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Wasting and renal diseases are frequent complica-
tions of HIV (human immunodeficiency virus) infec-
tion and are associated with accelerated disease pro-
gression and increased mortality. Transgenic mice
expressing HIV1 under control of the CD4 promoter
develop an AIDS-like disease and were used in the
present work to study HIV1-induced wasting and kid-
ney pathology. In this study, we reported that disease
evolution paralleled increases in serum urea and cre-
atinine levels, indicating an early and progressive
deterioration of kidney function; meanwhile the
wasting syndrome characterized by up-regulation of
the ubiquitine-proteasome pathway and increased
level of serum 3-methyl-histidine levels occurred at
later stages just prior to death. Further examination
of kidney and muscle pathologies revealed a progres-
sive accumulation of CD45� cells, first affecting the
kidneys. In addition, the onset of disease is accompa-
nied by elevated levels of circulating “regulated on
activation, normal and secreted T cell expressed and
secreted” (RANTES). These results prompted us to as-
sess the effects of AS602868, a specific small molecule
inhibitor of IkappaB kinase 2 (IKK2) on disease pro-
gression. Inhibition of the NF-�B pathway indeed re-
sulted in increased lifespan, kidney and lean body
mass preservation. These beneficial results were as-
sociated with a reduction of CD45� cells infiltrating
the kidneys, amelioration of the renal architecture,
and reduced level of circulating RANTES. Together our
data provide evidence that IKK2 inhibitors have ther-
apeutic relevance in the treatment of HIV1-associated
disorders. (Am J Pathol 2004, 164:1253–1262)

Human immunodeficiency virus 1 (HIV1)-infected pa-
tients develop a multi-organ disease, of which wasting
and HIV-associated nephropathy (HIVAN) are frequent
complication associated with accelerated disease pro-
gression1–3 and increased mortality.4–6 The etiology of

the cachexia is likely to be multi-factorial, resulting from
interactions between decreased caloric intake, malab-
sorption and altered energy utilization or expenditure
secondary to hormonal and/or metabolic abnormalities.3

There is also extensive evidence implicating cytokines in
the development of acquired immunodeficiency syndrome
(AIDS)-associated wasting.7 Because AIDS involves a vari-
ety of pathologies ranging from opportunistic infections to
kidney and cardiac failure, it is relevant, in the quest to find
new treatments, to determine whether any of these pathol-
ogies can mediate the cachexia process.

In most clinical situations, limited access to human
tissue leads to the dependence for experimentation using
relevant animal models of disease. The transgenic (Tg)
mouse line expressing the entire HIV1 coding sequence
under the control of the regulatory sequences of the
human CD4 gene8 spontaneously develop many pathol-
ogies that closely resemble those observed in HIV-in-
fected patients, such as the severe atrophy of the lym-
phoid organs, wasting, and pathology of the kidney, lung,
and heart, leading to premature death.8,9 As in humans,
these pathologies have been widely associated with
mononuclear cell infiltration within diseased organs. This
model therefore offers a unique opportunity to follow the
development of associated pathologies of an AIDS-like
syndrome in vivo as well as to test potential therapeutic
strategies.

For this purpose, we first characterized the course of
disease progression by following the evolution of meta-
bolic parameters in the serum of these transgenic ani-
mals. Our results clearly demonstrated that kidneys are
affected as early events of the disease. Disease onset
was also associated with increased circulating levels of
the protein, “regulated on activation, normal and se-
creted T cell expressed and secreted” (RANTES). At later
stages of the disease, these Tg animals also suffered
from severe cachexia. In addition, a skeletal muscle
wasting syndrome was observed sharing similarities with
other well-described models of wasting such as cancer
cachexia.10

The kidney and muscle pathologies were both associ-
ated with accumulation of leukocytes within diseased
organs. Interestingly, infiltration of the kidneys with mono-
nuclear cells preceded infiltration of the skeletal muscles,
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providing further evidence that kidney failure developed
before the initiation of weight loss. As an approach to
modulate disease progression, we tested the effect of the
compound, AS602868, a specific chemical inhibitor of
IkappaB kinase 2 (IKK2).11 Indeed, nuclear factor kappa
B (NF-�B) activation is associated with the inflammatory
states12–14 and is involved in the regulation of RANTES
expression.15 IKK2 is the main upstream kinase respon-
sible for NF-�B-dependent gene expression, and thus
represents an attractive therapeutic target in this model.

The therapeutic potential of AS602868 was first evalu-
ated via the ex vivo treatment of cultured kidney cells.
After 48 hours of culture, this IKK2 inhibitor dose-depen-
dently inhibited the production of endogenous chemo-
kines and pro-inflammatory cytokines. The effect was
observed both in the absence or presence of exogenous
TNF-�. Following oral administration, AS602868 treat-
ment significantly increased survival times, alleviated kid-
ney pathology, and preserved muscle and lean body
mass. These beneficial effects were accompanied by a
reduction of circulating RANTES. Our data further define
the wasting and kidney syndromes developed by the
CD4C/HIV1 transgenic mouse line and demonstrate the
potential therapeutic value of IKK2 inhibitors in the treat-
ment of HIV1-associated inflammatory disorders.

Materials and Methods

Animals

The generation and characterization of the CD4C/
HIVMutA Tg mice have been previously described.8,9

Heterozygote transgenic mice were obtained by crossing
CD4C/HIV transgenic males from Dr. P. Jolicoeur’s Lab-
oratory with wild-type C3H females (IFFA-CREDO,
France). Animals were housed in specific pathogen-free
facilities and had free access to water and a standard
diet chow. Except for the first survival study, only females
were enrolled in subsequent experiments.

Categorization of Disease Severity

Three disease stages were defined as a function of se-
rum urea levels. Twelve to 40 mmol/L were observed in
young healthy Tg animals and designated as stage Tg1,
40 to 80 mmol/L as an intermediate (stage Tg2) disease
stage, and �80 mmol/L in the most severely diseased
animals (stage Tg3).

Serum Analyses

Mouse serum was collected in BD microtainer SST tubes
(BD, Franklin Lakes, NJ) and centrifuged at 10,000 rpm
for 10 minutes. Sera were analyzed for different biological
parameters (namely cholesterol, triglycerides, aspartate
amino-transferase (ASAT), alanine aminotransferase
(ALAT), creatinine, albumin, glucose, urea, and lipase)
immediately after collection using a Cobas Mira Plus
automated analyzer (Roche Diagnostics).

Serum 3-methylhistidine levels were determined by
HPLC. Proteins were precipitated by adding 1 ml of
chilled ethanol (�20°C) to 100 �l of serum diluted 1:2
with 0.9% NaCl. After overnight incubation at �20°C, the
solution was centrifuged at 14,000 rpm for 10 minutes.
Nine-hundred �l of supernatant were dried under vac-
uum and re-suspended in 25 �l of water. Amino acids
were quantified using a Waters AccQ.Tag chemistry and
a Hewlett Packard HP1090 liquid chromatograph.

The level of circulating RANTES was determined in
serum by ELISA accordingly to the manufacturer’s in-
structions (R&D Systems, Minneapolis, MN). To assess
inflammation status, we measured the levels of several
pro-inflammatory cytokines (IL-10, IL-12p70, IL-6, TNF-�,
and IFN-� and MCP-1) in mouse serum using cytometric
bead array (CBA) kit (BD Pharmingen) and according to
the manufacturer’s instructions.

Histopathology

Mice were anesthetized with pentobarbital (Sanofi,
France), and then perfused intracardially with 4% para-
formaldehyde. Kidneys and soleus muscles were imme-
diately collected and immersion-fixed overnight in 4%
paraformaldehyde in PBS. Organs were embedded in
paraffin and 5-�m sections were stained with hematoxy-
lin-eosin (Merck) and then subjected to histological anal-
ysis. The presence of leukocytes was assayed by immu-
nostaining on paraffin sections with a biotinylated
monoclonal antibody to mouse CD45 (30-F11, Pharmin-
gen). Sections were first deparaffinized, treated with PBS
containing 0.03% H202 to block endogenous peroxidase
activity, followed by microwave treatment in 10 mmol/L
sodium citrate buffer. Sections were then incubated with
the antibody (1/100) overnight at 4°C. Biotinylated anti-
body was developed with the StepABComplex kit
(DAKO) and peroxidase activity was detected using
FAST DAB (Sigma Aldrich, St. Louis, MO). Samples were
analyzed in a blinded manner by two examiners (A.H.
and Y.S.).

Single-Cell Suspension

Single-cell suspensions were prepared from the spleen,
kidneys, and gastrocnemius/soleus muscles. Briefly,
mice were anesthetized with pentobarbital, perfused intra-
cardially with ice-cold PBS, and the organs were re-
moved and weighed. Cells were obtained by sequential
enzymatic digestion in Iscove’s medium, containing Col-
lagenase IV (8 mg/ml) (Worthington Biochemical Corp,
Lakewood, NJ) and DNase (1% in PBS, Sigma), 3 � 20
minutes, at 37°C with gentle shaking. Cells were har-
vested and transferred into 4 ml of Iscove’s medium/1 ml
FCS (GIBCO) on ice. Cells were then washed twice with
fresh medium and filtered through a 70-�m cell strainer
(BD Falcon) before proceeding with further analysis.

Analysis of Inflammatory Infiltrates

All flow-cytometric analysis for surface antigens was per-
formed using a phycoerythrin (PE)-coupled monoclonal
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antibody directed against mouse CD45 (30-F11) ob-
tained from BD Pharmingen (San Diego, California). Sin-
gle-cell suspensions were pre-incubated with the 2.4G2
monoclonal antibodies (BD Pharmingen) to block Fc�R-
binding, and then incubated with the relevant monoclonal
antibody for 30 minutes on ice. Subsequently, cells were
washed twice with fresh medium and analyzed with a
FACScalibur (BD Biosciences, Mountain View, CA) with
CellQuest software.

Northern Blot

Total RNA was extracted from the gastrocnemius muscle
using the Trizol (Gibco BRL) procedure. Twenty-five �g
samples of total RNA were electrophoresed on 1.2%
agarose gels and then transferred and covalently bound
to nylon HYBOND N� membrane. Pre-hybridization for 2
hours and hybridization overnight were performed at
68°C in ExpressHyb hybridization solution (BD Bio-
sciences), followed by successive washes in 2X SSC/1%
SDS and 0.5X SSC/0.05% SDS. Membranes were hybrid-
ized with 32P cDNA fragments labeled by random prim-
ing (High Prime, Boehringer Mannheim). Probes encod-
ing ubiquitin or the C2 and C9 subunits of the proteasome
were used. After stripping, the membranes were re-
probed with a cDNA fragment encoding GAPDH.

Treatment with an IKK2 Inhibitor

A potent, reversible and ATP-competitive inhibitor of IKK2
with an IC50 � 62 nmol/L (Ki � 20 nmol/L) has been
identified and designated AS602868. This compound is
able to prevent TNF-induced I�B-� phosphorylation and
NF-�B activation in Jurkat leukemic T cells as well as the
TNF-induced-disruption of mitochondrial potential, -de-
crease in anti-apoptotic gene transcription, -caspase ac-
tivation, and -DNA fragmentation.11 On oral administra-
tion, AS602868 suppressed TNF-� production in
response to LPS challenge in mice (ED50 4 mg/kg).

Ex Vivo Effects of AS602868

To assess the effects of AS602868 treatment on chemo-
kine and cytokine expression, kidney single-cell suspen-
sions, prepared as described previously, were cultured
at 5 105 cells per well in 96-well plates and pre-incubated
for 30 minutes in the absence or presence of increasing
concentrations of AS602868. The following culture me-
dium was used: RPMI 1640 with 10% fetal calf serum
(FCS), streptomycin, penicillin, and L-glutamine. Cells
were either stimulated with TNF-� (600U/well) or not. Fifty
�l out of 150 �l total volume of supernatants were har-
vested after 48 hours and assayed for IL-10, IL-6, IL12,
TNF-�, IFN-�, and MCP-1 using the mouse inflammation
cytometric bead array kit (BD Pharmingen) and for
RANTES using ELISA (R&D). All kits were used according
to the manufacturer’s instructions.

In Vivo Effects of AS602868

To assess the effects of AS602868 on disease progres-
sion, age-matched CD4C/HIV Tg females were chosen
according to their serum urea level (stage Tg1, ie, be-
tween 12 and 20 mmol/L) at the beginning of the exper-
iment (n � 6/group). Six times per week the mice re-
ceived an oral administration of 150 �l of the IKK2
inhibitor (45 mg/kg) or vehicle (0.5% carboxymethylcel-
lulose/Tween 0.25% (Sigma)). Disease progression was
evaluated at weekly intervals by monitoring body weight
and serum parameters. To study the effects of a short-
term treatment, mice were sacrificed after 8 weeks of
treatment. Organs of interest such as kidneys, gastroc-
nemius muscles, and spleen were removed and
weighed. One kidney and both muscles were enzyme
digested and subsequently analyzed by flow cytometry
for the quantification of CD45� cells. The second kidney
was used for histology. Results of two independent ex-
periments are shown. For the survival study, mice were
enrolled in the experiment when their serum urea level
reached between 12 to 20 mmol/L and were then treated
six times per week with either 15 or 45 mg/kg of the IKK2
inhibitor or the vehicle alone. Animals were sacrificed
when the serum urea level was above 100 mmol/L. Both
serum biological parameters and body weight were mon-
itored weekly.

Statistical Analysis

The statistical significance was determined by perform-
ing the two-tailed Student’s t-test. Survival was analyzed
by the Kaplan-Meier method, and the significance of
differences was determined by the log-rank test.

Results

Disease Progression in the CD4C/HIV1
Transgenic Model

Premature death and multiple organ involvement are ob-
served in this murine CD4C/HIV transgenic model.8 In-
deed, the lifespan of these transgenic animals is limited

Figure 1. Effect of HIV1 transgene expression on mice survival. The survival
of CD4C/HIV1 transgenic mice is markedly reduced compared to non-
transgenic C3H controls. In addition CD4C/HIV1 transgenic males (n � 15)
survive longer than females (n � 45) (P � 0.0005, log-rank test).
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with that of females being shorter than males (117 days
versus 150, respectively, Figure 1). The external manifes-
tations of the disease include hypoactivity, weakness,
failure to thrive, and ruffled coat appearance that usually
appear during the fourth month of age and are predictive
of near death. However, the course of events leading to
their dramatically reduced survival time still remains to be
determined. To address this issue, the levels of several
serum parameters were evaluated in CD4C/HIV Tg ani-
mals at different ages, before and after the appearance
of the previously described externally visible symptoms.
During the early stage of disease, altered serum markers
were indicative of kidney dysfunction, such as urea, cre-
atinine, and albumin levels, as well as a lipid metabolic
disturbance reflected by cholesterol and lipase activity
(Table 1). In contrast, at later stages, many more param-
eters were altered including markers of wasting such as
creatine kinase (Table 1), providing evidence that the
process of wasting commences after the initiation of kid-
ney impairment. However, the most striking change ob-
served occurred with serum urea levels, increasing up to
17-fold. The serum urea level increased progressively,
reaching a statistically significant difference at 70 days of
age, whereas no changes with age occurred in WT ani-
mals (Figure 2A). As CD4C/HIV Tg mice have a hetero-
geneous disease onset, there was a need to have an
appropriate marker to follow disease progression. Based
on the above results, the serum urea level was chosen as
the marker to define disease stages, with 12 to 40 mmol/L
as the early-stage range (Tg1), 40 to 80 mmol/L as the
intermediate (Tg2), and �80 mmol/L for the most se-
verely diseased animals (Tg3).

In many clinical situations including AIDS, pro-inflam-
matory cytokines and chemokines are involved in dis-
ease pathogenesis. As such, the levels of these immune
mediators were determined in the serum of age-matched
WT and transgenic animals at different disease stages.
The levels of several pro-inflammatory cytokines (IL-6,
IL-10, IL-12p70, and IFN-�) were not altered in the serum
of Tg animals (Table 2). TNF-� and MCP-1 levels were
slightly increased in transgenic animals, independently of
disease severity (data not shown). In contrast, a significant
increase in circulating RANTES was observed. In addition,
a correlation between elevated levels of RANTES and dis-

ease onset and progression (Figure 2B) was observed,
suggesting that RANTES may be involved in disease patho-
genesis.

Kidneys and Skeletal Muscles Are Severely
Affected by the HIV1 Transgene Expression

As suggested by the analysis of serum parameters, kid-
ney and muscle function appeared to be severely af-
fected by the expression of the HIV1 proteins. Autopsy
revealed severe atrophy of the kidneys, the specific loss

Figure 2. A: Evolution with time of serum urea level. Serum urea level was
determined in WT and CD4C/HIV Tg animals at different ages. Data are
means � SD. *, P � 0.01. As such, serum urea level was thereafter used as a
marker of disease progression. B: Evolution of circulating RANTES level in
WT and CD4C/HIV1 Tg animals, grouped according to their serum urea
level. Data are means � SD. *, P � 0.05; **, P � 0.001

Table 1. Evolution with Age of Serum Biological Parameters in WT and Tg Animals

WT
HIV-Tg

(0–50 days)
HIV-Tg

(50–100 days)
HIV-Tg

(�100 days)

Cholesterol (mmol/L) 2.98 � 0.14 5.95 � 0.50** 9.09 � 0.50*** 8.80 � 0.73***
Creatinine (�mol/L) 42.51 � 5.12 48.49 � 4.14 111.52 � 7.29*** 140.08 � 10.95***
Glucose (mmol/L) 8.41 � 0.24 8.59 � 0.31 7.53 � 0.17 5.65 � 0.80***
Triglycerides (mmol/L) 2.28 � 0.19 2.48 � 0.37 2.15 � 0.22 2.29 � 0.41
Urea (mmol/L) 7.57 � 0.55 13.04 � 1.01* 52.62 � 1.88*** 127.06 � 6.14***
Albumin (g/L) 44.91 � 1.42 33.73 � 1.93*** 29.94 � 1.54*** 21.49 � 1.01***
ASAT (U/L) 192.92 � 22.28 152.13 � 21.59 157.28 � 8.21 480.62 � 135.3
ALAT (U/L) 102.43 � 17.21 77.67 � 12.38 90.47 � 11.88 117.20 � 14.52*
CK (U/L) 1506.0 � 302.3 1278.3 � 383.7 1081.3 � 227.5 4686.6 � 1122.4*
LDH (U/L) 883.6 � 119.2 976.0 � 88.0 713.5 � 104.8 816.0 � 722.3
Lipase (U/L) 45.33 � 6.88 57.07 � 3.71 82.62 � 4.00*** 55.29 � 8.84

Serum biological parameters were evaluated in WT (n � 20) and CD4C/HIV transgenic animals at different ages (n � 20/group). No significant
variations with age were observed in WT animals. Data are means � SD. *, P � 0.05; **, P � 0.01; ***, P � 0.005.
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of the epidydimal fat, and decreased skeletal muscle
weights (soleus, gastrocnemius, tibialis) (Table 3). A sig-
nificant total body weight loss was also observed. How-
ever, as some mice develop edema, comparison of the
carcass weight provided a more relevant representation
of the muscle and lean body mass wasting than the wet
weight (49% decrease versus 22%, respectively, Table
3). However, macroscopic examination revealed that not
all organs appeared atrophied in late-stage disease, as
indicated by unaltered liver, heart, and brain weights.

Skeletal muscle weight loss along with the specific
depletion of fat reserves are indicative of an HIV-1-asso-
ciated wasting disease process also encountered in a
relatively high percentage of AIDS patients.3,16,17 To pro-
vide information on the molecular mechanisms leading to
a muscle wasting process in this model, the expression of
the ubiquitin-proteasome pathway related proteins, a
proteolytic pathway responsible for the accelerated pro-
teolysis seen in a variety of wasting conditions18–20 were
studied. By Northern blot analysis, increased levels of
ubiquitin and the 20S proteasome C2 and C9 �-subunit
proteins in the gastrocnemius muscle of diseased ani-
mals were observed (Figure 3A). In addition, the serum
level of 3-methyl-histidine, a well-known and widely ac-
cepted specific marker of myosin breakdown,21,22 was
significantly elevated (fivefold increase) in the CD4C/HIV
Tg group compared to WT mice (Figure 3B). These data
are consistent of a wasting process linked to increased
protein degradation.

Kidney Damage Precedes Muscle Structure
Disorganization

We next investigated the extent of the kidney and skeletal
muscle pathology. H&E-stained paraffin sections of kid-
ney and soleus muscle from WT and CD4C/HIV Tg ani-

mals from all disease stages were prepared and ana-
lyzed. Renal damage was detected early in disease
progression (stage Tg1; Figure 4D), consistent with the
early increase in serum urea levels. The renal tubules
presented microcystic tubular and tubulointerstitial pa-
thology characterized by tubular degeneration and
mononuclear cell infiltration (Figure 4, D and F). In con-
trast, the skeletal muscle histopathology of age-matched
WT and early-stage transgenic animals (stage Tg1) pre-
sented similar anatomy (Figure 4, A and C); only sections
from CD4C/HIV Tg mice at stage Tg3 (Figure 4E) were
altered from controls. Analysis of stage Tg3 skeletal mus-
cle specimens revealed the presence of numerous infil-
trating cells, abnormally small rounded muscle fibers with
highly variable diameters, and consistently paler colora-
tion than that of age-matched WT controls (Figure 4, F
and G). Infiltration of leukocytes into the kidneys and
skeletal muscles of transgenic mice was confirmed by
immunostaining with an anti-CD45 (ie, pan leukocyte)
antibody (Figure 4H). These data confirmed that during
disease development, alterations to kidney structure and
function precedes skeletal muscle pathology.

To further document whether the leukocyte infiltration
observed by histology was an early event in HIV disease
progression, the cellular infiltration was analyzed by flow
cytometry. Single-cell suspensions obtained after se-
quential enzymatic digestion of the spleen, kidneys, and
gastrocnemius muscles were labeled with the anti-CD45
antibody and the proportion of hematopoietic cells
present within the organ of WT and CD4C/HIV Tg mice
quantified (Figure 5A). While FACS analysis of the spleen
showed no dramatic change with disease progression,
the proportion of CD45� cells increased in both the kid-
neys as well as skeletal muscles of the CD4C/HIV Tg
animals (Figure 5B). In the kidneys, a higher proportion of
CD45� cells was already observed in the Tg1 stage and

Table 2. Comparison of Pro-Inflammatory Cytokines and MCP-1 Levels in WT and CD4C/HIV1

IL-12 (pg/ml) TNF-� (pg/ml) IFN-� (pg/ml) MCP-1 (pg/ml) IL-10 (pg/ml) IL-6 (pg/ml)

WT (n � 15) 0.00 1.48 � 2.56 0.00 35.25 � 11.25 0.00 0.66 � 1.48
CD4C/HIV1 Tg (n � 19) 0.00 30.81 � 14.43 0.09 � 0.39 51.43 � 26.8 2.72 � 11.54 1.24 � 1.76
P value �0.001 ns �0.05 ns ns

Serum pro-inflammatory cytokines and MCP-1 were determined using CBA kit.
Values are expressed as mean � SD; ns, not significant.

Table 3. Decreased Fat, Kidney and Skeletal Muscle Individual Weight in CD4C/HIV1 Diseased Animals (Stage Tg3)

WT (n � 18) HIV-Tg (n � 31) % Decline

Body weight (g) 26.44 � 3.54 20.57 � 2.89 22***
Carcass (g) 5.98 � 1.43 3.04 � 1.83 49***
Epididymal fat (mg) 282.2 � 79.4 53.7 � 4.3 81***
Soleus (mg) 7.65 � 2.6 5.9 � 0.4 23*
Gastrocnemius (mg) 131.2 � 29.7 92.6 � 3.4 29***
Tibialis (mg) 55.0 � 8.7 37.7 � 3.6 31**
Kidneys (mg) 193.5 � 51.6 103.8 � 8.5 44***
Spleen (mg) 90.5 � 19.3 80.3 � 11.1 7
Brain (mg) 462.6 � 6.6 453.0 � 5.5 2
Liver (g) 1.33 � 0.17 1.1 � 0.08 12*
Heart (mg) 131.1 � 17.8 142.8 � 8.5 �7

Data are means � SD. *, P � 0.05; **, P � 0.01; ***, P � 0.005.
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increased progressively to reach 12% of the total popu-
lation of kidney cells at stage Tg3. In contrast, the infil-
tration observed in the skeletal muscles appeared as a
later event only when animals were classified in the Tg2
stage.

An IKK2 Inhibitor Reduces Chemokine and Pro-
Inflammatory Cytokines Production in Ex Vivo
Kidney Cell Preparation

As the NF-�B pathway is responsible for key signaling
events leading to cellular infiltration and elevated RAN-
TES levels,15,23 we questioned whether the disease pro-
gression observed in our study could be altered using a
small molecular weight inhibitor of NF-�B. In a first series
of experiments, the effect of AS602868, a specific inhib-
itor via IKK2 and the downstream expression of genes
transcriptionally regulated by NF-�B, was tested in an ex
vivo assay. Single-cell suspensions of kidney cells of
age-matched WT and CD4C/HIV1-Tg mice were ob-
tained by enzymatic digestion. AS602868 dose-depen-
dently prevented RANTES production by WT or Tg kidney
cell suspensions, with or without the presence of TNF-�
(Figure 6). Similar results were obtained while studying
the effects of AS602868 on pro-inflammatory cytokines
expression by cultured kidney cells (data not shown).
AS602868 is thus able to reduce chemokine and cytokine
expression in kidney cell ex vivo culture.

Treatment with an IKK2 Inhibitor Delays Renal
Pathology and Preserves Muscle Mass

As AS602868 inhibited NF-�B regulated-genes in the
CD4C/HIV1 transgenic kidney cell culture assay, we next
investigated its in vivo effect on disease progression.
First, the effects of an 8-week treatment were evaluated.
Seventy- to 90-day-old mice with a urea level between 12
to 20 mmol/L were treated six times per week during 8

weeks with an oral dose of either the IKK2 inhibitor (45
mg/kg) or the vehicle alone. Disease progression was
evaluated weekly by monitoring body weight and serum
parameters. As shown in Figure 7A, mice treated with the
IKK2 inhibitor gained more weight than the vehicle-
treated animals (body weight at the end of the treatment
period: 23.43 grams for AS602868 versus 21.95 grams for
vehicle-treated animals). At the end of the treatment pe-
riod, animals were sacrificed and the organs of interest
analyzed. The total body weight gain, previously ob-
served in IKK2 inhibitor-treated mice, was confirmed
when the dried carcass mass was measured (5.78 grams
for AS602868 versus 5.21 grams for vehicle-treated ani-
mals) (Figure 7B). The observed reduction of kidney and
gastrocnemius muscle weights was less pronounced in
the group receiving AS602868 (kidney weight: 121�/�3.2
mg versus 105�/�3.6 mg for vehicle-treated animals, age-
matched controls, 142�/�22.4 mg; gastrocnemius: 131�/
�3.0 mg, versus 120�/�2.1 mg, age-matched controls
129�/�12.4 mg) (Figure 7C). In addition, IKK2 inhibition
resulted in an amelioration of the kidney pathology as indi-
cated by the reduced proportion of CD45� cells and the
preserved renal architecture (Figure 8, A and B). The tubu-

Figure 4. Muscle and kidney histopathology in WT and in CD4C/HIV trans-
genic mice at disease stage Tg1 and Tg3. A, C, and E: H&E staining of 5-�m
soleus transversal sections from WT, Tg1, and Tg3 CD4C/HIV animals,
respectively. Mononuclear cell infiltrate is only observed in diseased animals
(Tg3) whereas muscle sections are similar in WT and CD4C/HIV Tg1 animals.
Representative pictures are shown (�40). B, D, and F: H&E staining of WT,
Tg1, and Tg3 CD4C/HIV kidney sections. Severe kidney damage is already
detected in young transgenic animals (Tg1) (�20). G: Higher magnification
of Tg3 soleus muscle section revealing the presence of numerous infiltrating
cells (�60) and (H), immunostaining with an anti-CD45 antibody of Tg3
kidney sections revealing the presence of infiltrating leukocytes (�20).
Samples were analyzed in a blinded manner by two examiners (A.H. and
Y.S.)

Figure 3. Documentation of a muscle wasting process in CD4C/HIV1 trans-
genic diseased animals. A: Up-regulation of the ubiquitin-proteasome path-
ways in CD4C/HIV transgenic gastrocnemius muscles. Northern blot analysis
of the expression of ubiquitin, the C2, and C9 proteasome core proteins.
GADPH serves as an internal control. B: Increased 3-methylhistidine level in
the serum of CD4C/HIV Tg animals (WT, n � 4; CD4C/HIV Tg, disease stage
Tg3, n � 4). *, P � 0.005.
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lar atrophy was less pronounced in the AS602868-treated
group. These beneficial effects were accompanied by
reduced level of circulating RANTES (Figure 9). Due to
the young age of mice enrolled in this study, no differ-
ence in the proportion of CD45� cells infiltrating the
muscles was detected (data not shown).

As the 8-week course of treatment provided significant
improvement in disease symptoms and progression, we
next evaluated the effects of a long-term treatment. In this
study, two doses of the IKK2 inhibitor, ie, 15 and 45
mg/kg were included. No significant effect on survival
was achieved with the lower dose, while the lifespan of
CD4C/HIV Tg animals treated with 45 mg/kg of the IKK2
inhibitor was significantly increased (P � 0.0357) and in
some animals exceeded 200 days (Figure 10A). Although
AS602868 treatment was not sufficient to block disease
totally, the increase in serum urea level was delayed in
the IKK2 inhibitor-treated group (45 mg/kg) as compared
to vehicle-treated animals (Figure 10B). These data con-
firm that the beneficial effect observed after 8 weeks of
treatment could lead to an increased survival when the
treatment is prolonged. These data support the notion
that IKK2 and more generally the NF-�B system plays a
significant role in the development of kidney pathology
and decreased lean body mass observed in the sponta-
neous disease of CD4C/HIV Tg mice.

Discussion

In the present study, we have documented the evolution
of the AIDS-like disease which develops in the CD4C/
HIV1 transgenic mouse line. Analysis of serum parame-

ters provides further insight into one of the predominate
features, ie, kidney destruction and eventual failure. In-
deed, progressive deterioration of renal structure and
function participated in disease evolution. At late-stage
disease, the CD4C/HIV1 Tg animals also suffer from a
severe wasting process that is likely due to an increased
protein breakdown as shown by the up-regulation of the
ubiquitin-proteasome pathway and the elevated level of
serum 3-methylhistidine. This result is in accordance with
previous studies reporting that among the different pro-
teolytic pathways responsible for protein catabolism, the
ubiquitin-proteasome is considered to be the most impor-
tant in a range of catabolic states such as cancer24 and
chronic renal failure.25 Currently, process wasting asso-
ciated with AIDS is poorly understood. However, Llovera
and colleagues26 have also observed an up-regulation of
the ubiquitin-proteasome pathway in the skeletal muscles
of AIDS patients.

In contrast to these similarities, certain features differ-
entiate the wasting syndrome manifested in CD4C/HIV1
Tg mice versus human AIDS.27 Diarrhea, gastrointestinal
disturbances, or hypertriglyceridemia are not observed in
this mouse line. Furthermore, in HIV-infected patients,
rapid weight loss has been associated with acute infec-
tions,28 which the mice were not subjected to being
house in SPF conditions. Therefore our data indicated
that the wasting syndrome in this Tg model can develops
in the absence of secondary opportunistic infections and

Figure 5. Cellular infiltrates quantification by flow cytometry. (A and B)
Spleen (top), kidney (middle) and skeletal muscle (bottom) single-cell
suspensions were obtained by sequential enzymatic digestion and then
processed for flow cytometric analysis. A: FACS analysis reveals an increased
proportion of CD45� cells in the kidneys and the gastrocnemius muscles
from CD4C/HIV transgenic diseased mouse (urea �80 mmol/L, stage Tg3;
right) compared to age-matched WT (left). Representative profiles are
shown; results from multiple experiments are summarized in B. B: The
proportion of CD45� cells has been evaluated in the spleen, kidneys, and
gastrocnemius muscles from WT (n � 21), and CD4C/HIV transgenic mice at
different disease stages Tg1, Tg2, and Tg3 (Tg 1: urea 12 to 40 mmol/L, n �
17; Tg2: urea 40 to 80 mmol/L, n � 11; Tg3: urea �80 mmol/L, n � 8). Data
are means � SEM (* P � 0.05; ** P � 0.001).

Figure 6. AS602868 dose-dependently inhibits RANTES expression in kidney
cell cultures. Single-cell suspensions obtained after enzymatic digestion of
age-matched WT kidney (A) and Tg2 transgenic mice (B) were incubated
with increasing doses of AS602868 and 30 minutes later, TNF-� (600U/well)
or medium alone was added, the cell supernatants then harvested after 48
hours and analyzed for RANTES expression by ELISA. Each condition was
analyzed in triplicate. Data are means � SD. Experiment was repeated twice
(WT, n � 4; CD4C/HIV1 Tg stage Tg2, n � 4), (*, P � 0.05; **, P � 0.01; ***,
P � 0.005 versus control without inhibitor).

Therapeutic Benefit of IKK2 Inhibitor 1259
AJP April 2004, Vol. 164, No. 4



in the absence of viral particles. No classical inflamma-
tory cytokines detected in the serum of the CD4C/HIV Tg
mice except TNF-� whose level remained marginal com-
pared to those observed in the serum of cancer cachec-
tic mice.29 Furthermore, using a genetic approach, these
transgenic mice can develop the AIDS-like disease in the
absence of IFN� and IL-6.30 Therefore, these pro-ca-
chectic factors are not essential for developing HIV-as-
sociated wasting in this animal model of disease which
could have therapeutic implications.

In contrast, the increased levels of RANTES in the
serum of the CD4C/HIV transgenic animals and the pro-
gressive accumulation of leukocytes in the kidneys and
muscles could be of major importance to disease pro-
gression. Mononuclear cell infiltration in skeletal muscle
has been reported in HIV-infected patients31 and the
elevation of serum RANTES has been shown to correlate
with rapid progression of the disease.32 Therefore, mono-
nuclear cell recruitment may play a pivotal role not only in
the kidney but also in the muscle pathologies associated

with HIV1 protein expression. Interestingly, we have
shown that in the CD4C/HIV Tg mice, appearance of
inflammatory cells initially occurred in the kidneys, later in
the skeletal muscles, and paralleled the increase in se-
rum RANTES, suggesting that this chemokine is involved
in their recruitment to diseased organs. This is consistent
with previous data from Hanna et al8 reporting positive
immunoreactivty against RANTES in damaged tissues.
Kidney dysfunction was confirmed by an increase in
serum urea and creatinine levels and by a severe atrophy
and a dramatic destruction of kidney structures. Whether
kidney failure participates in CD45� cells infiltration in
muscles and wasting is an unsolved question, and re-
quires further investigation. However, there is precedent
for this concept as chronic renal failure is associated with
loss of lean body mass,33 likely due to specific stimula-
tion of the ATP-dependent proteasome pathway in the
muscle.25

Time-course characterization of disease progression
allowed us to use this model to test therapeutic ap-

Figure 7. Effect of an IKK2 inhibitor (AS602868, 45 mg/kg, six times per week) during 8 weeks of short-term treatment on total body weight, carcass, and kidneys
and gastrocnemius individual weights. A: Total body weight at the beginning and at the end of the 8-week treatment period. Note that young mice (around 70
days) were enrolled in this study and therefore are still gaining weight. B: Carcass weight (age-matched non-transgenic control mice, 5.8 � 0.7 grams). C: Kidneys
and gastrocnemius muscle weights are partially preserved at the end of the treatment period (kidney and muscle weights of age-matched non-transgenic controls,
142 � 22.4 mg and 129 � 12.4 mg, respectively). *, P � 0.05; ** P � 0.005.

Figure 8. Amelioration of kidney pathology with an IKK2 inhibitor (AS602868) after 8 weeks of treatment. A: The proportion of CD45� cells infiltrating the
kidneys is significantly reduced in AS602868-treated (n � 8) compared to vehicle-treated animals (n � 8). **, P � 0.01. Horizontal bar indicates the basal level
of CD45� cells in non-transgenic controls. B: H&E kidney histology (�40); vehicle-treated animals (top) and AS602868-treated animals (bottom) showing that
kidney structure was less damaged in AS602868-treated group, in particular tubular atrophy is less pronounced. Eight animals per group analyzed, at least three
sections/animals were examined. Samples were analyzed in a blinded manner by two examiners (A.H. and Y.S.) Three representative pictures are shown for each
group.
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proach. As such, we tested the effect of oral administra-
tion of a chemical small molecule inhibitor of IKK2 activ-
ity, AS602868. We first showed that this compound was
able to dose-dependently reduce the expression of
RANTES in kidney cell culture. We next tested the in vivo
effect of AS602868 on disease progression. Treatment
with the AS602868 compound slows down CD45� cell
infiltration in kidney and also reduced muscle weight loss
and favored body weight gain. However, in this experi-
ment, the effects of AS602868 on proteolysis (transcrip-
tion of the ubiquitine-proteasome pathway and serum
3-methyl-histidine levels) were not assayed. A possible
explanation would be that IKK2 inhibitors interact with the
activation of NF-�B pathway previously reported in some
muscle wasting models.34 However, gel-shift experi-
ments did not reveal evidence of NF-�B activation in the
muscles of cachectic CD4C/HIV Tg mice (data not
shown) and therefore suggest that IKK2 inhibitor is not
directly acting on muscle. There is now increasing evi-
dence that the NF-�B pathway plays a fundamental role
in regulating acute inflammation and inhibition of this
pathway with natural products, such as gliotoxin or par-
thenolide has already been successful in treating im-
mune renal disease.35 More recently, Chen et al,36 dem-
onstrated that genetic ablation of IKK� in enterocytes
prevented the systemic inflammatory response normally
triggered by gut ischemia. However, IKK� removal also
resulted in severe apoptotic damage after reperfusion.

To our knowledge, this is the first evidence that inhib-
iting IKK2 function could have significant effect on HIV1-
mediated disease progression. The exact mechanisms
are still unknown. However, our experiments on ex vivo
kidney cultured cells as well as the reduced level of
circulating RANTES after 1 or 2 months of treatment
suggests that this IKK2 inhibitor may act by modulating
the transcription of genes encoding the expression of
chemokines. This is supported by the fact that when
AS602868 is administered to collagen-induced-arthritic
mice, the decrease in disease incidence and severity is
accompanied by a reduction in cytokines and chemo-
kines production (Leceta J, Juarranz NJ, Delgado M,
Dreano M, Abad C, Martinez C, submitted).

The possibility that treatment with IKK2 inhibitor de-
creases the transcription of HIV genes is weak. Indeed,
the HIV-LTR, well known to contains functional NF-�B
response elements,37,38 has been replaced by the CD4
promoter in the CD4C/HIV1-transgenic model. Therefore,
the effect of the IKK2 inhibitor is likely not mediated by a
regulation of the transgene expression. Further experiments
are warranted to delineate the mechanism of action of the
inhibitor in this model. It might be hypothesized that expres-
sion of the regulatory HIV proteins in CD4C/HIV transgenic
mice, such as Nef that is a known inducer of NF-�B activa-
tion39 leads to the NK-�B-mediated release of pro-inflam-
matory cytokines as well as the release of RANTES.40

The fact that the IKK2 inhibitor was not sufficient to
totally arrest CD45� cell infiltration in kidney and conse-
quently disease progression, suggests that to block the
disease progression a multi-therapy approach may need
to be undertaken.

In summary, we further document that the disease devel-
oped by CD4C/HIV1 transgenic mice shares many similar-
ities with the AIDS syndrome and we show that recruitment
and accumulation of leukocytes within diseased organs is
key event in disease progression. Most importantly, we
show that the oral administration of an IKK2 inhibitor mark-
edly attenuated the renal pathology and wasting and pro-
longed survival. The therapeutic use of IKK inhibitor may
therefore constitute a novel clinical approach for treating
HIV1-associated inflammatory disorders.

Figure 9. IKK2 inhibitor (AS602868) reduces the level of circulating RANTES.
Serum levels of circulating RANTES were determined by ELISA in the serum
of vehicle-treated (n � 8) and AS602868-treated animals (n � 8) after 2, 3,
6, and 8 weeks of treatment. Results are expressed as means � SD. **, P �
0.001

Figure 10. AS602868 long-term treatment delays disease progression and
dose-dependently increases survival rates. A: Long-term administration of
AS602868 increases survival rates at 45 mg/kg (P � 0.0357, log-rank test).
Control non-treated, n � 9; vehicle-, n � 11; AS602868-treated 45 mg/kg,
n � 16; 15 mg/kg, n � 8. B: Serum urea level was monitored at weekly
intervals in vehicle-treated (dashed line, n � 4) and AS602868-treated mice
(solid line, n � 5). Representative profiles of three experiments are shown.
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