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Behavioral/Systems/Cognitive

Specific Inhibition of IkB Kinase Reduces Hyperalgesia in
Inflammatory and Neuropathic Pain Models in Rats

Irmgard Tegeder,"* Ellen Niederberger,'* Ronald Schmidt,' Susanne Kunz,' Hans Giihring, Olaf Ritzeler,

Martin Michaelis,? and Gerd Geisslinger!

Ipharmazentrum frankfurt, Institut fiir Klinische Pharmakologie, Klinikum der Johann Wolfgang Goethe-Universitit Frankfurt, 60590 Frankfurt, Germany,
and ?Aventis Pharma Deutschland, 65929 Frankfurt am Main, Germany

Phosphorylation of IkB through IkB kinase (IKK) is the first step in nuclear factor kB (NF-kB) activation and upregulation of NF-«B-
responsive genes. Hence, inhibition of IKK activity may be expected to prevent injury-, infection-, or stress-induced upregulation of
various proinflammatory genes and may thereby reduce hyperalgesia and inflammation. In the present study, we tested this hypothesis
using a specific and potent IKK inhibitor (§1627). In an IKK assay, S1627 inhibited IKK activity with an IC;, value 0£ 10.0 = 1.2 nm. In cell
culture experiments, 1627 inhibited interleukin (IL)-13-stimulated nuclear translocation and DNA-binding of NF-«B. Plasma concen-
tration time courses after intraperitoneal injection revealed a short half-life of 2.8 hr in rats. Repeated intraperitoneal injections were,
therefore, chosen as the dosing regimen. S1627 reversed thermal and mechanical hyperalgesia at 3X 30 mg/kg in the zymosan-induced
paw inflammation model and reduced the inflammatory paw edema at 3X 40 mg/kg. S1627 also significantly reduced tactile and cold
allodynia in the chronic constriction injury model of neuropathic pain at 30 mg/kg once daily. The drug had no effect on acute inflam-
matory nociception in the formalin test and did not affect responses to heat and tactile stimuli in naive animals. As hypothesized, S1627
prevented the zymosan-induced nuclear translocation of NF-«B in the spinal cord and the upregulation of NF-«B-responsive genes
including cyclooxygenase-2, tumor necrosis factor-«, and IL-13. Our data indicate that IKK may prove an interesting novel drug target

in the treatment of pathological pain and inflammation.
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Introduction

Because glucocorticoids were found to mediate at least part of
their anti-inflammatory effects through inhibition of nuclear fac-
tor kB (NF-«kB) (Auphan et al., 1995), this transcription factor
has emerged as a most interesting pharmaceutical target because
a dysregulation of NF-«kB seems to be involved in various patho-
logical processes, particularly chronic inflammation (Kopp and
Ghosh, 1994; Marok et al., 1996; Neurath et al., 1996; Tak et al.,
2001; Tegeder et al., 2001), neurodegeneration (Grilli et al., 1996;
Aubin et al., 1998; Kaltschmidt et al., 1999), atherosclerosis
(Brand et al., 1996), and cancer (Wang et al., 1996; Sovak et al.,
1997; Rayet and Gelinas, 1999; Wang et al., 1999; Karin et al.,
2002). In most unstimulated cells, NF-kB is retained in a latent
form in the cytoplasm by binding to any of several IkB inhibitor
proteins. [kBa, which is the best studied IkB protein, is phos-
phorylated at two N-terminal serine residues on exposure of the
cell to various inflammatory or other stress stimuli (DiDonato et
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al., 1996). This phosphorylation is crucial for the subsequent
ubiquitination and proteolytic degradation of IkBa in the 26S
proteasome (Gao et al., 2000). The degradation of IkB unmasks
the nuclear localization sequence of NF-«kB, thus allowing its
translocation into the nucleus (Lin et al., 1995) and binding to
DNA sites of NF-«kB-responsive genes. NF-«B positively regu-
lates the transcription of numerous genes (Pahl, 1999) including
cytokines [tumor necrosis factor (TNF)-a, interleukin (IL)-1p,
IL-6], chemokines [RANTES (recombinant, human regulated on
activation, normal T-cell expressed and secreted), macrophage
inflammatory protein, IL-8], adhesion factors (intercellular ad-
hesion molecule, vascular cell adhesion molecule), proinflamma-
tory enzymes [inducible nitric oxide synthase, cyclooxygenase-2
(COX-2)], and proteins involved in the control of cell death (Fas,
FasL, inhibitors of apoptosis). The enzymes that catalyze the
ubiquitination of phospho-IkBs are constitutively active (Yaron
etal., 1998). Hence, the only regulated step that dictates the fate of
IkB and NF-«B is, in most cases, the phosphorylation of IkB. This
phosphorylation is performed by an IkB kinase (IKK) complex
(Zandi et al., 1998), which consists of a dimer of two catalytically
active subunits, IKK« (also called IKK1) and IKKB (IKK2) (Di-
Donato et al., 1997; Mercurio et al., 1997), and a varying number
of regulatory IKK+y subunits (Rothwarf et al., 1998). IKK is acti-
vated on inflammatory stimulation through phosphorylation of
the B-subunit (Delhase et al., 1999). Known IKK activators are
NF-kB-inducing kinase and a MAP kinase kinase kinase
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Table 1. Effects of 51627 on various kinases

Tegeder et al. ® Antinociception with IKK Inhibitor

Kinase Percentage inhibition at 20 um $1627 1Csp (jam) of $1627 Reference compound ICso (jum) of reference compound
Casein kinase Il 25 Hypericin 7
(Cdk1 (cyclin-dependent protein kinase) 23 Roscovitine 21
CaMKIl (Ca® " - calmodulin-dependent kinase) 86 14.6 Staurosporine 0.007
Erk-2 (p42 MAPK) 0 Staurosporine 74
p38/3 MAPK " SB-202190 0.034
MEK1 (MAP kinase kinase) 84 18.2 Staurosporine 0.03
Protein kinase A (stimulated) 21 H89 0.23
PKCa 0 Staurosporine 0.037
EGF receptor tyrosine kinase 16 PD 153035 0.005
Abl (nonreceptor tyrosine kinase) 5 Staurosporine 0.04
Src (nonreceptor tyrosine kinase) 103 218 Staurosporine 0.04
ZAP70 (Src family tyrosine kinase) 923 2.43 Staurosporine 0.016

Kinase activity was determined by Cerep (Paris, France). MAPK, MAP kinase; EGF, epidermal growth factor.

(MEKK1) (Nemoto et al., 1998). They are recruited to the IKK
complex via the IKK7y subunit (Yamaoka et al., 1998). After stim-
ulation by these upstream kinases, IKK itself controls its activity
by autophosphorylation that, at a certain level, results in inhibi-
tion of IKK activity and increased sensitivity to phosphatases
(Delhase et al., 1999). This autoregulatory loop allows for an
attenuation of NF-kB activation. A regulatory failure might cause
excessive cytokine production, chronic inflammation, and in-
creased resistance toward apoptotic signals. Interestingly, drugs
that have been used for a long time to treat chronic arthritis, such
as glucocorticoids, gold salts (Yang et al., 1995; Jeon et al., 2000),
and high doses of salicylate, inhibit NF-«B activation (Kopp and
Ghosh, 1994; Ray and Prefontaine, 1994; Auphan et al., 1995;
Scheinman et al., 1995; Yin et al., 1998). These drugs, however,
have potentially serious side effects, thus limiting their clinical
usefulness. The toxicity, however, is probably not related to
NEF-«B inhibition. Hence, given the importance of NF-«B, selec-
tive IKK inhibitors might be interesting anti-inflammatory and
analgesic drugs. This idea is supported by the finding that intra-
articular gene transfer of a dominant-negative IKK@ consider-
ably reduced synovial inflammation in an arthritis model in
Lewis rats (Tak et al., 2001). In the present study, we assessed the
anti-inflammatory and antinociceptive efficacy of a novel selec-
tive and specific IKK inhibitor in various nociceptive models in
rats.

Materials and Methods

IKK assay

The in vitro assay for measuring the inhibitory activity of S1627 against
the IKK complex uses a biotinylated polypeptide spanning both Ser32
and Ser36 of IkBa and a specific antibody that only binds to the phos-
phorylated form of this polypeptide (anti-phospho-serine32 IkBa anti-
body; New England Biolabs, Beverly, MA). The antibody—peptide com-
plex is then detected using ELISA.

The IkBa kinase complex was prepared by diluting 10 ml of HeLa S3
cell extracts S100 fraction with 40 ml of 50 mm HEPES, pH 7.5. Then,
40% ammonium sulfate was added and incubated on ice for 30 min. The
precipitated pellet was redissolved with 5 ml of kinase buffer (50 mm
HEPES, pH 7.5, 1 mm DTT, 0.5 mm EDTA, and 10 mm 2-glycerophos-
phate), clarified by centrifugation at 20,000 X g for 15 min and filtration
through a 0.22 um filter unit. The sample was loaded onto a 320 ml
Superose-6 FPLC column (Amersham Biosciences, Uppsala, Sweden)
equilibrated with kinase buffer operated at a 2 ml/min flow rate at 4°C.
Fractions spanning the 670 kDa molecular weight marker were pooled
for activation. The kinase-containing pool was then activated by incuba-
tion with 100 nm MEKKI1A, 250 um MgATP, 10 mm MgCl,, 5 mm DTT,
10 mm 2-glycerophosphate, and 2.5 um microcystin-LR for 45 min at
37°C. Activated enzyme was stored at —80°C until additional use. Per
well of a 96-well plate, S1627 was preincubated at various concentrations

in 1 ul of DMSO for 30 min at 25°C with 25 ul of activated enzyme
diluted (1:35) with assay buffer (50 mm HEPES, pH 7.5, 5 mm DTT, 10
mm MgCl,, 10 mm 2-glycerophosphate, and 1 um microcystin-LR).
Twenty-five microliters of peptide substrate [biotin-(CH2)6-
DRHDSGLDSMKD-CONH2; 40 um stock solution] was then added to
each well and incubated for 45 min before quenching with 50 ul of PBS,
0.1% BSA, and 20 mm EDTA plus (1:250) anti-phospho-IkBa antibody.
Quenched kinase reaction samples and phospho-peptide-calibration
standards [biotin-(CH2)6- DRHDS[PO3]GLDSMKD-CONH2; serially
diluted in PBS/0.1% BSA] at 80 ul per well were transferred to a Pro-
tein-G plate (Pierce, Rockford, IL) and incubated for 1-2 hr with shak-
ing. After three washes with PBS plus 0.05% Tween 20 and 100 ul of 0.13
pg/ml streptavidin conjugated with HRP diluted with PBS/0.1% BSA
was added for 30 min. After five washes with PBS plus 0.05% Tween 20,
100 ul of TMB substrate (Kirkegaard & Perry Laboratories, Gaithers-
burg, MD) was added, and color development was stopped by adding 100
wl of 0.18 M H,SO,. Absorbance signals were recorded at 450 nm. Cali-
bration curve standards were fitted by linear regression analysis using a
four-parameter dose-response equation.

Other kinase assays

To assess the specificity of S1627, we determined its effects on 12 other
kinases (Table 1) at a concentration of 20 um, which is 2000-fold higher
than the in vitro IC,, value for IKK. For kinases that were inhibited
by >50% at that concentration, we additionally assessed the IC, value.
Kinase assays were performed by Cerep (Paris, France). The source of the
kinase used in the respective assay, substrate, measured product, and
experimental conditions are available at Cerep.

Nuclear extracts

Human umbilical vein endothelial cells were used to assess the effects of
§1627 on NF-kB activation. Cells were cultured in endothelial growth
medium supplemented with 1% penicillin—streptomycin, 2% FCS, hy-
drocortisone, human endothelial growth factor (EGF), human FGF, vas-
cular endothelial growth factor, R3-insulin like growth factor-1, ascorbic
acid, GA-1000, and heparin (Cell Systems/Clonetics). Cells were prein-
cubated for 30 min with S1627 or vehicle and then stimulated for 60 min
with 1 nm IL-18 in the presence or absence of S1627.

For the preparation of nuclear and cytosolic fractions, cell pellets were
resuspended in 1 ml of lysis buffer I (10 mm Tris-HCI, pH 7.4, 10 mm
NaCl, 3 mm MgCl,, 1 mm PMSF, and 2 mm DTT) and incubated for 10
min on ice. After the addition of NP-40 (final concentration, 0.5%), the
solution was vortexed and centrifuged at 400 X g for 5 min. The super-
natant was kept as the cytosolic fraction. The nuclear pellet was washed
with lysis buffer 1. Pellets were then resuspended in 2 volumes of lysis
buffer IT (20 mm HEPES-KOH, pH 7.4, 600 mm KCl, 0.2 mm EDTA, 1 mm
PMSF, and 2 mm DTT) and incubated for 30 min on ice. After centrifu-
gation (10,000 X g for 10 min) 1 volume of lysis buffer III (20 mm
HEPES-KOH, pH 7.4, 0.2 mM EDTA, 0.5 mmM PMSF, and 2 mm DTT) and
glycerol was added to the supernatant to obtain a final glycerol concen-
tration of 20%. Samples were stored at —80°C.
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Preparation of nuclear extracts from lumbar spinal cord was done as
described (An et al., 1993). Briefly, spinal cord tissue (L3-L5) samples
were homogenized quickly in 3 volumes of buffer A (10 mm HEPES, pH
7.9, 1.5 mm MgCl,, 10 mm KCl, 1 mg/mlleupeptin and aprotinin, and 0.5
mM DTT) and then kept on ice for 10 min. After a 15 min centrifugation
at 3300 X gat 4°C, the pellet was resuspended in 3 ml of buffer B (20 mm
HEPES, pH 7.9, 20 mm KCl, 1.5 mm MgCl,, 0.2 mm EDTA, 0.2 mm DTT,
0.2 mm PMSF, 1 mg/ml leupeptin and aprotinin, and 25% glycerol),
mixed with 1 ml of buffer C (20 mm HEPES, pH 7.9, 1.2 mm KCl, 0.2 mm
EDTA, 0.5 mm DTT, 0.2 mm PMSF, and 1 mg/ml leupeptin and aproti-
nin), and then incubated on ice for 30 min. After another centrifugation
step (30 min; 15.000 X g 4°C), the supernatant was dialyzed against
buffer D (20 mm HEPES, pH 7.9, 100 mm KCl, 0.2 mm PMSF, 0.5 mMm
DTT, and 20% glycerol) overnight and was then used for Western blot
analysis.

Transcription factor assay

Transcription factor analysis was performed with an ELISA kit (Active
Motif, Rixensart, Belgium) that allowed for the detection and quantifi-
cation of transcription factor activation by a combination of NF-«B-
specific oligonucleotide binding and subsequent detection of the p65
subunit of NF-«B with a specific antibody. The assay was performed as
recommended by the manufacturer. Briefly, nuclear protein extracts (10
pg) were added onto the oligonucleotide-coated ELISA plate and then
incubated for 1 hr at room temperature. The plate was rinsed with wash-
ing buffer and then incubated for 1 hr at room temperature with the
primary antibody directed against p65. After incubation with an HRP-
conjugated secondary antibody for 1 hr, the HRP substrate was added.
The reaction was stopped after 5-10 min, and the absorbance was mea-
sured at 450 nm.

Western blot analysis

Animals were finally anesthesized and debleeded and the lumbar spinal
cord was quickly dissected, frozen in liquid nitrogen, and kept at —80°C
until analysis.

Tissue samples were homogenized in homogenization buffer [10 mm
Tris/HCI, pH 7.4, containing 20 mm 3-[(3-cholamidopropyl)dimethyl-
ammonio]-1-propanesulfonate, 0.5 mm EDTA, 1 mm DTT, 0.5 mm
PMSF, and 1 mum pefabloc (Alexis, Griinberg, Germany)] and centrifu-
gated at 40,000 X g for 1 hr. Extracted proteins (30 ug) were mixed with
Laemmli buffer [50 mm Tris, pH 6.8, 2.5% (w/v) SDS, 10% (w/v) glyc-
erol, and 0.001% bromphenol blue], heated for 5 min at 95°C, separated
by SDS-PAGE, and transferred onto nitrocellulose membranes (Amer-
sham Biosciences, Freiburg, Germany) by electroblotting (Bio-Rad, Mu-
nich, Germany). Membranes were blocked with blocking buffer (5% w/v
skimmed milk powder and 0.3% Tween 20 dissolved in PBS, pH 7.6) and
incubated overnight with primary antibodies directed against COX-2
(1:100), Erk-2 (1:1000), or p65 (1:100) (Santa Cruz Biotechnology, Hei-
delberg, Germany) and for 1 hr with the secondary antibody coupled
with HRP (dilution 1:20,000). Blots were analyzed with ECL (Amersham
Biosciences) according to the manufacturer’s protocol.

IL-1B and TNF-« ELISA

Animals were treated with S1627 or vehicle, and the spinal cord was
dissected 48 hr after zymosan injection (6 mg). Crude protein extracts
were prepared from spinal cord tissue as described above (Western blot),
and the protein content was assessed with the Bradford method. IL-18
and TNF-a levels were assessed with commercially available ELISA kits
according to the instructions of the manufacturer (Amersham Bio-
sciences) and are expressed as picograms per microgram of protein.

Animals and treatments
Male Sprague Dawley rats (150—200 gm; Charles River, Sulzfeld, Ger-
many) were maintained in climate- and light-controlled rooms (21 *=
0.5°C; 12 hr dark/light cycle). They had ad libitum access to food and
water before and during the experiments. All experiments were approved
by the local Ethics Committee for research in laboratory animals.

Study medication. S1627 was dissolved in a 1:1 mixture of polyethyl-
eneglycol (PEG400) and water at a maximum concentration of 10 mg/
ml. Control rats received an equal volume of vehicle. The drug was ad-
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ministered by intraperitoneal injection. Different doses and dosing
schedules were used for different models as indicated in the respective
figures and figure legends.

Animal models of nociception

Formalin assay. Rats were adapted to the test perspex chamber for at least
30 min. Fifty microliters of a 5% formaldehyde solution was then injected
into the subcutaneous space at the dorsal side of the right hind paw. The
formalin-induced typical flinching behavior of the injected paw was
counted in 1 min intervals for 60 min, starting immediately after forma-
lin injection. Flinches were counted always by the same observer, who
was unaware of the actual medication.

Zymosan-evoked inflammation. Unilateral hind paw inflammation was
induced by subcutaneous injection of 100 ul of a 10 mg/ml zymosan
(Sigma, Germany) suspension in PBS (0.1 m; pH 7.4) into the mid-
plantar region of the right hind paw.

The zymosan-induced paw inflammation was assessed by measure-
ment of the paw volume using a plethysmometer (Ugo Basile, Varese,
Italy) (Sawynok et al., 1997; Bileviciute et al., 1998). Measurements were
obtained at baseline and at 0.5, 1, 2, 4, 6, 8, and 24 hr after zymosan
injection. Four rats per group were used. The ratio between the paw
volume before and after zymosan injection (fold increase) was used to
assess anti-inflammatory effects.

Chronic constriction injury of the sciatic nerve model. During general
anesthesia with ketamine and midazolam, the right sciatic nerve was
constricted with three loose ligatures as described (George et al., 2000).
Dexon 4/0 (Braun, Melsungen, Germany) was used as suture material.
The day of the surgery is referred to as day 0.

Thermal hyperalgesia. Nociceptive paw withdrawal latency (PWL) to
radiant heat was assessed according to Hargreaves et al. (1988), using a
commercially available special device (Ugo Basile). Rats were placed in
perspex chambers (18 X 29 X 12.5 cm) on a metal grid (5 X 5 mm).
During the week before the experiments, animals were acquainted with
the plastic chambers for 1 hr on 2 different days. On the day of the
experiments, rats were placed into the chamber 15-20 min before each
measurement. The heat source consisting of a high-intensity projector
lamp bulb (8 V; 50 W) was placed underneath the mid-plantar surface of
the hind paw. Correct positioning was ensured by a mirror system. The
bulb and an electronic timer were simultaneously activated at test start,
and both were automatically inactivated when a photocell detected a paw
withdrawal in response to the heat. PWLs of the right and left paw were
recorded before and every hour up to 8 hr after zymosan injection. To
prevent tissue damage, the cutoff latency was set at 40 sec (baseline la-
tency, 15-25 sec). The percentage of relative difference in PWL (APWL)
between the zymosan-treated right and the untreated left hind paw was
calculated as: APWL = (right — left)/left X 100.

Mechanical hyperalgesia. Mechanical hyperalgesia was assessed before
zymosan injection and then hourly up to 8 hr after zymosan injection. In
chronic constriction injury of the sciatic nerve (CCI) rats, mechanical
hyperalgesia/allodynia was assessed at baseline (3, 2, and 1 d before sur-
gery) and after induction of CCI (day 0) on days 4, 5, 6, 7, 8, 11, and 13
after surgery. The threshold to mechanical stimuli was assessed by means
of a punctuated stimulation using von Frey hairs of different strength
(0.04, 0.07, 0.16, 0.4, 0.6, 1, 1.4, 2, 4, 6, 8, 10, 15, 26, 60, and 100 gm;
Stoelting). They were placed perpendicularly onto the plantar surface of
the right or left paw and bent slightly to apply punctuated pressure. The
stimuli were applied at seven repetitions each and at increasing order
until the paw was withdrawn. Stimuli were then applied at decreasing
order until paw withdrawal disappeared. This up and down testing was
repeated after a short rest. The geometric mean of first reaction (increas-
ing testing) and lowest test result (decreasing testing) was taken as the
mechanical paw withdrawal threshold (MPWT). These data were log
transformed, and the percentage of decrease of the withdrawal threshold
was then calculated in relation to the withdrawal threshold before surgery
(baseline) or, in case of the zymosan model, in relation to the withdrawal
of the untreated left paw. Hence, the percentage of decrease of the MPWT
was AMPWT = (CCI paw — baseline)/baseline X 100 or AMPWT =
(zymosan paw — left paw)/left paw X 100.

Cold allodynia. To assess cold allodynia in the CCI model, a drop of
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Figure 1.  Concentration-dependent inhibition of IKK activity with $1627 assessed in an in
vitro kinase assay. The Iy, value (10.0 == 1.2 nw; mean == SE) was calculated with a standard
sigmoidal £, model.
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Figure 2. A, Western blot analysis showing the concentration-dependent inhibition of IL-
1B-stimulated nuclear translocation of NF-B (p65 subunit) in human umbilical vein endothe-
lial cells. Cells were preincubated with $1627 or vehicle for 30 min, stimulated for 60 min with 1
nuIL-1B1inthe presence or absence of $1627, and then harvested for preparation of nuclearand
cytosolic extracts. Nuclear p65 was detected with a specific antibody. Erk-2 was used as loading
control. B, Concentration-dependent inhibition of IL-13-stimulated nuclear translocation and
DNAbinding of NF-«B in human umbilical vein endothelial cells (mean == SE) assessed using an
ELISA that uses an oligonucleotide-coated plate and detection of protein binding with a p65-
specific antibody. Results of four repeated experiments are shown.

acetone was applied onto the right hindpaw. The time the rat spent
lifting, shaking, or licking the acetone-treated paw was recorded with a
stopwatch during an observation period of 2 min starting right after
acetone application.

Data analysis and statistics

Data are presented as means = SE. To assess statistical differences, the
areas under the effect versus time curves (AUC) were calculated using the
linear trapezoidal rule. Effects of the study medications were then as-
sessed by submitting the AUCs to univariate ANOVA (for more than two
groups) or Student’s ¢ tests (for two groups). For the formalin assay, the
total number of flinches was used for statistics. In case of a significant
ANOVA result, groups were mutually compared using ¢ tests with a
Bonferroni a correction for multiple comparisons. The « level was set to
0.05. Statistical evaluation was done with SPSS 11.0 for Windows (SPSS,
Chicago, IL).
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Figure 3.  Plasma concentration time course of $1627 (A) and its primary metabolite 658
(B) after intraperitoneal injection of one, two, or three doses of $1627 at the indicated times (4
rats in each group). The inset in A shows CSF concentrations after a single dose of 30 mg/kg (6
rats per time). Plasma and CSF concentrations were determined with liquid chromatography
coupled with tandem mass spectrometry. The data represent the mean = SE.

Pharmacokinetic parameters for S1627 were calculated according to
standard procedures with WinNonlin using a one-compartment model
with first-order input and first-order elimination.

Analysis of plasma and CSF concentrations of S1627 and its
primary metabolite

Concentrations of S1627 and its metabolite S658 were determined by
liquid chromatography coupled with mass spectrometry. The drug was
extracted from rat plasma and CSF samples with acetonitrile. To 25 ul of
the sample, 25 ul of water, 25 ul of 0.1% formic acid, and 200 ul of
acetonitrile were added. After centrifugation (12 X g for 5 min), the
supernatant was used for injection onto the HPLC system.

Stock solutions for $1627 and S658 were prepared in methanol (100
pg/ml) and stored at 4°C. Standards were prepared daily. An aliquot of
100 ul of each stock solution was evaporated under a gentle stream of
nitrogen in a heating block at a temperature of 60°C. The residue was
dissolved in 1 ml of water and contained 10 ug/ml S1627 and 10 pg/ml
$658. Additional dilutions were prepared with water to obtain standards
with the concentrations 1, 2, 5, 10, 20, 50, 100, 200, 500, 1000, 2000, and
5000 ng/ml. Standards were mixed 1:1 with drug-free plasma or CSF and
prepared with formic acid and acetonitrile, as described above.

The HPLC consisted of a pump, three-line degasser, ternary gradient
unit, and autosampler (all from Jasco, Gross-Umstadt, Germany). A
triple quadrupole mass spectrometer PE Sciex API 3000 was used for
detection (Applied Biosystems, Langen, Germany). High-purity nitro-
gen for the mass spectrometer was produced by a nitrogen generator
(Parker, Kaarst, Germany). The interface between HPLC and mass spec-
trometer was a turbo ion spray.

For the chromatographic separation, a Nucleosil C,; Nautilus column
was used (125 X 4 mm inner diameter, 5 wm particle size; and 100 A pore
size; Macherey-Nagel, Diiren, Germany). The mobile phase consisted of
acetonitrile (75%, v/v), water (25%, v/v), and formic acid (0.025%, v/v).
The run time was 8 min at a flow rate of 0.5 ml/min. The injection volume
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Figure4. Effects of S1627 in naive animals on thermal PWL (4) and paw withdrawal thresholds () to von Frey stimulation. ~ tions after a single dose of 30 mg/kg range

Three doses of 30 mg/kg S1627 (n = 6; A) or vehicle (n = 6; @) were injected intraperitoneally at the indicated times. Data

represent the mean = SE.

was 10 wl. Retention times of S1627 and S658 were 2.97 min and 5.02
min, respectively.

The mass spectrometer operated in positive ion mode with a voltage of
4500V at 400°C and was supplied by an auxiliary gas flow of 6 I/min. The
nebulizer gas flow was set at 1.23 I/min and the curtain gas flow at 1.25
I/min. Every gas was high-purity nitrogen.

Multiple reaction monitoring was used for quantification. The mass
transitions used were m/z 547.2 — m/z 182.2 for S1627 (collision energy,
35 eV) and m/z 507.2 — m/z 294.2 for the metabolite S658 (collision
energy, 49 eV), with a dwell time of 300 msec for each substance. All
quadruples were working at unit resolution. Quantitation was performed
with Analyst software version 1.1 (Applied Biosystems) using peak areas
and 1/x weighting. The coefficient of variation (CV) over the calibration
range of 1-5000 ng/ml was <5%.

Results

Inhibition of IKK activity and NF-«B nuclear translocation
§1627 inhibited the activity of purified IKK with an IC;, value of
10 = 1.2 nM (Fig. 1). It also prevented IL-1B3-stimulated nuclear
translocation and DNA binding of NF-kB in human cells in a
concentration-dependent manner with an ICs, value of ~2 um
(Fig. 2). The different potency is most likely caused by high pro-
tein binding of the drug, which is 99.9%.

Effect of S1627 on other kinases

At a concentration of 20 uM (~2000-fold higher than the IC,
value for IKK), S1627 had no or only a marginal effect on protein
kinase A, PKC, Erk, p38, casein kinase I, EGF kinase, Abl tyrosine
kinase, and Cdk-1. CamK-II, MEK1, Src, and Zap70 were inhib-
ited by >80% at this high concentration (Table 1). The in vitro
IC,, values for the most sensitive of these kinases (Src and
Zap70), however, are still ~200-fold higher than the IC, value
for IKK. Because of the high protein binding of the drug, total
plasma concentrations of S1627 would have to be in the millimo-
lar range to inhibit these kinases in vivo. Such concentrations are
not reached after treatment with antinociceptive doses of the
drug.

Plasma and CSF concentrations

Plasma concentration time courses of the mother substance (Fig.
3A) and its main metabolite, S658 (Fig. 3B), which has minor IKK
inhibitory activity in vitro (data not shown), were assessed after
intraperitoneal administration of one, two, or three doses of 10 or
30 mg/kg. The absorption rate constant K,; was 2.963 hr '

from 2.1 to 11.9 ng/ml (3.6-20.4 nm) and
from 1.2 to 7.9 ng/ml (2.1-13.7 nm) at 1-2
hr and 3-5 hr after drug injection, respec-
tively. Because CSF contains almost no
protein, these are free (i.e., protein unbound) drug levels. Differ-
ences between CSF and plasma concentrations (~100-fold lower
CSF levels at 3-5 hr) are most likely caused by the high plasma
protein binding of the drug (99.9%).

Antinociceptive and anti-inflammatory effects

Response to heat and tactile stimuli in naive rats

Heat and von Frey stimuli were applied to noninflamed paws to
evaluate effects of the drug on motor and sensory function and
alertness. Three doses of 30 mg/kg S1627 or vehicle were injected
at the indicated times. Drug injection did neither affect the with-
drawal latency to radiant heat (Fig. 4A) nor the mechanical
threshold to von Frey stimuli (Fig. 4B).

Formalin assay (Fig. 5A)

Two doses of 30 mg/kg were injected intraperitoneally 90 and 30
min before injection of formalin. S1627 caused a prolongation of
the latency period and, therefore, a reduction of flinches in phase
2a (10-30 min after formalin injection). However, the total num-
ber of flinches did not differ from that of control rats (583.8 =
83.5 vs 672 * 73.4 flinches in S1627 and control rats,
respectively).

Thermal hyperalgesia caused by zymosan injection into the hind
paw (Fig. 5B)

Three doses of 10 or 30 mg/kg were administered at the indicated
times before and after zymosan injection. During the first 2 hr
after zymosan injection, the thermal nociceptive threshold was
similar in control and S1627-treated rats. In the next hours, the
thermal nociceptive threshold further declined in control ani-
mals but returned to baseline levels in rats treated with 3X 30
mg/kg S1627. Hence, thermal hyperalgesia was completely re-
versed with the high dose of S1627. The lower dose also provided
a considerable reduction of thermal hyperalgesia. ANOVA com-
paring the AUCs revealed statistically significant differences be-
tween groups (F = 43.54; df2,20; p < 0.001). Mutual comparison
showed significant differences between control and S1627-
treated groups ( p < 0.001 for both doses) and between the 3X 30
mg/kg versus the 3X 10 mg/kg group ( p = 0.041).

Tactile hind paw hyperalgesia caused by zymosan injection

(Fig. 5C)

Tactile hyperalgesia after zymosan injection was also reduced at
the dose of 3X 30 mg/kg S1627. The onset of antinociceptive
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effects was again 1.5-2 hr after zymosan injection (2-2.5 hr after
injection of the first dose). ANOVA comparing the AUCs re-
vealed statistically significant differences between groups (F =
4.95; df 2,20; p = 0.018). Mutual comparison showed significant
differences between control and the 3X 30 mg/kg S1627-treated
group (p = 0.027). There was no significant difference between
control and the 3X 10 mg/kg group ( p = 0.146).

Pressure hyperalgesia caused by zymosan injection (Fig. 5D)

The Randall Selitto test performed 8 hr after zymosan injection
revealed significantly higher-pressure nociceptive thresholds in
S1627-treated rats (3X 40 mg/kg) than in controls ( p < 0.001; ¢
test).

Inflammatory paw edema caused by zymosan injection (Fig. 5E)
The inflammatory paw edema was reduced at 3 X 40 mg/kg S1627
(p = 0.048) (i.e., reduction of the edema required a higher dose
than reduction of thermal hyperalgesia). A lower dose of 2X 30
mg/kg had no effect (p = 1).

Tactile allodynia induced by CCI model (Fig. 6A)

Treatment with S1627 was started when allodynia had established
at the fourth day after surgery. Measurements were always per-
formed before injection of the daily dose of 30 mg/kg. Injection of
§1627 caused a reduction of tactile allodynia compared with al-
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lodynia before starting drug treatment (day 4), whereas allodynia
in control animals increased with a maximum at day 7. After
stopping daily injections, nociceptive thresholds remained
higher in S1627-treated animals than those in controls up to the
end of the observation period (day 15), indicating an ongoing
antiallodynic effect. The ¢ test comparing AUCs revealed a signif-
icant difference between S1627-treated and control rats with p <
0.001.

Cold allodynia induced by CCI model (Fig. 6B)

The effects of daily S1627 injections on cold allodynia were com-
parable with the effects on tactile allodynia (i.e., S1627 caused a
reduction of cold allodynia during the treatment period, and the
effect lasted for several days after stopping treatment). The  test
comparing AUCs revealed a significant difference between
S1627-treated and control rats with p = 0.013.

Inhibition of COX-2, TNF-a, and IL-1 upregulation
To evaluate the effects of S1627 on the upregulation of NF-«kB-
dependent genes in the spinal cord, protein levels of COX-2,
TNF-o, and IL-1$3 were determined using Western blots or
ELISAs, respectively. COX-2, TNF-a, and IL-1 are known to be
positively regulated by NF-«B.

Western blots of nuclear protein extracts from lumbar spinal
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Figure5. A, Effectsof S1627in the formalin assay. Two doses of 30 mg/kg were injected intraperitoneally 90 and 30 min before injection of formalin into the hind paw. The total number of flinches

did not differ between groups. The data represent the mean == SE of five rats in each group. B, Dose-dependent reduction of thermal hyperalgesia (Hargreaves test) in the zymosan-induced paw
inflammation model. Either 10 mg/kg S1627 (n = 6; ) or 30 mg/kg (n = 6; AA) was injected intraperitoneally at the indicated times. Controls (n = 12; @) received the appropriate volume of
vehicle (1:1, vol/vol; polyethyleneglycol:water). The data represent the mean = SE. ANOVA comparing the AUCs revealed significant effects for both doses ( p << 0.05). (, Dose-dependent reduction
of tactile hyperalgesia assessed with von Frey hairs in the zymosan-induced paw inflammation model. Either 10 mg/kg $1627 (n = 6;0) or 30 mg/kg (n = 6; /) was injected intraperitoneally at
the indicated times (controls, n = 12; @). The data represent the mean = SE. Antinociceptive effects of 3>X 30 mg/kg (comparison of AUCs) were statistically significant with p << 0.05. 5.0,
Reduction of pressure hyperalgesia (Randall Selitto test) in the zymosan-induced paw inflammation model. Three doses of 40 mg/kg (n = 4) were injected intraperitoneally 0.5 hr before and 2.25
and 5 hr after zymosan injection. The data represent the mean = SE. The pressure pain threshold significantly differed between groups with p << 0.05 (indicated with the asterisk). £, Reduction of
the zymosan-induced inflammatory paw edema with $1627. Two doses of 30 mg/kg or three doses of 40 mg/kg were injected intraperitoneally at the indicated times (n = 4in each group). Controls
received an equal volume of vehicle (n = 8). The data represent the mean == SE. The reduction of paw swelling was statistically significant (comparison of AUCs) with the higher dose of 3 X 40

mg/kg atp << 0.05.
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Figure6. A, Tactileallodynia after chronic constriction of the sciatic nerve (CCl model). Rats (n = 12in each group) received 30
mg/kg $1627 or vehicle once daily for 5 d starting on day 4 after surgery. The nociceptive threshold was assessed daily with von
Frey hairs before injection of the daily dose. The data represent the mean == SE. The differences between the AUCs of control and
$1627-treated rats was statistically significant at p << 0.05. B, Cold allodynia after chronic constriction of the sciatic nerve (CCl
model). Rats (n = 12 in each group) received 30 mg/kg S1627 or vehicle once daily for 5 d starting at day 4 after surgery. Cold
allodynia was assessed daily before drug injection by application of a drop of acetone onto the plantar surface of the hind paw. The
time the rats spent licking, shaking, or lifting the paw after acetone application was measured with a stopwatch during an
observation time of 2 min. The data represent the mean == SE. The differences between the AUCs of control and $1627-treated rats
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Discussion

The present study shows that specific inhi-
bition of IKK results in a reduction of
zymosan-induced paw inflammation,
complete reversal of inflammatory hyper-
algesia, and reduction of neuropathic pain
without affecting “pain” thresholds in na-
ive animals. The latency between first-dose
injection and the earliest manifestation of
antinociception strongly suggests that the
effect is mediated through inhibition of
stimulated gene transcription. The drug
has no acute analgesic effect. In most ex-
periments, the first dose was administered
before induction of inflammation. How-
ever, results with the CCI model and the
supplementary data show that a postinjury
start of treatment works as well, suggesting
that it does not matter at what phase of the
inflammatory of neuropathic process NF-
kB-stimulated gene transcription is
stopped. Reduction of inflammation was

was statistically significant at p << 0.05.
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Figure 7. A, Western blot analysis of nuclear p65 (NF-«B subunit) using nuclear extracts
from lumbar spinal cord tissue (L3—L5). Rats received a single dose of 100 mg/kg or vehicle 30
min before injection of 6 mg of zymosan into the hindpaw. The spinal cord was dissected 1 hr
after zymosan injection. B, Western blot analysis of COX-2 in lumbar spinal cord tissue (L3-L5).
Rats were treated as indicated, and the spinal cord was dissected 24 hr after zymosan injection.
The times of drug or vehicle injection were 0.5 hr before zymosan and 2.25 and 5.5 hr after
zymosan injection. G, D, TNF-cc and IL-13 levels in lumbar spinal cord homogenates (L3-L5)
assessed with commercially available ELISA assays. Rats were treated as indicated, and the
spinal cord was dissected 48 hr after zymosan injection (6 mg). The times of drug or vehicle
injection were 0.5 hr before zymosan and 2.25 and 5.5 hr after zymosan injection. Data are the
mean == SE. Zymosan-induced upregulation of TNF-c and IL-13 was significantly inhibited
with 3X 30 mg/kg $1627, indicated with the asterisk ( p << 0.05).

cord tissue revealed that S1627 inhibited the nuclear transloca-
tion of NF-kB (Fig. 7A). S1627 inhibited the zymosan-induced
upregulation of COX-2 at the dose of 3X 30 mg/kg (Fig. 7B).
There was no effect with 3X 10 mg/kg. Similarly, 3X 30 mg/kg
S1627 reduced the zymosan-induced upregulation of TNF-«
(Fig. 7C) and IL-1B (Fig. 7D) in the spinal cord. There was no
significant effect at 3X 10 mg/kg.

expected on the basis of known anti-
inflammatory effects of glucocorticoids
and was also suggested by results with p50
(NF-kB) knock-out mice that are refractory to induction of both
chronic and acute arthritis (Campbell et al., 2000). The strong
antihyperalgesic effects were more surprising. They were not
caused by unspecific inhibition of other kinases. The effects were
stronger than those of nonsteroidal anti-inflammatory drugs in
equivalent models and were more pronounced than could be
expected from the rather moderate anti-inflammatory effects in
the model used. Hence, the antihyperalgesic effects are probably
not exclusively attributable to peripheral anti-inflammatory ef-
fects, although reduction of inflammation surely is associated
with a reduction of nociceptor activation at the site of inflamma-
tion. The evaluation of NF-«B-dependent gene expression in the
spinal cord revealed that only the higher dose of 3X 30 mg/kg
inhibited the upregulation of COX-2, TNF-q, and IL-1p. This
dose reversed zymosan-induced hyperalgesia completely,
whereas 3X 10 mg/kg only partly reduced it. This comparison
again suggests that the effects at the level of the spinal cord are
required for full antinociceptive efficacy and require free (i.e.,
protein unbound) central drug levels in the range of the in vitro
ICs, values. Free CSF concentrations of S1627 were surely not
sufficient to inhibit any of the other kinases tested because the in
vitro 1C5, for the most sensitive one of these kinases was 200-fold
higher than that for IKK.

NF-kB is activated in neurons on NMDA receptor stimulation
(Ko et al., 1998), and NF-kB-stimulated gene transcription con-
tributes to the development of hyperexcitability of nociceptive
neurons. Hence, IKK inhibition in the spinal cord is probably
important for the strong antihyperalgesic effects of S1627. Be-
cause of the poor solubility of the drug, however, we did not use
intrathecal drug delivery to directly assess the relative contribu-
tion of peripheral versus central effects.

Compared with the well studied function of NF-«B in inflam-
mation, its function in neuropathic pain is still elusive, although
various cytokines are known to be involved in the development of
allodynia after nerve injury. The CCI model used in the present
study has an inflammatory component (Wagner et al., 1998; Levy
et al., 1999), and inhibition of perineural inflammation and
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TNF-« release reduces nociception in this model (George et al.,
2000). Hence, S1627 may act at the site of the peripheral nerve.
Chronic constriction of the sciatic nerve additionally causes a
microglia activation in the spinal cord (Colburn et al., 1999;
Stuesse et al., 2000; Raghavendra et al., 2002) that may depend in
part on NF-«kB activation (Wilms et al., 2003) and probably is
involved in nociceptive responses (Watkins et al., 1997). Inhibi-
tion of IKK may, therefore, protect from an excessive glial reac-
tion and may thereby reduce neuropathic pain. The central ef-
fects of the drug may broaden the potential clinical usefulness of
a specific IKK inhibitor because neurodegenerative diseases also
involve inflammatory reactions that are possibly mediated by
activated glia cells (Kaltschmidt et al., 1997; Bales et al., 1998).

S1627 primarily interacts with the B-subunit of IKK, which is
essential for IkB phosphorylation. Interestingly, the a-subunit of
IKK is translocated to the nucleus and binds to DNA (Anest et al.,
2003), suggesting that IKKa may directly modulate gene tran-
scription. This is probably not affected by S1627. Treatment with
§1627 also still allows for IKK-independent NF-«kB activation
mediated by an IKK-independent breakdown of IkB (Pianetti et
al., 2001; Romieu-Mourez et al., 2002), for example, by the pro-
tease calpain (Pianetti et al., 2001) or caspases (Chaudhary et al.,
2000; Hu et al., 2000). These alternative pathways may preserve
some NF-«B activation even in the presence of an IKK inhibitor
and may explain why we did not achieve complete inhibition of
NF-kB nuclear translocation and DNA binding in IL-13-
stimulated cells despite high concentrations of S1627. Pharmaco-
logically, it may be advantageous to target the upstream kinase of
the NF-«kB pathway to prevent side effects that might be caused by
complete inhibition of NF-«B.

In summary, our results suggest that specific inhibitors of IKK
may be promising novel drugs for treatment of pain and
inflammation.
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