions of 

the active indenoquinoxalines with Asn152, Gln155, and Met149 of JNK3 played an important 

role in enzyme binding activity.  Finally, we showed that the sodium salt of IQ-1 had favorable 

pharmacokinetics and inhibited the ovalbumin-induced CD4+ T-cell immune response in a 

murine delayed-type hypersensitivity (DTH) model in vivo.  We conclude that compounds with 

an indenoquinoxaline nucleus can serve as specific small-molecule modulators for mechanistic 

studies of JNKs, as well as a potential leads for the development of anti-inflammatory drugs. 
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Introduction 

Members of activating protein 1 (AP-1) and nuclear factor-κB (NF-κB) families of 

transcription factors control many essential physiological and pathological processes including 

inflammation, immune responses, host-defense, and cancer [reviewed in (Peng, 2008;Ghosh and 

Hayden, 2008;Vaiopoulos et al., 2010)].  Because these transcription factors are key regulators 

of the inducible expression of many pro-inflammatory mediators, their inhibition by small-

molecule compounds represents an area of interest for new drug development.  Chemical 

inhibitors of AP-1 and NF-κB reported so far include compounds that block activation of these 

transcription factors, nuclear translocation of activated NF-κB/AP-1, and their DNA binding 

(Watanabe et al., 2008;Ghosh and Hayden, 2008;Kang et al., 2009;Oh et al., 2010;Law et al., 

2010).  Most signaling pathways upstream of NF-κB/AP-1 activation converge on level of three 

mitogen activated protein kinase (MAPK) families, which include extracellular signal-regulated 

protein kinases (ERKs), p38, and c-Jun N-terminal kinases (JNKs) [reviewed in (Bhagwat, 

2007)].  

JNKs are directly involved in controlling regulation of AP-1 transcriptional activity and, 

for this reason, drug discovery efforts have focused on the development of JNK inhibitors for 

treatment of chronic inflammatory diseases (Bennett et al., 2003;Wagner and Laufer, 2006;Jung 

et al., 2010).  One of the targets of activated JNKs is c-Jun, which is specifically phosphorylated 

on Ser63 and/or Ser73, making this protein capable of binding AP-1 sites in the nucleus (Hibi et 

al., 1993).  JNKs also phosphorylate other AP-1 proteins, including JunB, JunD, and ATF2 

[reviewed in (Davis, 2000)].  Although AP-1 and NF-κB are regulated by different signaling 

pathways, cross-talk between these pathways occurs, mediated in part by the ability of certain 

Jun and Fos family proteins to interact with the p65 subunit of NF-κB (Fujioka et al., 2004). 
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Development of inhibitors specific for the JNK family has gained increasing interest in 

recent years, and several novel small molecule JNK inhibitors have been described (Bennett et 

al., 2001;Gaillard et al., 2005;Szczepankiewicz et al., 2006;Shin et al., 2009;Kamenecka et al., 

2009;Christopher et al., 2009;He et al., 2011;Plantevin Krenitsky et al., 2012). These inhibitors 

demonstrated anti-inflammatory and neuroprotective activities (Bennett et al., 2001;Carboni et 

al., 2004;Gaillard et al., 2005;Nijboer et al., 2010;Chambers et al., 2011;Plantevin Krenitsky et 

al., 2012).  Although the anti-inflammatory effects of JNK inhibitors may involve AP-1 and NF-

κB transcription pathways, their neuroprotective action probably also depends on inhibition of 

JNK-dependent activation of proapoptotic signals (Yeste-Velasco et al., 2009).  

The mechanisms of JNK signaling leading to NF-κB/AP-1 activation are complex and 

not completely defined, thus cell-based strategies for chemical library screening have been 

suggested as the most reasonable option for studying these pathways [e.g., (Kang et al., 

2009;Peddibhotla et al., 2010)].  In addition, cell-based screening can help to predict compound 

bioavailability and toxicity and facilitate the rapid identification of compounds inducing complex 

cellular responses.  In the present study, we screened a library of 10,000 small-molecule 

compounds for their ability to inhibit lipopolysaccharide (LPS)-induced NF-κB/AP-1 reporter 

activity in a cell-based assay and identified a novel synthetic compound, 11H-indeno[1,2-

b]quinoxalin-11-one oxime, designated as IQ-1.  Further studies showed that this compound and 

several related analogs inhibited the production of pro-inflammatory cytokines and nitric oxide 

(NO) by LPS-stimulated monocytes/macrophages and peripheral blood mononuclear cells 

(PBMCs).  Nine additional inhibitors of cytokine [interleukin (IL)-6 and tumor necrosis factor-α 

(TNF-α)] production were identified through further screening of IQ-1 analogs.  Kinase profiling 

of 131 different protein kinases showed one of the most potent indenoquinoxaline analogs, IQ-3, 

was a specific JNK inhibitor.  Indeed, IQ-3 and the other oxime-derived indenoquinoxalines 
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were found to be high-affinity JNK inhibitors exhibiting nanomolar binding affinity.  Finally, the 

sodium salt of IQ-1 demonstrated favorable pharmacokinetics and inhibited ovalbumin-induced 

CD4+ T-cell immune responses in vivo.   
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Materials and Methods 

Materials. Dimethyl sulfoxide (DMSO), LPS from Escherichia coli K-235, and 

Histopaque 1077 were purchased from Sigma Chemical Co. (St. Louis, MO).  The chemical 

diversity set of 10,000 compounds was obtained from TimTec Inc. (Newark, DE).  Compounds 

IQ-3 through IQ-18 were purchased from TimTec Inc., Scientific Exchange (Center Ossipee, 

NH), ChemBridge (San Diego, CA), Specs (Delft, The Netherlands), InterBioScreen (Moscow, 

Russia), and Vitas-M (Moscow, Russia).  The compounds were diluted in DMSO at a 

concentration of 2 mg/ml and stored at –80°C.  Kinase inhibitors PF670462, AS252424, 

AS605240, TCSPIM-1 1, and SP600125 were from Tocris Bioscience (Ellisville, MO).  

Synthesis of IQ-1 Sodium Salt (IQ-1S). IQ-1S was synthesized, as described previously 

(Pearson, 1962;Obot and Obi-Egbedi, 2010).  The structure of the oxime was supported by NMR 

and mass-spectroscopy.  1H NMR (500 MHz, DMSO-d6), ppm:  7.57 (1H, t, J 7.5 Hz, H-2), 7.62 

(1H, t, J 7.5 Hz, H-3), 7.76 (2H, m, H-7 and H-8), 8.13 (2H, m, H-6 and H-9), 8.21 (1H, d, J 7.5 

Hz, H-4), 8.79 (1H, d, J 7.5 Hz, H-1).  MS (ESI) m/z 270.06 [M+H+]. 

Cell Culture. All cells were cultured at 37°C in a humidified atmosphere containing 5% 

CO2. THP-1Blue cells obtained from InvivoGen were cultured in RPMI 1640 medium 

(Mediatech Inc., Herndon, VA) supplemented with 10% (v/v) fetal bovine serum (FBS), 100 

µg/ml streptomycin, 100 U/ml penicillin, 100 µg/ml zeocin, and 10 µg/ml blasticidin S.  Human 

monocyte-macrophage MonoMac-6 cells (DSMZ; Brunswick, Germany) were grown in RPMI 

1640 (Mediatech Inc.; Herndon, VA) supplemented with 10% (v/v) FBS, 10 µg/mL bovine 

insulin, 100 µg/mL streptomycin, and 100 U/mL penicillin.  The mouse macrophage cell line 

J774.A1 was grown in DMEM without phenol red and supplemented with 3% (v/v) bovine 

serum, 100 μg/ml streptomycin, and 100 U/ml penicillin.  Cells were grown to confluence in 

sterile tissue culture flasks and gently detached by scraping.  
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Isolation of human PBMCs. Blood was collected from healthy donors in accordance 

with a protocol approved by the Institutional Review Board at Montana State University.  

PBMCs were isolated from blood using dextran sedimentation and Histopaque 1077 gradient 

separation, as described previously (Schepetkin et al., 2009).  

Library Screening. We screened the 10,000-compound chemical diversity set for 

inhibitory of NF-κB/AP-1 reporter activity in THP-1Blue cells.  Human monocytic THP-1Blue 

cells are stably transfected with a secreted embryonic alkaline phosphatase gene that is under the 

control of a promoter inducible by NF-κB/AP-1. THP-1Blue cells (2 x 105 cells/well) were 

pretreated with 20 μg/ml of test compound or DMSO for 30 min, followed by addition of 200 

ng/ml LPS or buffer for 24 h, and alkaline phosphatase activity was measured in cell 

supernatants using QUANTI-Blue mix (InvivoGen).  For selected lead compounds, the 

concentrations of inhibitor that caused 50% inhibition of the NF-κB reporter activity (IC50) were 

calculated by plotting percent inhibition against the logarithm of inhibitor concentration (at least 

5 points). 

Cytokine Analysis.  Human PBMCs were plated in 96-well plates at a density of 2 x 105 

cells/well in culture medium supplemented with 3% (v/v) endotoxin-free FBS.  PBMCs were 

pretreated with 20 μM of compound IQ-1 or DMSO for 30 min, followed by addition of 200 

ng/ml LPS for 24 h.  A human cytokine MultiAnalyte ELISArray Kit from SABiosciences 

(Frederick, MD) was used to evaluate various cytokines (IL-1α, IL-1β, IL-2, IL-4, IL-6, IL-8, IL-

10, IL-12, IL-17A, interferon (IFN)-γ, TNF-α, and granulocyte-macrophage colony-stimulating 

factor (GM-CSF) in supernatants of PBMCs.  

Human TNF-α and IL-6 ELISA kits (BD Biosciences) were used to confirm the 

inhibitory effect of selected compounds on TNF-α or IL-6 production.  Human PBMCs or 

MonoMac-6 cells were plated in 96-well plates at a density of 2 x 105 cells/well in culture 
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medium supplemented with 3% (v/v) endotoxin-free FBS. Cells were pretreated with test 

compound or DMSO for 30 min, followed by addition of 200 ng/ml LPS for 24 h.  For selected 

compounds, the concentration of inhibitor that caused 50% inhibition of the cytokine production 

(IC50) was calculated by plotting percent inhibition against the logarithm of inhibitor 

concentration (at least 5 points). 

Determination of Nitric Oxide (NO).  J774.A1 macrophage cells were plated at a 

density of 1.5 x 106 cells/ml in 96-well flat-bottomed tissue culture plates in culture medium 

without phenol red and supplemented with 3% (v/v) bovine serum.  The cells were pretreated 

with different concentrations of tested compounds or DMSO for 30 min, followed by addition of 

200 ng/ml LPS for 24 h.  At the end of the culture period, supernatants (100 μl) were removed 

and assayed for NO.  Nitrite ion (NO2
−) concentration was used as an indication of NO 

production, and the amount of NO2
− in the culture medium was determined according to the 

colorimetric method using NaNO2 as a standard.  Briefly, 100 μl of cell culture supernatant were 

mixed with an equal volume of Griess reagent [0.1% (w/v) N-(1-naphthyl)ethylenediamine 

dihydrochloride and 1% (w/v) sulfanilamide in 5% (v/v) phosphoric acid].  The samples were 

incubated at room temperature for 20 min, and absorbance was measured at 540 nm using a 

SpectraMax Plus microplate reader.  The concentration of inhibitor that caused 50% inhibition of 

the NO production (IC50) was calculated by plotting percent inhibition against the logarithm of 

inhibitor concentration (at least 5 points). 

Cytotoxicity Assay.  Cytotoxicity was analyzed with a CellTiter-Glo Luminescent Cell 

Viability Assay Kit from Promega (Madison, WI), according to the manufacturer’s protocol. 

Cells were treated with compound under investigation and cultivated for 24 h.  Following 

treatment, the cells were allowed to equilibrate to room temperature for 30 min, substrate was 

added, and the samples were analyzed with a Fluoroscan Ascent FL.  The concentration of 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on March 20, 2012 as DOI: 10.1124/mol.111.077446

 at A
SPE

T
 Journals on A

pril 9, 2024
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL #77446 

 10

inhibitor that caused 50% cell amount during 24 h-incubation (via toxicity of inhibition of cell 

growing) (IC50) was calculated by plotting percent inhibition against the logarithm of inhibitor 

concentration (at least 5 points). 

Kinase Profiling and Kd Determination. Kinase profiling was performed by 

KINOMEscan (DiscoveRx, San Diego, CA) using a panel of 91 protein kinases, as described 

previously (Fabian et al., 2005;Karaman et al., 2008) and by Luceome Biotechnologies (Tucson, 

AZ) using a panel of 60 protein kinases, as described by Jester et al. (Jester (Jester et al., 2010).  

Briefly, kinases were produced and displayed on T7 phage or expressed in HEK-293 cells.  

Binding reactions were performed at room temperature for one hr, and the fraction of kinase not 

bound to test compound was determined by capture with an immobilized affinity ligand and 

quantified by quantitative PCR. Primary screening at fixed concentrations of compounds was 

performed in duplicate.  Selected hit compounds were submitted for dissociation constant (Kd) 

determination using the same platform. For dissociation constant Kd determination, a 12-point 

half-log dilution series (a maximum concentration of 100 μM) was used.  Assays were performed 

in duplicate, and their mean value is displayed. 

JNK3 Enzyme Kinetic Assay. JNK3 enzymatic activity was determined by measuring 

the phosphorylation of glutathione S-transferase tagged activating transcription factor 2 (GST-

ATF2) by Reaction Biology Corporation (Malvern, PA).  Briefly, the enzyme reactions were 

conducted in buffer containing 25 mM Hepes at pH 7.5, 2 mM dithiothreitol, 10 mM MgCl2, 1 

mM EGTA, 0.02% Brij35, 0.01 mM Na3VO4, 0.02 mg/ml BSA, and 1% DMSO.  These assays 

contained 25 nM recombinant human full length JNK3 (GST-tagged; Mr 76.6. kDa), 5 μM 

recombinant human GST-ATF2 (a.a. 19-96; Mr 36.7 kDa), nonradioactive ATP (10−100 μM), 

and [γ-33P] ATP.  IQ-3 was added to the mixture using acoustic technology and incubated for 20 

min to ensure the compound was equilibrated and bound to the enzyme.  Different 
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concentrations of ATP were added to initiate the reaction, and the activity was monitored every 

5-15 min.  

Western Blotting. MonoMac-6 monocytic cells were pretreated with different 

concentrations of the compounds under investigation for 30 min and treated with LPS (200 

ng/ml) or vehicle for another 30 min.  Cells were washed twice with Hank’s balanced Salt 

solution, and cell lysates were prepared using lysis buffer from the JNK kinase assay kit (Cell 

Signaling Technology, Danvers, MA).  Cell lysates (from 5 x 106 cells) were separated on 10% 

SDS polyacrylamide gels, transferred to nitrocellulose membranes, and the blots were probed 

with antibodies against c-Jun, phospho-c-Jun (S63), and glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH) (Cell Signaling Technology, Danvers, MA), followed by horseradish 

peroxidase-conjugated secondary antibody (Thermo Fisher Scientific, Rockford, IL).  The blots 

were developed using SuperSignal West Femto chemiluminescent substrate (Thermo Fisher 

Scientific) and visualized with a FluorChem FC2 imaging system (Alpha Innotech Corporation, 

San Leandro, CA).  Quantitation of the chemiluminescent signal was carried out using AlfaView 

software version 3.0.0.0. 

Compound Stability and Pharmacokinetic Analysis.   For ex vivo analysis of IQ-1S 

stability, IQ-1S was incubated in mouse serum at final concentration 50 μM for 2, 30, 60, 120, 

210, 300, and 600 min at room temperature.  Serum sample aliquots (110 μL) were mixed with 

130 μL of acetonitrile to precipitate proteins, centrifuged at 8,000 g for 5 min, and the 

supernatants were filtrated using a 0.45 μm filter.  Filtered samples were analyzed by reverse 

phase HPLC using a Phenomenex Jupiter C18 300A column (5 μm, 25 cm × 0.46 cm) at 40oC 

with a mobile phase of 40:60 v/v acetonitrile:water containing 0.1% (v/v) TFA and a flow rate of 

1.0 ml/min.  The elution was monitored at 290 nm, the wavelength corresponding to λmax for IQ-

1S.  For in vivo analysis, 12.5 or 30 mg/kg doses of IQ-1S were administered i.p. to BALB/c 
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mice (15-20 animals/group), and the mice were sacrificed at various time points following 

compound administration.  For quantification, a calibration curve was established using mouse 

serum samples spiked with known concentrations of IQ-1S (0.1–20 μM), and a linear 

dependence of the peak area with IQ-1S concentration was obtained (correlation coefficient 

r=0.997).  The area under the serum concentration-time curve (AUC0-12h) was calculated using 

the linear trapezoidal method up to the last measured concentration. 

Ovalbumin (OVA)-Specific Delayed-Type Hypersensitivity.  CD4+ T cells were 

purified using Dynal Mouse CD4 Negative Isolation kit (Invitrogen) from DO11.10 mouse 

spleens and lymph nodes (LNs).  Purified CD4+ T (3 x 106) cells were adoptively transferred to 

age- and sex- matched BALB/c mice (day 0).  On day 1, all recipients were challenged with 100 

μg OVA in incomplete Freund's adjuvant s.c. and treated i.p. with JNK inhibitor (12.5 mg/kg) in 

0.125% DMSO or vehicle.  Mice were treated repeatedly (i.p.) every 12 h for 5 total injections, 

and a delayed-type hypersensitivity (DTH) test was performed on day 5, as previously described 

(Kochetkova et al., 2010).  The DTH response was monitored as the difference in ear swelling 

between OVA- and PBS-challenged pinna (the outer part of the ear). 

Molecular Docking Analysis. Geometry of JNK3 was obtained by downloading a 

crystal structure of JNK3 complexed with JNK inhibitor SP600125 (Xie et al., 1998) from the 

Protein Data Bank (PDB, entry code 1PMV) into Molegro software.  All solvent molecules were 

removed.  Side chains of 39 residues (Lys68, Ile70, Gly71, Ser72, Gly73, Gln75, Gly76, Val78, 

Ala80, Val90, Ala91, Ile92, Lys93, Lys94, Met115, Ile124, Ser125, Leu126, Leu127, Tyr143, 

Leu144, Val145, Met146, Glu147, Leu148, Met149, Asp150, Ala151, Asn152, Cys154, Gln155, 

Ser193, Asn194, Val196, Val197, Lys198, Lys204, Leu206, Asp207) closest to the active ligand 

SP600125 were considered to be flexible in the docking procedure.  These residues were 

identified using default option of “Setup Sidechain Flexibility” in Molegro, and a softening 
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parameter of 0.7 was applied during flexible docking, according to the standard protocol using 

the Molegro Virtual Docker (MVD) program (MVD 2010.4.2, Molegro ApS).  It should be noted 

that the 39 residues assumed as flexible almost completely included 22 amino acids (Ile70, 

Gly71, Ser72, Gly73, Gln75, Gly76, Val78, Ala91, Lys93, Ile124, Met146, Glu147, Leu148, 

Met149, Asp150, Ala151, Asn152, Gln155, Ser193, Asn194, Val196, and Leu206), which are 

considered as belonging to the JNK3 ATP-binding pocket (Xie et al., 2008).   Search space was 

set as a sphere having 11 Å radius and positioned at the gravity center of all heavy atoms of co-

crystallized ligand SP600125.  This search space included all of the flexible residues mentioned 

above.  The docking methodology was verified by the location of the redocked X-ray ligand 

(SP600125).  The alignment of best predicted conformation of SP600125 yielded RMS deviation 

of 1.02 Å, indicating that the docking simulation was able to reproduce the X-ray structure. 

Before docking, structures of compounds were pre-optimized by HyperChem software 

with the MM+ force field and saved in Tripos MOL2 format.  The JNK3 macromolecule and all 

the ligand structures were imported into MVD.  The options “Create explicit hydrogens,” 

“Assign charges (calculated by MVD),” and “Detect flexible torsions in ligands” were enabled 

during importing.  Appropriate protonation states of ligands were also automatically generated at 

this step. 
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Results 

Primary High-Throughput Screening and Hit Validation 

To identify novel compounds that inhibited LPS-induced activation of NF-κB/AP-1 in 

macrophages, we screened a chemical diversity library of 10,000 drug-like compounds with 

molecular weights from 200 to 550 Da.  This library of commonly accepted pharmaceutical hit 

structures was randomly assembled to maximize chemical diversity. 

A compound was defined as a hit if it exhibited >50% inhibition of LPS-induced NF-

κB/AP-1 reporter activity in human monocytic THP-1Blue cells at a final compound 

concentration of 20 μg/mL.  From the primary screening, 48 inhibitory compounds were selected 

(0.48% hit rate).  The size of the hit set was further reduced by applying a series of experimental 

filters, including a determination of the dose–response relationship for inhibition of reporter 

activity.  A compound was determined as desirable if it had IC50 <20 μM and was non-toxic at 

concentrations <40 μM.  Only one compound, indenoquinoxaline 1 (designated as IQ-1), met 

these conditions and was selected as a prospective inhibitor of NF-κB/AP-1 activity with an IC50 

of 2.3 ± 0.41 μM.  The structure of IQ-1 and a representative inhibitory activity curve are shown 

in Figure 1.  A cytotoxicity assay ruled out the possibility that repressed reporter activity was a 

consequence of possible cell death (Figure 1).  Additionally, IQ-1 did not affect alkaline 

phosphatase activity directly (data not shown).  Note that this library was previously screened for 

different biological activities, resulting in selection of hit compounds that inhibited target 

enzymes (Schepetkin et al., 2006;Schepetkin et al., 2007a), activated the phagocyte NADPH-

oxidase (Schepetkin et al., 2007b), and stimulated N-formyl-peptide receptors (Schepetkin et al., 

2007b;Kirpotina et al., 2010), supporting the specificity of our screening in the present study.  

We next evaluated the effect of IQ-1 on LPS-induced cytokine production in human 

PBMCs.  Among the twelve cytokines analyzed, LPS (200 ng/mL) consistently induced five (IL-
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1α, IL-1β, IL-6, IL-10, and TNF-α) in PBMCs, as compared with DMSO-treated control cells.  

Production of all of these cytokines was significantly inhibited by 20 μM IQ-1 (Figure 2).  

Among of them, TNF-α production was inhibited completely by IQ-1 (>99%), the levels of IL-

1α, IL-1β, and IL-10 were decreased by 85%, and IL-6 production was decreased by 33%.  IL-8 

production was inconclusive because of high background production by PBMCs, a problem 

which has also been documented previously [e.g. (Kikkert et al., 2008;Schepetkin et al., 2009)]. 

 

Secondary Screening and Structure–Activity Relationship (SAR) Analysis  

Based on structure of IQ-1, 26 additional analogs were selected.  In addition, the sodium 

salt of IQ-1 (designated IQ-1S) was synthesized (see Materials and Methods).  Compounds were 

evaluated for inhibition of LPS-induced NF-κB/AP-1 reporter activity in monocytic THP-1Blue 

cells, and the structures and biological activities of the analogs are shown in Table 1.  Ten of 

these compounds were found to have inhibitory activity with IC50 values <7 µM.  Additionally, 

all of the active compounds were non-toxic in THP1-Blue cells at concentrations <40 µM (Table 

1). 

The selected inhibitors contained oxime (IQ-1 and IQ-1S), O-acyl-oxime (IQ-2 through 

IQ-6), unsubstituted hydrazone (IQ-7), (thio)semicarbazone (IQ-8 and IQ-9), or acylhydrazone 

(IQ-10) functions.  Inspection of the inactive derivatives (IQ-11 through IQ-16) suggested an 

overall trend of decreased activity with increased bulkiness of R for compounds with an 

acylhydrazone moiety (Table 1).  Other inactive compounds were characterized by N-phenyl-

imine (IQ-17 and IQ-19), 3,4-dimethoxyphenyl imine (IQ-20), and carbonyl (IQ-18, IQ-22 

through IQ-26) groups as R/R1 substituents (Table 1 and Supplemental Table S1).  Compounds 

IQ-19 through IQ-26 also contain additional heterocyclic moiety substituents (Supplemental 

Table S1).  Thus, within this series of polycyclic analogs, the nature of the side chain oxime or 
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(acyl)hydrazone R substituent was found to be critical for biological activity.  It should be noted 

that the inactive compounds were more lipophilic (mean LogP = 3.90) than the active 

compounds (mean LogP = 2.89, with LogP <3.0 for 64% of the active compounds).  In addition, 

three of the inactive compounds (IQ-12, IQ-19, and IQ-20) had lipophilic descriptors greater 

than the range of Lipinski’s rule (i.e., LogP≤5) (Supplemental Figure S1).  Although very high 

lipophilicity values lead to slow cell accumulation kinetics (Kornhuber et al., 2011), various 

other molecular descriptors also contribute to cell bioavailability and intercellular activity (see 

below).  

 

Effect of Indenoquinoxalines on Production of Pro-inflammatory Mediators  

To ensure that the activity of hit compounds was not unique to the transfected cells, 

eleven active compounds (IQ-1S and IQ-1 through IQ-10) were evaluated for their ability to 

inhibit LPS-induced production of TNF-α and IL-6 in human monocytic MonoMac-6 cells and 

human PBMCs.  Seven of these compounds inhibited LPS-induced TNF-α and IL-6 production 

in both cell systems (Table 2).  As an example, the dose–dependent effect of IQ-1 and IQ-3 on 

LPS-induced TNF-α production in human PBMCs is shown in Figure 3.  We also evaluated 

three compounds that were inactive in the reporter gene assay (IQ-13, IQ-15, and IQ-18) for 

their effect on LPS-induced TNF-α and IL-6 production in these cell systems.  Consistent with 

the reporter gene assay, these compounds also did not alter production of pro-inflammatory 

mediators in MonoMac-6 cells and PBMCs (Table 2), supporting the selectivity of our assays.  

Note, however, that the inhibitory activity of LPS-induced cell responses in non-transfected cells 

was not uniform for all inhibitors, and some inhibitors identified in the reporter cell assay did not 

inhibit cytokine production in either MonoMac-6 cells or PBMCs (see Table 2).  Among these 

were hydrozones IQ-9 and IQ-10, which may be unstable in aqueous media (Kalia and Raines, 
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2008) and also exhibited toxicity toward some of our cells (Table 2). Thus, these compounds 

were excluded from further analysis.  The reasons for differences in activity of IQ-5 and IQ-6 

among the different cell systems are not clear. While both have similar structures, IQ-6 has an 

additional O-Me group in the meta-position of the methoxybenzoic acid tail.  Thus, their 

different chemical structures may result in different physical properties that affect their activity 

in various cell types, which have different biological properties, such as membrane permeability, 

expression of P-glycoproteins, etc.  Indeed, macrophage differentiation is known to affect the 

level of expression of protein transporters involved in movement of exogenous molecules 

(Skazik et al., 2008;Moreau et al., 2011).  Hence, different compounds may be active in one cell 

line and less active or even inactive in another. 

The binding of NF-κB/AP-1 to the promoter of target genes enhances the expression of 

inducible NO synthase [reviewed in (Atreya et al., 2008;Vallières and Du Souich, 2010)].  Thus, 

the effect of compounds on NO production was also evaluated in the functional assays.  Among 

the selected compounds, only oximes IQ-1 through IQ-4 and IQ-1S inhibited NO production in 

murine J774-A.1 macrophages (Table 2). Although all compounds were not cytotoxic at 

concentrations <40 μM in THP1-Blue and MonoMac-6 monocytic cells, the compounds with an 

ureido-imine function (IQ-8 and IQ-9) were cytotoxic in murine J774.A4 cells and human 

PBMCs, respectively (Table 2). 

 

Kinase Inhibition Profile of IQ-3 

Protein kinases play critical roles in up-regulation of NF-κB/AP-1 transcriptional activity. 

Thus, IQ-3, which demonstrated potent inhibitory activity in all cell-based assays without cell 

toxicity (Table 2), was profiled against a diverse panel of 131 kinases, representing all known 

kinase families.  IQ-3 was profiled in a competition binding assay for its ability to compete with 
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an active-site directed ligand for 91 different kinases (DiscoveRx KINOMEscan) and for its 

ability to inhibit kinase activity of 60 different kinases (Luceome Biotechnologies), including 20 

kinases common to both panels.  IQ-3 was screened at 10 μM, and the kinases for which >90% 

inhibition of ligand binding and kinase activity was observed were designated as “kinase targets 

of the compound.”  Four such kinase targets were identified, including casein kinase 1δ (CK1δ, 

gene symbol CSNK1D), JNK1, JNK2, and JNK3 (Figure 4).  Furthermore, >99% inhibition of 

ligand binding and kinase activity by IQ-3 was observed for three kinases (JNK1, JNK2, and 

JNK3) among the 131 different kinases tested (Figure 4).  Thus, IQ-3 demonstrated a high 

specific inhibition of human JNK isoforms.  

To further evaluate the relative specificity of IQ-3, we compared its biological activity to 

that of a commercially available JNK inhibitor, SP600125.  As shown in Table 3,  the IC50 value 

for SP600125 was close to that of IQ-3 and our active indenoquinoxaline derivatives for 

inhibition of LPS-induced TNF-α secretion by Mono-Mac6 and PBMCs (compare with Table 2) 

and was similar to the previously reported inhibition of cytokine production by SP600125 in 

other cell cultures (Bennett et al., 2001).  However, SP600125 is relatively non-specific, and 13 

of 28 tested kinases were inhibited with similar or greater potency than the JNKs (Bain et al., 

2003).  Thus, we compared the selectivity of IQ-3 and SP600125 using the KINOMEscan assay 

platform.  A selectivity score, S(10), based on >90% inhibition of ligand binding at a single 10 

μM screen concentration, was calculated by dividing the “kinase targets of the compound” with 

the “total number of non-mutated kinases” in the panel (Karaman et al., 2008).  The published 

kinase profile of SP600125 (Fabian et al., 2005) was used for determination its S(10) value.  We 

found that the S(10) for IQ-3 was much lower (0.044 = 4/91) compared to the S(10) for 

SP600125 (0.328 = 39/119), indicating much higher target kinase selectivity for IQ-3. 
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We also evaluated for comparison additional inhibitors for kinase targets (other than 

JNK) that had were found to have moderate ligand binding activity in the KINOMEScan assay, 

including PF670462 (dual CK1ε/CK1δ inhibitor), AS252424 and AS605240 [phosphoinositide 

3-kinase γ (PI3Kγ) inhibitors], and TCSPIM-1 1 (PIM-1 inhibitor).  These inhibitors were 

evaluated for their effect on LPS-induced TNF-α production in MonoMac-6 and PBMCs.  

Although all four inhibitors were non-toxic at the concentrations tested in these cells, only the 

CK1ε/CK1δ inhibitor (PF670462) inhibited LPS-induced TNF-α production (Table 3).  Note, 

however, that PF670462 has been reported to be a non-specific MAP kinase inhibitor and can 

also inhibit JNK (Supplemental Table S2) and p38 MAPK (Perez et al., 2011), both which 

regulate TNF-α production and other pro-inflammatory cytokines via AP-1 and NF-κB 

transcription pathways (Bhagwat, 2007).  Thus, these data provide further evidence for the high 

degree of specificity and potency of IQ-3 as a JNK inhibitor, and suggest the observed inhibition 

of pro-inflammatory cytokine production is due to JNK inhibition by this compound, rather than 

effects on other kinase pathways. 

 

Kinase Binding and Biological Activity of Selected Indenoquinoxalines 

The kinase binding activity of additional selected indenoquinoxalines was tested using 

six target kinases [JNK1, JNK2, JNK3, CK1δ, PI3Kγ (gene symbol PIK3CG), and MKNK2], 

which exhibited the highest binding activity for IQ-3 in the primary kinase profiling (see Figure 

4).  All compounds that were inactive in the NF-κB/AP-1 reporter assay (compounds IQ-11 

through IQ-18) also exhibited no or low (<40%) inhibition of ligand binding for these six 

kinases (Supplemental Table S3).  Conversely, most compounds that were active in cell-based 

assays (see Tables 1-2) had a relatively high binding activity (>60% inhibition of ligand 

binding) for JNKs, with a few exceptions (Supplemental Table S3).  For example, compound 
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IQ-5 exhibited only moderate inhibition of ligand binding to JNKs.  In addition, the hydrazone 

derivatives (IQ-8 through IQ-10), which inhibited NF-κB/AP-1 reporter activity (Table 1), 

failed to inhibit ligand binding to the JNKs (see Supplemental Table S2).  It should be noted 

that these hydrazones were also less active or non-active when tested for inhibition of LPS-

induced IL-6 production in MonoMac-6 monocytic cells and human PBMCs and did not inhibit 

LPS-induced NO production in J774.A1 macrophages (Table 2). 

The six oxime indenoquinoxalines that exhibited relatively high competition for JNK 

ligand binding in the primary screening (all oxime derivatives except IQ-5) were submitted for 

determination of their binding affinities (Kd) to selected kinases.  Indenoquinoxalines IQ-1 

through IQ-4, IQ-6, and IQ-1S had Kd values in the nanomolar range for all three JNKs, 

although these compounds had higher affinity for JNK3 versus JNK1 and JNK2, as well as the 

other kinases tested (Table 4). 

To confirm that the active indenoquinoxalines inhibited JNK activity in cells, MonoMac-

6 monocytic cells were pretreated with the selected compounds, stimulated with LPS, and the 

level of phospho-c-Jun (S63) was determined.  Compounds IQ-1 through IQ-4, IQ-1S, and 

positive control SP600125 all inhibited the c-Jun phosphorylation (Figure 5A).  A representative 

dose–response inhibition of c-Jun phosphorylation in MonoMac-6 cells by compounds IQ-1 and 

IQ-3 is shown in Figure 5B.  It should be noted, that compound IQ-18, which did not inhibit 

LPS-induced reporter activity (Table 1) or cytokine production (Table 2), also failed to inhibit 

c-Jun phosphorylation (Figure 5A), again supporting the specificity of our active inhibitors. 

 

Kinase Inhibition Profile of Related Oximes and Hydrazones and Molecular Docking 

Because all active indenoquinoxalines contained different oxime tails or unsubstituted 

hydrazone group, ten compounds with the same side groups, but different nuclei were submitted 
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to KINOMEscan for evaluation of their ability to inhibit ligand binding to selected kinases.  

However, none of these compounds were found to be “hits,” based on our requirements (>90% 

inhibition of ligand binding at concentration 10 μM) (Supplemental Table S4).  Thus, although 

oxime side groups may contribute important interactions in the JNK binding site, the tetracyclic 

nucleus appears to be responsible for proper ligand positioning. 

To investigate the impact of each substructure in a ligand binding, we used molecular 

docking.  The indenoquinoxaline-derived JNK inhibitors and selected inactive compounds were 

subjected to molecular docking into the JNK3 ligand binding site.  We used the structure of this 

kinase because the selected indenoquinoxalines had higher binding affinity for JNK3 compared 

to JNK1/JNK2 (see Table 4 and Supplemental Table S3).  Nevertheless, our pre-docking 

experiments showed that the active compounds were actually docked into the ATP-binding 

pocket, which exhibits a high degree of homology (>98%) among all three JNKs (Yan et al., 

2011).  IQ-12 and IQ-14 were not included in the docking study because their long side chains 

contain many rotatable bonds and hence have high conformational flexibility.  In addition, IQ-1S 

was not docked because the position of Na+ after dissociation in the binding site could not be 

defined unambiguously.  

The best docking poses obtained for active JNK inhibitors (IQ-1 through IQ-4, IQ-7, and 

SP600125) and non-active compounds (IQ-8 through IQ-11, IQ-13, and IQ-15 through IQ-18) 

showed that these molecules were oriented similarly within a narrow cleft in the ligand binding 

site.  As examples, the docking poses of selected active (IQ-1 through IQ-4) and non-active (IQ-

8 through IQ-10 and IQ-18) compounds are shown in Figure 6 and Supplemental Figure S2, 

respectively. The tetracyclic moieties of the molecules were approximately parallel to each other 

and inserted deeply into the cleft.  However, analysis of H-bond energies formed by the docked 

molecules of both active and inactive compounds (Table 5) indicated that the potent JNK 
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inhibitors had much stronger H-bonding interactions with JNK3 than the inactive 

indenoquinoxalines.  Indeed, for the eight active compounds, including known JNK inhibitor 

SP600125, we calculated an average value of 4.83±1.84 kcal/mol, while an average value of 

1.59±1.18 kcal/mol was obtained for H-bond energies with the nine inactive compounds 

(mean±S.D.).  

Comparison of the docking pose of the most active JNK inhibitor (IQ-3) to the docking 

poses of SP600125, inactive indenoquinoxaline IQ-18 (Figure 7), and the published coordinates 

of ATP [(Xie et al., 2008); PDB entry code 1JNK] showed that the oxime moiety of IQ-3 is 

positioned in a similar orientation as that of the ATP purine base, anchored deep in the ATP-

binding site among Ile70, Gy71, Ser72, Gly73, Gln75, Val78, Lys93, Leu148, Met149, Asp150, 

Ala151, Asn152, Ser193, Asn194, Ile195, Val196, Leu206, and Asp207 (amino acids within 4 Å 

from the IQ-3 pose are given).  Furthermore, Lineweaver-Burk analysis demonstrated that IQ-3 

was indeed a competitive inhibitor for the ATP binding site of JNK3 (Supplemental Figure S3).  

Overall, compounds IQ-3 and SP600125 seem to bind similarly to JNK3, and their R groups 

(acylhydrazone and carbonyl) coincide in the overlaid poses (Figure 7A).  IQ-3 is anchored 

within the binding site due to the formation of H-bonds of the NH2 group in the Asn152 side 

chain with both nitrogen and oxygen atoms in the ligand oxime tail (Table 5 and Figure 7A).  

Energies of these bonds were 2.33 and 0.75 kcal/mol, respectively.  A relatively weak H-bond 

(1.39 kcal/mol) was also formed between the protonated nitrogen in the heterocyclic moiety of 

IQ-3 and the carbonyl side group of Gln155 (Figure 7A).  Note that the tetracyclic fragment of 

IQ-3 adopts an opposite orientation when compared to the docking pose of inactive IQ-18 

(Figure 7B), while planes of these tetracyclic moieties almost coincide within the binding site.  

According to our docking study, inactive ketone IQ-18 forms a relatively weak H-bond (1.56 

kcal/mol) with Met149.   
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Most indenoquinoxalines with high JNK-binding affinity were H-bonded with Asn152, 

Gln155, or Met149 (Table 5), and these interactions involved participation of atoms in the oxime 

or (acetyl)hydrazone substituents of the active indenoquinoxalines investigated. Inactive 

compounds did not form H-bonds with JNK3 (IQ-16 and IQ-17) or formed H-bonds with other 

residues of the kinase.  For example, some inactive indenoquinoxalines were H-bonded with 

Gln155 or Met149 through their heterocyclic moiety (IQ-9 and IQ-18) or formed weak H-bonds 

with Asn152 (IQ-10). 

Thus, molecular docking suggests that H-bonding interactions with participation of 

(substituted) oxime and (acetyl)hydrazone groups play an important role for JNK3 kinase 

inhibitory activity of compounds with an indenoquinoxaline scaffold.  The high inhibitory 

activity of these compounds could be modulated by H-bonding interactions with key residues 

Asn152, Gln155, or Met149 when a ligand is anchored to JNK3.  It should be noted that Asn152 

and Gln155 are not conserved in other MAPKs, and hence this difference may contribute to the 

selectivity of our inhibitors for JNKs over other kinases. 

 

Pharmacokinetic Analysis of IQ-1S and Effect on OVA-Specific CD4+ T-Cell Immunity 

The stability of IQ-1S in mouse serum (ex vivo) and pharmacokinetic analysis were 

evaluated by HPLC.  HPLC analysis of IQ-1S-spiked serum samples ex vivo showed that IQ-1S 

eluted with a retention time (Rt) of 8.52 min (Supplemental Figure S4A).  Although control 

serum had a background peak at Rt=3.5 min, this peak was not close to that of IQ-1S, allowing 

us to monitored serum concentrations without background interference (Supplemental Figure 

S4A).  Ex vivo analysis of IQ-1S showed that it was quite stable in mouse serum, with >99% of 

the parent compound still present after the 10 hr incubation period at 25oC (monitored by HPLC 

at 1, 2, 3, 4, 5, and 10 hrs) (data not shown).  Following i.p. administration of IQ-1S, a rapid rise 
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in the serum concentration of IQ-1S was observed, peaking at ~5 min (Supplemental Figure 

S4B).  When mice were dosed i.p. with 12.5 and 30 mg/kg of IQ-1S, the serum exposure of the 

compound was also good, with AUC0-12h values of 2.9 and 7.4 μM×hr, respectively.  Based on 

these data, the IC50 and Kd values for in vitro activity of IQ-1S (Tables 1, 2, and 4), and the 

published doses used for in vivo multiple-dose application of SP600125 [25-30 mg/kg, daily 

(Han et al., 2001;Zoukhri et al., 2006)], we split the total daily dose for SP600125 and IQ-1S 

into two doses of 12.5 mg/kg. Indeed, splitting the total daily dose has been reported to be more 

effective than the same dose given once daily (Albert et al., 2006). 

JNK signaling pathways play an important role in T-cell activation and cell proliferation 

during inflammatory responses (Sabapathy et al., 1999;Bennett et al., 2001;Chialda et al., 

2005;Melino et al., 2008).  For example, JNK inhibitor SP600125 has been reported to inhibit 

activation and differentiation of primary human CD4+ T cell cultures (Bennett et al., 2001), 

inhibit paw swelling in a mouse model of collagen induced adjuvant arthritis (Gaillard et al., 

2005), and attenuate lung inflammation in an OVA-induced murine asthma model (Chialda et al., 

2005). Thus, to evaluate the in vivo anti-inflammatory effect of our novel JNK inhibitors, we 

used a model of OVA-specific adoptive immunity.  DO11.10 CD4+ T cells were sorted and 

adoptively transferred to BALB/c mice, which were then challenged with OVA and subsequently 

treated with JNK inhibitors or vehicle.  Measurement of the DTH response revealed a significant 

suppression of OVA-induced ear swelling by SP600125 and IQ-1S relative to vehicle treated 

mice (Figure 8). Thus, these data demonstrate the immunosuppressive properties of the IQ-1S. 
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Discussion 

The JNKs were isolated and characterized as stress-activated protein kinases on the basis 

of their activation in response to inhibition of protein synthesis (Johnson and Lapadat, 2002).  

Three distinct genes encoding JNK1, JNK2, and JNK3 have been identified, and at least 10 

different splice variants exist in mammalian cells (Gupta et al., 2010).  JNK1 and JNK2 are 

widely expressed in a variety of tissues, whereas JNK3 is selectively expressed in the brain and 

to a lesser extent in the heart and testis [reviewed in (Bogoyevitch et al., 2004)].  JNKs play a 

critical role in a wide range of diseases including apoptosis-related disorders (trauma, stroke, 

renal ischemia, neurodegenerative diseases) and inflammatory disorders (multiple sclerosis, 

rheumatoid arthritis, inflammatory bowel diseases) [reviewed in (Bogoyevitch et al., 2004;Zhang 

and Zhang, 2005)].  Studies of murine embryo fibroblasts demonstrate that loss of JNK causes 

major defects in cellular proliferation (Tournier et al., 2000).  Moreover, dysregulated JNK may 

contribute to tumor development (Davis, 2000;Das et al., 2011).  These observations, together 

with pharmacological studies using specific JNK inhibitors, indicate that JNKs are a key MAPK 

involved in the inflammatory response, neurodegenerative processes, and tumor growth.  Thus, a 

large number of studies strongly support the notion that JNK inhibitors could serve as anti-

inflammatory, anti-apoptotic drugs and might be developed as therapeutics [reviewed in 

(Bogoyevitch et al., 2004;Bogoyevitch et al., 2010)].  

Because of the numerous potential clinical applications for JNK, many small molecule 

inhibitors have been described over the past three years, including piperazine amides (Shin et al., 

2009), aminopyrazoles (Kamenecka et al., 2009), 1-aryl-3,4-dihydroisoquinolines (Christopher 

et al., 2009), quinazolines (He et al., 2011), and aminopurines (Plantevin Krenitsky et al., 2012).  

Here we report the identification of a novel series of oxime indenoquinoxalines that are relatively 

potent and highly specific JNK inhibitors.  Cell-based assays, together with kinase profiling led 
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to the identification of five indenoquinoxalines (IQ-1 through IQ-4 and IQ-1S) with nanomolar 

JNK3 binding affinity and inhibitory activity for production of pro-inflammatory mediators in 

monocytes/macrophages and PBMCs.  Indeed, binding experiments showed that these 

compounds had much higher affinity for JNK3 compared to JNK1/JNK2, CK1δ, PI3Kγ, and 

MKNK2.  IQ-1S was also tested in vivo and was found to inhibit OVA-induced CD4+ T-cell 

immune inflammation.  Thus, these results suggest that the  oxime indenoquinoxalines identified 

here exhibit the requirements of “lead-compounds”, including the ability to cross biological 

membranes, lack of cytotoxicity, high degree of target specificity, and activity in in vitro cell-

based systems and in vivo. 

The indeno[1,2-b]quinoxaline nucleus has an extremely flat aromatic ring structure with a 

maximum deviation of 0.039 Å (Ghalib et al., 2010).  Previously, the tri- and tetra-cyclic planar 

fragments have also been reported as kinase inhibitor scaffolds for Aurora A kinase (Warner et 

al., 2006) and JNK (Bennett et al., 2001).  In general, flat ring structures have been identified as 

kinase-specific privileged structures, i.e., compounds containing these fragments are enriched for 

kinase targets, as compared to other target classes (Posy et al., 2011).  In our additional 

screening, we found that compound 2 (2,3,8,9,10,11-

hexahydro[1]benzothieno[2',3':4,5]pyrimido[1,2-a]azepine-4,13(1H,7H)-dione 4-(O-

acetyloxime) had moderate binding activity for JNK1 and JNK3 and high binding activity for 

MKNK2.  This compound has a planar nucleus, which is similar to tricyclic substructure of the 

11H-indeno[1,2-b]quinoxaline tetracyclic moiety.  Thus, other oximes with planar tri- or tetra- 

cyclic nuclei could be initial scaffolds for screening of additional kinase inhibitors.  

Although the selected indenoquinoxalines exhibit similarity with JNK inhibitor 

SP600125 in the planarity of the core structure, they contain some unique features that can be 

exploited.  From SAR analysis, we determined that the flexible side moiety R is critical for 
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biological activity and binding affinity of the indenoquinoxalines.  Likewise, molecular docking 

results are in agreement with this observation and showed that polar atoms of the R substituent 

form H-bonds with JNK3 and that the indenoquinoxaline-derived JNK inhibitors were H-bonded 

mainly with Asn152, Gln155, or Met149 residues of JNK3. 

From the kinase inhibition profile, we found that JNKs and CK1δ are the main kinase 

targets of IQ-3, although binding affinity for JNK3 was about 10-fold higher than for CK1δ.  

During recent years, several studies have highlighted the importance of JNK3 and CK1 isoforms 

in neurodegenerative diseases [reviewed in (Resnick and Fennell, 2004;Perez et al., 2011;Mehan 

et al., 2011)].  Thus, the dual JNK3/CK1δ inhibitory activity of indenoquinoxaline derivatives 

could be useful for application in treatment diseases such as Alzheimer’s disease, where these 

kinases are implicated in different pathological pathways. 

Several compounds with related indeno[1,2-b]quinoline and indolo[2,3-b]quinoxaline 

nuclei have been reported as inhibitors of topoisomerases I and II (Deady et al., 1997;Deady et 

al., 1999;Chen et al., 2000) and as cytotoxic compounds (Shibinskaya et al., 2010).  However, 

the main effect of topoisomerase inhibitors is cytotoxicity, which was not found with our 

compounds and likely rules out topoisomerase inhibitory activity for these oxime quinoxalines.  

On the other hand, several related 11H-indeno[1,2-b]quinolin-11-one, 11H-indeno[1,2-

b]quinoxaline, and 6H-indolo[2,3-b]quinoxaline derivatives have been reported to exhibit anti-

inflammatory properties (Chojnacka-Wójcik and Naparzewska, 1983;Bala et al., 1986;Bala et 

al., 1983;Harbecke et al., 1999;Rajasekaran, 2007;Westman et al., 2008;Hultqvist et al., 2010), 

although the mechanism of the action was not determined.  Our findings suggest the possibility 

that the anti-inflammatory effects reported for these derivatives may be due, in part, to inhibition 

of JNK activity.  Clearly, further work is important to evaluate the JNK inhibitory activity of 

other analogs with anti-inflammatory properties, including Rabeximod and B-220.  
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In summary, we have identified a new class of kinase inhibitors, oxime derivatives of 

11H-indeno[1,2-b]quinoxalines, that are potent and relatively specific JNK inhibitors. 

Indenoquinoxalines and other oxime derivatives represent new chemical tools that may be useful 

in further development of JNK inhibitors that could find application in disease models of 

inflammation and neurodegenerative diseases. Because of their potency and high specificity, 

these compounds represent important leads for the development of novel, potent and selective 

JNK inhibitors. 
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Figure Legends 

Figure 1. Structure of and activity of IQ-1 (11H-indeno[1,2-b]quinoxalin-11-one oxime).  

THP1-Blue monocytes (2 x 105 cells/well) were pretreated with the indicated concentrations of 

IQ-1 or DMSO for 30 min, followed by addition of 200 ng/ml LPS or buffer for 24 h. Secreted 

alkaline phosphatase activity was analyzed spectrophotometrically in the cell supernatant (�, left 

axis).  Cell viability was measured using the CellTiter-Glo Luminescent Cell Viability Assay Kit, 

and the results are expressed as % of DMSO control (�, right axis). The data are presented as the 

mean ±S.D. of triplicate samples from one experiment that is representative of three independent 

experiments. 

 

Figure 2. Effect of the IQ-1 on human PBMC cytokine production.  PBMCs were pretreated 

with 20 μM of IQ-1 or DMSO for 30 min, followed by addition of 200 ng/ml LPS or buffer for 

24 h. Production of cytokines in the supernatants was evaluated using a semiquantity 

MultiAnalyte ELISArray kit.  The relative level of cytokine production is shown as fold increase 

over background (DMSO control).  The data are presented as the mean ±S.E.M. of duplicate 

samples from one experiment that is representative of two independent experiments.  

 

Figure 3. Effect of the IQ-1 and IQ-3 on TNF-α production by human PBMCs.  PBMCs were 

pretreated with the indicated compounds or DMSO for 30 min, followed by addition of 200 

ng/ml LPS or buffer for 24 h.  Production of TNF-α in the supernatants was evaluated by ELISA.  

The data are presented as the mean ±S.D. of triplicate samples from one experiment that is 

representative of three independent experiments. 
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Figure 4. Kinase profile of indenoquinoxaline IQ-3.  Kinases marked with an asterisk (*) were 

evaluated using Luceome Biotechnologies.  The other kinases were evaluated using the 

KINOMEscan platform, as described under Materials and Methods.  Shown is the % inhibition 

of binding to an active-site directed ligand for each of the indicated kinases after treatment with 

10 µM IQ-3. 

 

Figure 5. Pharmacological inhibition of c-Jun (S63) phosphorylation by selected 

indenoquinoxalines.  Human MonoMac-6 monocytic cells were pretreated with 25 μM of IQ-1 

through IQ-4, IQ-1S, SP600125, IQ-18 or DMSO vehicle (Panel A) or the indicated 

concentrations of IQ-1 and IQ-3 (Panel B) for 30 min, followed by treatment with LPS (200 

ng/ml) or vehicle for another 30 min.  The cells were lyses, and the lysates were analyzed by 

Western blotting as described (Panel A).  GAPDH was used as the loading control for the 

lysates.  The blots were analyzed by densitometry, and the ratio of phospho-c-Jun/total c-Jun is 

shown in (Panel B) for IQ-1 and IQ-3.  Representative blot and densitometric analysis from 3 

independent experiments.  

 

Figure 6. Molecular modeling of active inhibitors in the JNK3 binding site.  Panel A. Binding 

poses for active inhibitors IQ-1 (blue), IQ-2 (white), IQ-3 (magenta), and IQ-4 (dark-brown) are 

shown.  The binding site region is shown by surface color according to electrostatic properties 

(red or blue – positively or negatively charged areas, respectively).  Panel B shows the same 

image viewed from the side with the left half of the binding cleft removed for ease of viewing 

the orientation of the compounds within the cleft. 
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Figure 7. Modeling H-bond interactions of active and non-active compounds in the JNK3 

binding site.  Panel A.  Overlaid docking poses of IQ-3 (magenta) and non-active compound 

IQ-18 (red).  Panel B. Overlaid docking poses of IQ-3 (magenta) and known JNK inhibitor 

SP600125 (green). H-bonds are shown in green. Hydrogen atoms are removed for simplicity. 

 

Figure 8. JNK inhibitors suppress OVA-specific DTH response.  Sorted DO11.10 CD4+ T-cells 

were adoptively transferred into BALB/c mice (10-13 mice per group).  One day later, the 

recipients were challenged with 100 µg OVA, and the mice were treated (i.p.) every 12 hr with 

12.5 mg/kg inhibitor or vehicle control for a total of 5 injections.  On day 5, the DTH test was 

performed as described under Material and Methods, and 24 hrs later ear thickness was 

measured (mean change in ear thickness for each animal is shown).  Mann-Whitney U test was 

used for statistical analysis of DTH response. *p<0.05 indicates statistically significant 

difference in ear thickness between treatment groups. 
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Table 1. Effect of indenoquinoxaline derivatives on LPS-induced NF-κB/AP-1 transcriptional 

activity and cytotoxicity in human THP-1Blue monocytic cellsa 

N

N

R  

IQ# R 
NF-κB/ 
AP-1 Toxicity 

IQ# R 
NF-κB/ 
AP-1 Toxicity 

IC50 (μM) IC50 (μM) 

1S =N-ONa 1.8 ± 0.3 N.T. 10 
NH

N
CH3

O

 
3.6 ± 0.72 N.T. 

2 
 O

N
CH3

O

 
0.90 ± 0.21 N.T. 11 NH

N

O

F

F

F  

N.A. N.T. 

3 O
N

O

O  
1.4 ± 0.42 N.T. 12 

CH3NH
N

O

5

 
N.A. N.T. 

4 
 

O
N

O

 
0.92 ± 0.33 N.T. 13 NH

N

O

O
Br

 

N.A. N.T. 

5 
ON

O

O

CH3

 
6.7 ± 1.4 N.T. 14 

NH

N O

NH

O

S

 

N.A. N.T. 

6 ON

O

O

O CH3

CH3

 
4.9 ± 1.1 N.T. 15 N

NH

O

Cl

 
N.A. N.T. 

7 NH2

N

 3.7 ± 0.72 N.T. 16 NH
N

 
N.A. N.T. 

8 
NH

N
NH2

O

 
2.3 ± 0.54 N.T. 17 

N

 
N.A. N.T. 

9 
NH

N
NH2

S

 
3.1 ± 0.60 N.T. 18 O  N.A. N.T. 

aTHP-1Blue monocytic cells were treated with the indicated compounds, activated with 200 ng/ml LPS, 
and secreted alkaline phosphatase reporter activity was monitored.  N.A., no inhibition of reporter 
activity at concentrations <40 μM.  N.T., non-toxic at concentrations <40 μM. 
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Table 2. Effect of selected indenoquinoxalines on LPS-induced production of TNF-α, IL-6, and 

NO by PBMCs, MonoMac-6 cells, and J774.A1 cells and evaluation of cytotoxicitya 

IQ# 
Human MonoMac-6 cells Human PBMCs Murine J774.A1 

TNF-α IL-6 Toxicity TNF-α IL-6 Toxicity NO Toxicity 
IC50 (μM) 

1 1.3 ± 0.31 3.8 ± 0.78 N.T. 2.6 ± 0.63 5.6 ± 1.1 N.T. 3.1± 0.87 N.T. 
1S 0.25 ± 0.11 0.61 ± 0.15 N.T. 2.0 ± 0.27 7.1 ± 2.6 N.T. 12.5 ± 4.4 N.T. 
2 1.2 ± 0.19 1.6 ± 0.33 N.T. 3.7 ± 0.78 5.1 ± 1.2 N.T. 4.7 ± 1.2 N.T. 
3 2.2 ± 0.36 1.5 ± 0.41 N.T. 4.7 ± 1.2 9.1 ± 1.9 N.T. 6.4 ± 2.1 N.T. 
4 2.0 ± 0.32 3.1 ± 0.47 N.T. 4.9 ± 1.1 10.3± 2.1 N.T. 9.4 ± 2.6 N.T. 
5 1.2 ± 0.21 2.4 ± 0.42 N.T. 10.2 ± 2.4 N.A. N.T. N.A. N.T. 
6 0.32 ± 0.12 1.7 ± 0.37 N.T. N.A. N.A. N.T. N.A. N.T. 
7 5.6 ± 1.1 8.5 ± 0.93 N.T. 8.5 ± 1.7 19.7± 4.2 N.T. N.A. N.T. 
8 4.2 ± 0.88 3.5 ± 0.80 N.T. 3.4 ± 0.72 5.1 ± 1.2 N.T. N.A. 26.2± 4.3 

9 6.2 ± 1.4 7.9 ± 1.66 N.T. 2.8 ± 0.55 N.A. 16.1 ± 3.1 N.A. N.T. 
10 12.6 ± 2.6 N.A. N.T. 6.2 ± 1.3 N.A. N.T. N.A. N.T. 
13 N.A. N.A. N.T. N.A. N.A. N.T. N.A. N.T. 
15 N.A. N.A. N.T. N.A. N.A. N.T. N.A. N.T. 
18 N.A. N.A. N.T. N.A. N.A. N.T. N.A. N.T. 

aCells were treated with test compounds and activated with 200 ng/ml of LPS. N.A., no inhibition at 
concentrations <40 μM.  N.T., non-toxic at concentrations <40 μM; the indicated values for cell 
toxicity are expressed as IC50 for reduction in cell viability.  
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Table 3. Effect of selected kinase inhibitors on LPS-induced TNF-α production in MonoMac-6 

cells and human PBMCsa 

Inhibitor Target 
Kinase 

MonoMac-6 PBMCs 
IC50 (μM) 

PF670462 CK1ε/CK1δ 2.8 ± 0.89 2.4 ± 0.78 
AS252424 PI3Kγ No effect No effect 
AS605240 PI3Kγ No effect No effect 

TCSPIM-1 1 PIM-1 No effect No effect 
SP600125 JNKs 6.3 ± 2.6 5.7 ± 2.1 

aCells were treated with indicated inhibitors, activated with 200 ng/ml LPS, and TNF-α 
production was monitored. 
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Table 4. Binding affinity of the most active indenoquinoxaline derivatives and JNK inhibitor 

SP600125 toward selected kinases 

Compound JNK1 JNK2 JNK3 CK1δ PI3Kγ MKNK2 
Kd (μM)a 

IQ-1 0.24 0.36 0.10 0.38 0.47 0.92 
IQ-1S 0.39 0.36 0.087 1.4 1.2 1.8 
IQ-2 0.33 0.48 0.09 0.66 0.58 1.2 
IQ-3 0.24 0.29 0.066 0.56 0.43 1.2 
IQ-4 0.44 0.58 0.12 0.66 0.76 1.8 
IQ-6 0.27 0.28 0.064 5.7 12.0 40.0 

SP600125b 0.10 0.084 0.022 - - 1.0 
aKd values were determined by KINOMEscan. b Kd for SP600125, determined on same 
platform, was previously published (Fabian et al., 2005). 
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Table 5. H-bonding centers in JNK3 and docked molecules and energies of H-bonds between the 
indicated centers for the best predicted docking poses. 

  

 IQ# Number of 
H-bonds 

Ligand (type of H-bonding 
center) 

JNK3 Residues (type of H-bonding 
center) 

Energy
(kcal/mol

A
ct

iv
e 

  C
o

m
p

o
u

n
d

s 

1 2 
Oxime nitrogen (Aa) NH2 group of Asn152 side chain (D) 1.11 

Oxime OH (D) Backbone C=O of Ile70 (A) 3.52 
2 1 Protonated C=O in acetyl (D) C=O of Asn194 side chain (A) 3.88 

3 2 
NH in protonated heterocycle (D) C=O of Gln155 side chain (A) 1.39 
Oxime nitrogen and oxygen (A) NH2 group of Asn152 side chain (D) 3.08 

4 1 Oxime oxygen (A) NH2 group of Asn152 side chain (D) 1.13 

5 3 

Oxime nitrogen and oxygen (A) 
Protonated amino group of Lys93 

side chain (D) 4.70 

NH in protonated heterocycle (D) OH of Ser193 (A) 1.82 

Methoxy oxygen (A) 
Amino group of Asn152 side chain 

(D) 0.49 

6 2 
Protonated C=O of acyloxime (D) C=O of Gln155side chain (A) 5.87 
NH in protonated heterocycle (D) Backbone C=O of Ile70 (A) 0.69 

7 2 
Terminal NH2 group (D) C=O of Gln155 side chain (A) 5.68 

NH in protonated heterocycle (D) Backbone C=O of Ile70 (A) 0.25 

In
ac

ti
ve

   
C

o
m

p
o

u
n

d
s 

8 2 
Protonated C=O group (D) C=O of Asn194 side chain (A) 0.26 

Two nitrogen atoms of hydrazone 
moiety (A) 

Protonated amino group of Lys93 
side chain (D) 0.74 

9 2 
Terminal NH2 group (D) Backbone C=O of Gly76 (A) 1.10 

NH in protonated heterocycle (D) C=O of Gln155 side chain (A) 1.53 

10 2 
C=O group and imine nitrogen of 

hydrazone moiety (A) 
NH2 group of Asn152 side chain (D) 0.37 

NH in hydrazone moiety (D) Backbone C=O of Ser72 (A) 0.50 

11 2 
C=O group and NH in hydrazone 

moiety (A) 
Protonated amino group of Lys93 

side chain (D) 2.55 

NH in protonated heterocycle (D) Backbone C=O of Ser72 (acceptor) 0.21 

13 1 Furan oxygen (A) 
Protonated NH2 group of Lys93 side 

chain (D 2.49 

15 2 
C=O group (A) 

Protonated NH2 group of Lys93 side 
chain (D) 2.33 

NH in protonated heterocycle (D) Backbone C=O of Ile70 (A) 0.70 
16 0 - - - 
17 0 - - - 
18 1 Protonated C=O (D) Backbone C=O of Met149 (A) 1.56 

aDonor and acceptor types of H-bonding centers are abbreviated as D and A, respectively. 
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Supplemental Table S1. Structures of Inactive Indenoquinoxaline 
Derivatives 

N

N
R2

R1

R3

1 2

3

 
 

IQ# R1 R2 R3 IQ# R1 R2 R3 
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CH3 H 23 O  H 3-CH3 

20 
N

 
CH3 H 24 O  H 2,3-di-CH3 

21 
O

CH3

O
CH3

 
CH3 H 
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26 O  H 3-Br 

22 O  H 1,3-di-Cl 27 O  -OCH3 H 

THP-1Blue monocytic cells were treated with the indicated compounds, activated with 
200 ng/ml LPS, and secreted alkaline phosphatase reporter activity was monitored. 
 
 
 
 
Supplemental Table S2. Binding Activity of the CK1ε/CK1δ Inhibitor 
PF670462 with Selected Kinases 
 

Concentration of 
PF670462a 

JNK1 JNK2 JNK3 CK1δ PI3Kγ MKNK2 
Inhibition of Binding (%)a 

1 μM 91.3 99.8 99.8 99.75 56 10 
10 μM 99.9 100 100 99.85 61 26 

aPF670462 was tested against the indicated kinases using KINOMEscan (DiscoveRx, 
San Diego, CA). 

 
 
 

 
 
 
 
  



Supplemental Table S3. Binding Activity of Indenoquinoxaline 
Derivatives With Selected Kinases 
 

IQ# JNK1 JNK2 JNK3 CK1δ PI3Kγ MKNK2 
Inhibition of Binding (% of control)a 

1 83 73 63 78 67 45 
1S 86 74 96 35 45 29 
2 83 78 94 64 67 52 
3 86 78 98 72 77 42 
4 75 65 41 65 64 28 
5 46 19 41 8 0 10 
6 62 79 90 27 25 16 
7 59 51 68 94 44 95 
8 0 6 0 2 1 2 
9 0 0 0 5 0 20 
10 0 2 0 0 0 5 
11 0 2 0 11 0 31 
12 0 9 0 3 0 18 
13 8 13 0 9 4 7 
14 16 14 0 11 0 21 
15 15 14 0 0 0 10 
16 0 20 0 39 0 0 
17 0 9 0 30 0 22 
18 0 0 0 24 0 0 

aCompounds were tested at a concentration of 1 μM. The data are expressed as the 
ability of a compound to inhibit kinase binding to the immobilized ligand relative to 
DMSO control.  Binding activity of the compounds was tested using KINOMEscan 
(DiscoveRx, San Diego, CA). 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
  



Supplemental Table S4. Structure and Binding Activity of Selected 
Oxime and Hydrazone Derivatives With Selected Kinases 
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Compound Concentration JNK1 JNK2 JNK3 CK1δ PI3Kγ MKNK2 
Inhibition of Binding (% of control)a  

1 1 μM 30 0 12 0 0 2 
10 μM 64 0 32 0 0 4 

2 1 μM 25  16 11 0 70 
10 μM 67 8 52 32 0 97 

3 1 μM 16 0 6 10 0 5 
10 μM 0 0 0 0 0 0 

4 1 μM 16 5 16 12 0 19 
10 μM 20 0 13 12 0 11 

5 1 μM 0 0 0 0 0 0 
10 μM 30 0 0 8 6 13 

6 1 μM 0 0 0 0 0 0 
10 μM 7 0 0 1 0 1 

7 1 μM 0 0 0 0 0 0 
10 μM 8 0 0 28 25 0 

8 1 μM 0 2 0 0 0 2 
10 μM 11 3 6 12 0 0 

9 1 μM 6 0 0 1 0 0 
10 μM 55 20 27 18 22 9 

10 1 μM 0 0 0 0 0 0 
10 μM 13 0 0 0 0 2 

aThe data are expressed as the ability of a compound to inhibit kinase binding to the 
immobilized ligand relative to DMSO control.  Binding activity of the compounds was 
tested using KINOMEscan (DiscoveRx, San Diego, CA).  



Supplemental Table S4. Structure and Binding Activity of Selected 
Oxime and Hydrazone Derivatives With Selected Kinases 
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Compound Concentration JNK1 JNK2 JNK3 CK1δ PI3Kγ MKNK2 
Inhibition of Binding (% of control)a  

1 1 μM 30 0 12 0 0 2 
10 μM 64 0 32 0 0 4 

2 1 μM 25  16 11 0 70 
10 μM 67 8 52 32 0 97 

3 1 μM 16 0 6 10 0 5 
10 μM 0 0 0 0 0 0 

4 1 μM 16 5 16 12 0 19 
10 μM 20 0 13 12 0 11 

5 1 μM 0 0 0 0 0 0 
10 μM 30 0 0 8 6 13 

6 1 μM 0 0 0 0 0 0 
10 μM 7 0 0 1 0 1 

7 1 μM 0 0 0 0 0 0 
10 μM 8 0 0 28 25 0 

8 1 μM 0 2 0 0 0 2 
10 μM 11 3 6 12 0 0 

9 1 μM 6 0 0 1 0 0 
10 μM 55 20 27 18 22 9 

10 1 μM 0 0 0 0 0 0 
10 μM 13 0 0 0 0 2 

aThe data are expressed as the ability of a compound to inhibit kinase binding to the 
immobilized ligand relative to DMSO control.  Binding activity of the compounds was 
tested using KINOMEscan (DiscoveRx, San Diego, CA).  
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Biological activity of the compounds was tested in THP-1Blue transfected cells,
as described under Table 1.  For reference, Lipinski's limit of £5 is indicated.

Supplemental Figure S1. Distribution of LogP
Values for Active and Inactive Compounds



Supplemental Figure S2. Molecular Modeling of Non-active 
Analogs in the JNK3 Binding Site   

A 

B 

Panel A. Binding poses for non-active compounds IQ-8 (violet), IQ-9 (green), IQ-10 (blue) 
and IQ-18 (red) are shown.  The binding site region is shown by surface color according to 
electrostatic properties (red or blue – positively or negatively charged areas, respectively).  
Panel B shows the same image viewed from the side with the left half of the binding cleft 
removed for ease of viewing the orientation of the compounds within the cleft. 
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Initial rates of the reaction were determined at various concentrations of
ATP as described under Materials and Methods in the presence of IQ-3
at the indicated concentrations.

Supplemental Figure S3. Lineweaver-Burk Analysis
Demonstrating Competitive ATP Inhibition of JNK3-

dependent ATF2 Phosphorylation by IQ-3



Supplemental Figure S4. HPLC Analysis of IQ-1S 

in Mouse Serum.  
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Panel A. HPLC chromatogram of mouse serum spiked with IQ-1S (10 μM, 45 μL injected).  

HPLC analysis was performed as described under Materials and Methods, and column elution 

was monitored at 290 nm.  The background peak at Rt=3.5 min was present in control mouse 

serum.  Analysis of the spectrum of the peak at Rt=8.52 using our diode array detector showed 

that this peak had the same spectrum as authentic IQ-1S in 40% acetonitrile (data not shown), 

confirming its identity.  The spectrum of the peak at Rt=3.5 min was unrelated to the spectrum 

of authentic IQ-1S.   The spectrum corresponds to the IQ-1S spectrum in 40% acetonitrile 

(data not shown).  Panel B.  Serum concentration of IQ-1S after single i.p. dose at 30 mg/kg.  

Serum was collected from treated mice at the indicated time points after treatment with IQ-1S.  

Points, mean from two mice. 
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