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Abstract: The efficacy of two highly specific IκB-α kinase β (IKK-β) inhibitors in reducing the enhanced basal ac-
tivation of the NF-κB pathway in dystrophic muscle was assessed by determining the effects of these inhibitors  
in increasing the expression of cytosolic IκB-α and reducing the enhanced expression of nuclear p65 in adult mdx 
costal diaphragm preparations. In vivo and in vitro treatment with BMS-345541 was ineffective at altering these 
variables when administered at concentrations that were highly effective in models of acute inflammation. PHA-408 
increased cytosolic IκB-α and reduced nuclear p65 at a concentration in vitro (20 μM) that was 500 fold higher 
than the IC50 for inhibiting purified activity. Long term daily oral administration of PHA-408 increased cytosolic  
IκB-α but did not influence nuclear p65. Long term intraperitoneal administration of PHA-408 reduced nuclear  
p65 by approximately 50%. In comparison to their potent effects in models of acute inflammation, these results 
indicate a reduced efficacy of the specific IKKβ inhibitors in ameliorating the enhanced basal activation of the NF-
κB pathway in dystrophic muscle, and suggest that the therapeutic potential of IKK-β inhibitors in treating muscular 
dystrophy would be enhanced by simultaneous treatment with agents which more directly interfere with NF-κB 
transactivation.

Keywords: Duchenne muscular dystrophy, mdx mouse, inflammation, NF-κB signaling, p65, IκB-α, BMS-345541, 
PHA-408, IκB-α kinase 

Introduction

Skeletal muscle from mice lacking dystrophin 
(mdx mouse; [1]) and from patients with 
Duchenne muscular dystrophy is characterized 
by elevated NF-κB dependent signaling that is 
associated with elevations in the basal activity 
of the enzyme IκB-α kinase (IKK; [2, 3]). IKK 
phosphorylates the cytosolic inhibitory protein 
IκB-α and initiates its ubiquitination for subse-
quent proteasomal degradation. In the unphos-
phorylated state, IκB-α bound to the NF-κB 
p65-p50 dimer shields a nuclear localization 
sequence on p65, thereby promoting the reten-
tion of the transcription factor in the cytosol. 
Following the proteasomal degradation of cyto-
solic IκB-α, the nuclear localization sequence 
on p65 is uncovered, and the steady state level 
of the NF-κB dimer in the nucleus is increased 
[4]. Subsequent transactivation of NF-κB 
dependent genes by p65 leads to increases in 

a large variety of cytokines, inflammatory medi-
ators, and pro-survival proteins [5, 6].

Several reports indicate that long term treat-
ment with agents that inhibit the NF-κB pathway 
have beneficial effects on dystrophic (mdx) 
muscle structure and function. The first such 
agent to be examined was pyrrolidine dithiocar-
bamate (PDTC), an inhibitor of the ubiquitina-
tion of cytosolic IκB-α [7]. Daily treatment with 
PDTC improved the resting membrane potential 
and survival of striated muscle fibers in the 
highly dystrophic mdx triangularis sterni (TS) 
muscle [8], increased forelimb grip strength 
and forward pulling tension in mdx mice [9, 10], 
reduced necrosis and increased muscle regen-
eration in the mdx biceps muscle [9], and 
increased individual fiber growth and fiber den-
sity in the mdx TS muscle [11]. Similar effects 
were observed following daily treatment with 
ursodeoxycholic acid (UDCA; [10, 11]), which 
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suppresses p65 transactivation following its 
interaction with the glucocorticoid receptor 
[12]. Neither of these agents influenced colla-
gen expression or fibrosis in the mdx mouse 
[13]. Several other agents which inhibit the 
NF-κB pathway in various systems have also 
been shown to be useful in ameliorating the 
dystrophic phenotype in the mdx mouse model 
for Duchenne and Becker muscular dystrophy. 
These agents include the IKK inhibitory peptide 
(NEMO binding domain peptide; [14]) and sev-
eral relatively non-specific agents which inhibit 
the NF-κB pathway by a variety of mechanisms 
[15-18].

The central role of the IKK enzyme in control-
ling the nuclear localization of NF-κB, along 
with the elevation in nuclear p65 expression 
and nuclear activation in several cancer cell 
lines [19-21], has fueled efforts to identify com-
pounds which specifically and potently inhibit 
IKK in vitro and in vivo. IKK is composed of 3 
subunits; IKK-α, IKK-β, and IKK-γ (NEMO). The 
IKK-β (IKK-2) subunit is the primary catalytically 
active subunit and is activated by TNF-α and 
IL-1β via phosphorylation at two Ser residues 
(Ser177 and Ser181; [22]). Although both IKK-α 
and IKK-β can phosphorylate IκB-α, knockout 
studies indicate the continued presence of 
TNF-α (or IL-1β) -mediated IκB-α phosphoryla-
tion in IKK-α knockouts [23] and essentially no 
IκB-α phosphorylation following cytokine expo-
sure in IKK-β knockouts [24]. This primacy of 
the IKK-β subunit in phosphorylating IκB-α has 
led to the development of IKK inhibitors that 
are specific to blocking the catalytic activity of 
the IKK-β subunit.

One of the first specific IKK-β inhibitors to be 
developed was BMS-345541, which inhibited 
IκB-α phosphorylation by IKK-β in the range of 
0.1 to 10 μM, and inhibited nearly 100% of lipo-
polysaccharide (LPS) stimulated cytokine pro-
duction in THP-1 cells at 25 μM [25]. Perioral 
administration of BMS-345541 at concentra-
tions of 10 to 100 mg/kg reduced by 50 to 
100% the increase in serum TNF-α induced by 
intra-peritoneal LPS injection. A tight binding 
inhibitor with a 2 hour half-life of IKK-β binding, 
PHA-408, inhibited IκB-α phosphorylation by 
IKK-β at concentrations of 0.1 to 1 μM and 
inhibited LPS induced IκB-α phosphorylation in 
peripheral blood mononuclear cells (PBMCs) by 
approximately 100% at concentrations of 1 to 

10 μM [26]. Oral administration of PHA-408 at 
30 mg/kg/3 days inhibited 80% of IKK-β activ-
ity and paw swelling induced by streptococcal 
cell wall injection [26]. The purpose of the pres-
ent studies was to determine the efficacy of 
BMS-345541 and PHA-408 in influencing the 
relevant endpoints of NF-κB signaling in adult 
mdx muscle; namely in increasing the basal 
cytosolic expression of IκB-α and in reducing 
the nuclear expression of p65. These endpoints 
represent particularly robust outcome mea-
sures for assessing the therapeutic efficacy of 
NF-κB inhibitors and have been used previously 
to identify effective inhibition of the pathway in 
the mdx signaling environment [2, 3, 8-10, 14]. 

Significantly enhanced NF-κB signaling in the 
costal diaphragm is present as early as 15 days 
postnatal [2] and throughout adulthood in the 
mdx mouse [27]. Furthermore, the level of 
nuclear p65 activation in the adult mdx costal 
diaphragm is increased approximately 5 fold 
above the levels observed in the nondystrophic 
costal diaphragm, representing substantially 
larger proportional increases than those 
observed in either the mdx gastrocnemius or 
triangularis sterni muscles [27]. The mdx costal 
diaphragm muscle also exhibits a more severe 
dystrophic phenotype than the mdx limb mus-
culature [13, 28]. These considerations indi-
cate that an examination of NF-κB signaling in 
the mdx costal diaphragm represents a particu-
larly robust method for identifying inhibitors 
that could be useful in pre-clinical and clinical 
investigations.

Inhibitors of the NF-κB pathway have been 
shown in this laboratory to enhance cytosolic 
IκB-α and reduce nuclear p65 activation in the 
mdx costal diaphragm, and have positive 
effects on muscle structure and function fol-
lowing a 1 month in vivo exposure to young 
adult (1 month old) mdx mice [8, 10, 11]. These 
inhibitors have also been shown to be effective 
in older mdx mice [8, 10, 11] and following brief 
(3 hours) exposure in freshly isolated adult mdx 
costal diaphragms [29]. In the present experi-
ments, we examine the efficacy of the IKK-β 
inhibitors under the same general conditions 
as those used in previous experiments; follow-
ing in vivo exposure to young adult and mature 
mdx mice and following direct in vitro exposure 
to freshly isolated adult mdx costal diaphragms. 
The results indicate a reduced efficacy of the 
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IKK-β inhibitors in the dystrophic signaling envi-
ronment in comparison to their efficacy in mod-
els of acute inflammation [25, 26]. Therefore, 
we believe that these agents would be most 
effective in dystrophic muscle when used in 
conjunction with additional treatments to 
reduce p65 expression and/or transactivation.

Materials and methods 

Drug administration

The IKK-β inhibitors used in this study were 
administered in vivo and in vitro using protocols 
that were previously found effective in acute 
studies involving TNF-α or IL-1β activation of 
the NF-κB pathway [25, 26]. Since dystrophic 
muscle exhibits elevated nuclear activation of 
NF-κB and increased basal activation of the 
NF-κB pathway [2, 14, 27], the inhibitors were 
administered directly without pretreatment 
with exogenous TNF-α or IL-1β, and the influ-
ence of the treatment on the nuclear expres-
sion of p65 and the cytosolic expression of 
IκB-α was determined. The mdx mouse model 
for Duchenne muscular dystrophy [1] was used 
exclusively in these studies. All procedures 
were approved by the Institutional Animal Care 
and Use Committee (IACUC) at the Kirksville 
College Osteopathic Medicine.

To examine the efficacy of BMS-345541, an 
acute in vivo protocol was initially used. BMS-
345541 was administered in vivo by oral 
gavage at a dose of 100 mg/kg in H2O [25]. 
Age-matched control adult mdx mice received 
the water vehicle. The mice were euthanized 
and costal hemi-diaphragms were isolated at 7 
hours after administration. A second acute in 
vivo protocol was used in which mdx mice 
received a single intraperitoneal (ip) injection at 
100 mg/kg in filtered (0.2 mm) HEPES Ringer 
solution (147.5 mM NaCl, 5 mM KCl, 2 mM 
CaCl2, 11 mM glucose, 5 mM HEPES, pH 7.35). 
Vehicle injected (HEPES Ringer) and experimen-
tal mice were euthanized and the costal hemi-
diaphragms were isolated 5 hours after the 
injection. To examine the efficacy of BMS-
345541 in vitro, freshly isolated, adult mdx 
costal diaphragms were pinned and stretched 
to approximate resting length on Sylgard coat-
ed plastic Petri dishes. Age- and gender-
matched costal hemidiaphragms were exposed 
to either vehicle (0.1% DMSO) or BMS-345541 
in HEPES Ringer (0.1% DMSO) at concentra-

tions of 1, 10, or 50 μM for 6 hours at room 
temperature. At the end of the treatment peri-
od, the costal hemidiaphragms were flash fro-
zen for subsequent biochemical analyses.

PHA-408 was initially administered by oral 
gavage to mdx mice at a dose of 50 mg/kg in a 
vehicle of H2O containing 25% Tween 20 and 
5% methyl cellulose [26]. Control mice received 
vehicle. This dose was used for a perod of 30 
consecutive days before the mice were eutha-
nized and costal diaphragm samples were 
obtained. The effect of an acute dose of 100 
mg/kg by oral gavage was also examined by 
euthanizing the mice and obtaining costal dia-
phragm samples 5 hours after the treatment. 
In addition, the drug was administered ip at 0.8 
mg/kg/day in a HEPES buffered isotonic saline 
(pH 7.3) to 1 month old mdx mice for 30 con-
secutive days (2 doses per day) with the corre-
sponding control mice receiving vehicle injec-
tions. To examine the efficacy of PHA-408 in 
vitro, freshly isolated, adult, age- and gender-
matched mdx costal diaphragms were pinned 
at approximate resting length and exposed to 
vehicle (0.1% DMSO) or 1, 10 or 20 μM PHA-
408 in HEPES Ringer for 6 hours. At the end of 
the treatment, the muscles were flash frozen 
for subsequent analyses. As a further examina-
tion of the efficacy of PHA-408 in vitro, cultured 
mdx myotubes were exposed to 20 μM PHA-
408 for 52 hours and the distribution of p65 in 
the cytosol and nucleus was determined using 
confocal immunofluorescence. 

Cytosolic and nuclear extracts

Cytosolic and nuclear extracts were obtained 
as described in Singh et al [27]. Isolated costal 
diaphragms from vehicle and drug treated 
preparations were homogenized by Dounce 
homogenizer at 1 mg wet weight per 18 µl of 
low salt lysis buffer (LSLB: 10 mM HEPES, 10 
mM KCl, 1.5 mM MgCl2, 0.1 mM EDTA, 0.1 mM 
EGTA, 1 mM dithiothreitol, 1.0 mg/ml benzami-
dine, 0.5 mM phenylmethylsulfonyl fluoride, 4.0 
ml/ml protease inhibitor cocktail Sigma # 
8340, 10 µl/ml phosphatase inhibitor Sigma # 
P2850, pH 7.9). The homogenized muscle was 
then maintained on dry ice for at least 10 min, 
and subjected to two cycles of freeze-thaw lysis 
using dry ice (5 minute freeze, thaw at room 
temperature) before centrifugation (13,000 
rpm, 20 seconds, 4°C) and removal of the 
supernatant (cytosolic extract).
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The remaining pellets were then washed twice 
with LSLB (50 µl) to remove any cytosolic con-
taminants, and re-suspended in ice-cold high-
salt lysis buffer (HSLB: 20 mM HEPES (pH 7.9), 
420 mM NaCl, 1 mM EDTA, 1 mM EGTA, 25% 
glycerol, 1 mM dithiothreitol, 0.5 mM phenyl-
methylsulfonyl fluoride, 1.0 mg/ml benzami-
dine, 4 µl/ml protease inhibitor cocktail, 10 µl/
ml phosphate inhibitor; 4 ml/mg wet weight; 30 
min incubation). The suspension was vigorously 
mixed (5 seconds, vortex) 6 times at 5 minute 
intervals and centrifuged (13,000 rpm, 6 min, 
4°C) to obtain the nuclear extract. Both the 
nuclear and cytosolic extracts were stored at 
-80°C. Protein concentration was determined 
using the Bradford assay (Bio-Rad 500-0006) 
in a standard 96 well plate.

Western blot 

Western blots were obtained as described  
in Singh et al [27]. Extracts (20 to 40 mg total 
protein) were separated by SDS PAGE under 
reducing conditions and transferred to a PVDF 
membrane (BioRad). Blots were incubated in 
rabbit p65 (Cell Signaling Technology (CST) 
#3034S), rabbit IκB-α (CST #9242), and/or rab-
bit phospho-IκB-α (ser 32; CST #2859) at 
1:1000 or 1:500 dilution with 5% bovine serum 
albumin (BSA) in Tris buffered saline containing 
Tween 20 (TBST) overnight at 4°C. To assess 
loading, the blots were stripped and exposed to 
rabbit glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) antibody (CST #14C10; 1:20000; 
1 hr, room temperature; cytosolic extracts)  
or rabbit Oct 1 antibody (Abcam #15112; 
nuclear extracts). The secondary antibody was 
HRP conjugated anti-rabbit IgG (Jackson 
Laboratory #111-035-003) administered in 5% 
BSA in TBST for 1 hour at room temperature. 
Immunoblot detection was performed by the 
ECL detection method (Amersham, UK). 

Densitometric analyses

Image J was used to determine the density of 
p65 and IκB-α on Western blots relative to the 
corresponding density of GAPDH (cytosolic 
extracts; p65/GAPDH, IκB-α/GAPDH) or Oct1 
(nuclear extracts; p65/Oct1). The proportion of 
phosphorylated IκB-α was also determined 
(phospho-IκB-α/IκB-α). Statistical significance 
(p < 0.05) was determined by one tailed t-tests 
using Sigmaplot (V 11, 12, 12.5) statistical 
software.

Primary cultures

Primary cultures of mdx (C57Bl10ScSn-mdx) 
myotubes were obtained using a previously 
described protocol [30]. Satellite cells from 14 
to 17 day mdx embryos were dissociated using 
standard procedures in a medium containing 4 
mg/ml collagenase Type A, 0.5 mg/ml trypsin, 
and 1 mg/ml deoxyribonuclease in a HEPES 
(25 mM HEPES, pH 7.3) buffered saline solu-
tion (137 mM NaCl, 0.7 mM Na2HPO4) main-
tained at room temperature. The cells were 
plated (560,000 cells/ml, 1.5 ml) in DMEM-
HAMS F12 (Sigma) supplemented with 10% 
fetal bovine serum (Sigma), 100 units penicillin, 
and 100 mg streptomycin (Sigma) on laminin   
coated (Sigma # L2020; 2 mg/cm2) thin glass 
coverslips placed within 35 mm plastic Petri 
dishes (Fisher Scientific). The cells were main-
tained at 37°C in a humidified CO2 environment 
(NuAire Model NU-4950 incubator) and culture 
media was replaced every other day. At 5 to 7 
days after plating, myoblasts reach confluence 
and fuse to form myotubes, which usually begin 
to twitch spontaneously at 7 days. Fibroblasts 
as well as myoblasts were allowed to proliferate 
within the laminin matrix. The laminin substrate 
and associated bed of fibroblasts provides a 
stable matrix for the twitching myotubes which 
have been maintained for as long as 30 days in 
culture [30, 31]. Myotubes were exposed to  
20 μM PHA-408 for 52 hours beginning at cul-
ture day 7 after plating. Vehicle-treated (0.1% 
DMSO) myotubes served as controls.

Immunofluorescent staining for p65

After removing the culture media, which con-
tained 20 μM PHA-408 or vehicle (0.1% DMSO), 
the cells were washed 3 times in phosphate 
buffered saline (PBS) and subsequently fixed in 
4% paraformaldehyde in PBS (15 minutes). The 
myotubes were then exposed to 0.1% Triton 
X-100 for five minutes, followed by three 5 min-
ute washes with PBS. The samples were 
exposed to 1.5 ml blocking buffer (1.275 mL dd 
H20, 150 uL 10X PBS, 4.5 uL Triton X-100, 75 
uL goat serum; Sigma-Aldrich, G9023) for one 
hour. The blocking buffer was then removed 
and the myotubes incubated in 0.5 ml primary 
antibody dilution buffer containing rabbit anti-
p65 (number 3987S, Cell Signaling Technology; 
1:500) at 4°C overnight with gentle rocking. 
Control experiments were also performed in 
which the primary antibody was exposed to 
Jurkat nuclear extract (Active Motif, # 36110) 
prior to addition to the fixed myotubes. The 
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cells were subsequently washed 3 times in PBS 
(5 minute wash). Secondary antibody dilution 
buffer containing goat anti-rabbit IgG conjugat-
ed with Alexa Fluor 645 (4414, Cell Signaling 
Technology; 1:250 dilution) was then added for 
one hour. After removing the secondary anti-
body, the dishes were washed in PBS (3 times, 
5 minute wash) before being examined in PBS 
using a Leica DMI660B confocal microscope. 

Sequential scanning was used to capture both 
confocal and fluorescent images.

Results

In vitro exposure to IKKβ inhibitors

Adult freshly isolated costal diaphragms were 
exposed in vitro to various concentrations of 

Figure 1. Exposure to 50 μM BMS-345541 does not influence the expression of nuclear p65 or cytosolic IκB-α in 
freshly isolated mdx costal diaphragms. A. Western blots of the nuclear expression of p65 and Oct 1 and the cyto-
solic expression of IκB-α and GAPDH. Freshly isolated mdx costal diaphragms were exposed to either vehicle (0.1% 
DMSO) or 50 μM BMS-345541 for 6 hours at room temperature before being flash frozen for subsequent analyses 
of the expression of p65 and IκB-α in nuclear and cytosolic fractions of the muscle, respectively. B. Densitometry 
results from nuclear (left - p65/oct1) and cytosolic fractions (right - IκB-alpha/GAPDH) obtained from the vehicle-
treated and drug-treated (50 μM BMS-345541) preparations. Note that BMS-345541 produced a slight increase in 
cytosolic IκB-α and reduction in nuclear p65 that did not reach statistical significance.

Table 1. The effect of BMS-345541 on the expression and phosphorylation of cytosolic IκB-α and 
expression of nuclear p65

Treatment Cytosolic IκB-α/GAPDH Proportion of Cytosolic Phosphory-
lated IκB-α Nuclear p65/Oct1

Vehicle 0.92 ± 0.09, N = 7 0.55 ± 0.07, N = 4 0.26 ± 0.09, N = 7
1 uM BMS345541 0.74 ± 0.11, N = 7 0.68 ± 0.06, N = 4 0.46 ± 0.11, N = 7
Vehicle 1.765 ± 0.47, N = 4 0.35 ± 0.9, N = 4 0.39 ± 0.05, N = 20
10 uM BMS345541 1.16 ± 0.20, N = 4 0.48 ± 0.08, N = 4 0.47 ± 0.08, N = 20
Vehicle 1.39 ± 0.08, N = 12 --------- 1.20 ± 0.08, N = 6
50 uM BMS345541 1.1 ± 0.12, N = 13 --------- 1.12 ± 0.08, N = 7
Shown are the means ± SEM and N values for densitometric results obtained from the appropriate cell extracts of hemidia-
phragm exposed to either vehicle or the indicated concentrations of BMS-345541. N represents the number of costal hemi-
diaphragms used to obtain the densitometric measurements from Western blots of the appropriate protein, using GAPDH as 
a loading control for cytosolic extracts and Oct 1 as a loading control for nuclear extracts. Separate vehicle controls were used 
for each concentration of BMS-345541 analyzed. BMS-345541 did not significantly influence cytosolic IκB-α expression, the 
proportion of phosphorylated IκB-α in the cytosol, or the nuclear expression of p65 at any concentration (1, 10, 50 μM).
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BMS-345541. Examples of Western blots 
obtained from costal diaphragms exposed to 
vehicle (0.1% DMSO) or 50 μM BMS-345541 
are shown in Figure 1A. Densitometric mea-
surements indicated that exposure to 50 μM 
BMS-345541 had no effect on nuclear p65 or 
cytosolic IκB-α expression (Figure 1B). An 
examination of the effects of exposure to 1, 10, 
and 50 μM BMS-345541 revealed no signifi-
cant effect of treatment on the expression of 
cytosolic IκB-α, the phosphorylation of cytosol-
ic IκB-α, or the expression of nuclear p65 (Table 
1).

Similarly, exposure to PHA-408 at concentra-
tions of 1 and 10 μM did not influence the cyto-
solic expression of IκB-α nor the nuclear 
expression of p65 (Figure 2A1, 2A2, 2B1, 
2B2). However, exposure to the drug at 20 μM 
significantly increased the cytosolic expression 
of IκB-α (p < 0.001; Figure 2A3) and reduced 
the nuclear expression of p65 (p < 0.01; Figure 
2B3). Consistent with this observation, cul-
tured mdx myotubes exposed to 20 μM PHA-
408 for 52 hours exhibited reduced nuclear 
p65 immunofluorescence compared to myo-
tubes exposed to vehicle alone (0.1% DMSO; 
Figure 3).

In vivo exposure to IKKβ inhibitors

BMS-345541 or a water vehicle was adminis-
tered by oral gavage at a dose of 100 mg/kg to 
age-matched adult mdx mice and the mice 
were euthanized at 7 hours after the injection. 
The costal diaphragms from the vehicle and 
drug treated mdx mice were isolated and flash 
frozen for subsequent biochemical analyses. 
Although BMS-345541 produced a 17% reduc-
tion in the nuclear expression of p65, this effect 
did not reach statistical significance (p = 0.24; 
Figure 4). Similarly, ip administration of the 
same dose of BMS-345541 produced a 22% 
reduction in nuclear p65 (5 hours post-injec-

tion) that did not reach statistical significance 
(p = 0.224; Figure 5).

PHA-408 was initially administered daily by oral 
gavage (50 mg/kg) for 30 consecutive days 
beginning at 1 month of age. Nuclear extracts 
from the drug-treated mdx mice showed no 
change in nuclear p65 expression relative to 
the vehicle-treated controls (p = 0.425; Figure 
6A, 6B). Cytosolic extracts from the drug-treat-
ed mdx mice, however, showed a slight increase 
in the expression of cytosolic IκB-α which was 
significant (p = 0.049; Figure 6A, 6C). To fur-
ther examine the potential efficacy of PHA-408 
administered orally to mdx mice, the effect of a 
single oral administration of 100 mg/kg PHA-
408 on the expression of nuclear p65 was 
determined. The results clearly showed no dif-
ference in the nuclear expression of p65 at 5 
hours after the injection (vehicle: p65/Oct1 = 
0.12 ± 0.01 SEM, N = 6; PHA-408: p65/Oct1 = 
0.12 ± 0.02 SEM, N = 6).

A second long term study examining the action 
of ip administration of PHA-408 at the maxi-
mum dose soluble in HEPES buffered isotonic 
saline (pH 7.3) was therefore performed to 
determine the relative efficacy of parenteral 
administration of the drug. PHA-408 was 
administered daily at a dose of 0.8 mg/kg (30 
days) beginning at 1 month of age by perform-
ing two ip injections spaced at approximately 
12 hours. This procedure would maintain a rel-
atively constant, low dose parenteral exposure 
to the drug. The results indicated that the drug-
treated mdx mice did exhibit a significant (p < 
0.05) reduction in nuclear p65 expression in 
comparison to the vehicle injected mice (Figure 
7). These results indicate that administration of 
PHA-408 did effectively reduce the basal acti-
vation of the NF-κB pathway in adult mdx mus-
cle, both in vitro (Figures 2, 3) and following 
prolonged ip administration (Figure 7).

Figure 2. The effect of PHA-408 on the cytosolic expression of IκB-α and the nuclear expression of p65. Freshly iso-
lated mdx costal diaphragms were exposed to either vehicle (0.1% DMSO) or PHA-408 for 6 hours at room tempera-
ture before being flash frozen for subsequent analyses of the expression of p65 and IκB-α in nuclear and cytosolic 
fractions of the muscle, respectively. Insets show Western blots for IκB-α, GAPDH, p65, and Oct-1. Numbers indicate 
corresponding blots for vehicle and treated preparations. Note that in B1 an additional blot was used to complete 
the analyses of p65 expression in treated preparations. Bar graphs show densitometric results (+SEM) using the 
appropriate loading controls. N is the number of isolated mdx costal hemi-diaphragms. ** and *** indicate p < 
0.01 or 0.001, respectively. A1-A3 show the effects of a 6 hour exposure to 1, 10, or 20 μM PHA-408, respectively, 
on the cytosolic expression of IκB-α. B1-B3 show the corresponding effects on the nuclear levels of p65. Note that 
a concentration of 20 μM PHA-408 significantly increased the cytosolic expression of IκB-α (A3; p < 0.001) and 
significantly reduced nuclear p65 (B3; p < 0.01).
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Discussion

The purpose of these studies 
was to assess the efficacy of 
two highly specific and potent 
IKKβ inhibitors in inhibiting 
NF-κB signaling in the mdx 
mouse, a model for Duchenne 
muscular dystrophy [1]. An 
important difference between 
the present study and previ-
ous investigations establish-
ing the efficacy of these IKKβ 
inhibitors [25, 26] is that, in 
the present study, the effect of 
the inhibitors was examined in 
a disease characterized by 
chronic over-activation [2, 14] 
and up-regulation of many of 
the signaling mediators of the 
NF-κB pathway [27]. Previous 
studies were conducted using 
models of acute inflammation 
induced by treatment with LPS 
or streptococcal cell wall [25, 
26].

The results show that BMS-
345541 at concentrations of 
1 to 50 μM was ineffective at 
either increasing cytosolic 
IκB-α or reducing nuclear p65 
expression (Table 1). Acute in 
vivo exposure to BMS-345541 

Figure 3. The effect of exposure to 20 μM PHA-408 on the relative nuclear expression of p65 in cultured mdx  
myotubes. Confocal immunofluorescent images of p65 indicate the relative distribution of the transcription factor  
in the nuclei (arrows) and cytosol of cultured myotubes. Inset indicates magnification of each image. A1-A3 are 
representative images of myotubes exposed to vehicle (0.1 % DMSO). B1-B3 represent images from myotubes ex-
posed to 20 μM PHA-408 in culture media for 52 hours. Note that the nuclei in the myotubes treated with PHA-408 
are more distinct due to a substantial decrease in the relative nuclear intensity of p65 immunofluorescent staining 
(B1-B3).

Figure 4. The acute effects of the oral administration of BMS-345541 to 
adult mdx mice. Inset shows Western blots of p65 and Oct-1, which were 
obtained from the nuclear extracts of mdx costal hemi-diaphragms isolated 
7 hours following drug (100 mg/kg) or vehicle (water) administration. N is the 
number of mice and costal hemi-diaphragms. The densitometric results (bar 
graph) for p65/Oct-1 did not reach statistical significance.

Figure 5. The acute effects of 
BMS-345541 administered intra-
peritoneally to adult mdx mice. 
Inset shows Western blots of p65 
and Oct-1 which were obtained 
from the nuclear extracts of costal 
hemi-diaphragms isolated 5 hours 
after drug (100 mg/kg in HEPES 
Ringer) or vehicle (HEPES Ringer) 
injection. N is the number of mice 
and costal hemi-diaphragms. The 
densitometric results (p65/Oct-1) 
did not reveal a significant effect 
of drug administration on nuclear 
p65 expression.
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cant (*-p < 0.05) 50% reduction 
in nuclear p65 expression in the 
mice treated daily with PHA-408.

at 100 mg/kg by either oral 
gavage or intraperitoneal in- 
jection was also ineffective at 
significantly reducing p65 
expression (Figures 4, 5), 
although each of these routes 
of administration produced a 
17 to 22% reduction in nucle-
ar p65 levels that failed to 
reach significance. It should 
be emphasized that an oral 
dose of 100 mg/kg BMS-
345541 is over 3 times the 
dose needed to inhibit 90% of 
the positive TNF-α response 
to LPS administration [25].

The more potent IKKβ inhibi-
tor, PHA-408, was effective at 

Figure 6. The effects of long term (30 day) oral administration of PHA-408 to young adult (1 month old) mdx mice. 
Daily administration of either vehicle (H2O containing 25% Tween 20 and 5% methyl cellulose) or PHA-408 (50 mg/
kg in vehicle) was continued for 30 days prior to muscle isolation. N refers to the number of mice and costal hemi-
diaphragms. A. Western blots for p65, Oct-1, IκB-α, and GAPDH for vehicle and drug-treated preparations. B. Den-
sitometric measurement of nuclear p65 expression (p65/Oct-1). C. Densitometric measurement of cytosolic IκB-α 
expression (IκB-α/GAPDH). The 14% increase in cytosolic IκB-α expression in the drug-treated group was statistically 
significant (*-p < 0.05).

Figure 7. Long term intraperitoneal administration of PHA-408 reduces the 
nuclear expression of p65 in mdx costal diaphragm. PHA-408 (0.8 mg/kg) or 
vehicle (HEPES buffered isotonic saline) was administered daily to 1 month 
old mdx mice for a period of 30 days. Inset shows Western blots obtained 
from costal hemi-diaphragms of vehicle and drug-treated mice following 
the treatment period. N refers to the number of mice and costal hemi-dia-
phragms. Densitometric analyses (bar graph; p65/0ct-1) revealed a signifi-
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reducing nuclear p65 and increasing cytosolic 
IκB-α (Figures 2, 3) in isolated mdx costal dia-
phragms at a concentration that was approxi-
mately 500 times larger than the IC50 for puri-
fied IKKβ activity, and approximately 20 times 
larger than the concentration required for inhib-
iting greater than 95% of IKKβ activity in other 
cellular systems [26]. A single oral administra-
tion of PHA-408 was ineffective at reducing 
nuclear p65 expression at a dose which was 3 
times larger than a chronically administered 
dose which reduced 80% of the IKKβ activity 
following injection of streptococcal cell wall (30 
mg/kg; [26]). However, long term oral adminis-
tration of PHA-408 at that approximate dose 
(50 mg/kg) [26] did slightly increase cytosolic 
IκB-α, but failed to influence the nuclear expres-
sion of p65 (Figure 6). Long term parenteral 
exposure to a low dose administered twice 
daily was effective at producing a 50% reduc-
tion in nuclear p65 expression (Figure 7). These 
results suggest that a period of prolonged 
treatment with highly potent IKKβ inhibitors in 
vivo may be required before achieving a reduc-
tion in nuclear p65 expression in the dystrophic 
signaling environment.

In comparison to the use of these specific IKKβ 
inhibitors in models of acute inflammation [25, 
26], the present results clearly show a reduced 
efficacy in decreasing basal NF-κB signaling in 
dystrophic muscle. This result is consistent 
with our earlier demonstration that several criti-
cal mediators of the NF-κB signaling pathway 
are upregulated in freshly isolated adult mdx 
muscle [27]. In particular, there was a signifi-
cant 6 fold elevation in IKKβ phosphorylation 
and a significant doubling of IKKβ expression at 
5 months of age [27]. Furthermore, steady 
state cytosolic and whole cell expression of 
IκB-α was increased and associated with rate 
limited proteasomal degradation of phosphory-
lated IκB-α [27]. This signaling environment 
was maintained by steady state increases in 
whole cell and cytosolic p65 that would limit 
the therapeutic efficacy of agents designed to 
reduce the proportion of whole cell p65 resid-
ing within the nucleus [27]. These consider-
ations and the present results suggest that 
agents that block NF-κB signaling by reducing 
p65 expression or directly inhibiting nuclear 
transactivation may be more immediately 
effective than upstream NF-κB inhibitors which 
increase cytosolic IκB-α. Combined use of such 

agents with specific and potent IKKβ inhibitors, 
however, may ultimately provide an optimal 
combination therapy for improving the pheno-
type of patients with Duchenne or Becker mus-
cular dystrophy [8, 9, 14].
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