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ABSTRACT

The leucine metabolite �-hydroxy-�-methylbutyrate (HMB) prevents
muscle protein degradation in cancer-induced weight loss through atten-
uation of the ubiquitin-proteasome proteolytic pathway. To investigate the
mechanism of this effect, the action of HMB on protein breakdown and
intracellular signaling leading to increased proteasome expression by the
tumor factor proteolysis-inducing factor (PIF) has been studied in vitro
using murine myotubes as a surrogate model of skeletal muscle. A com-
parison has been made of the effects of HMB and those of eicosapentae-
noic acid (EPA), a known inhibitor of PIF signaling. At a concentration of
50 �mol/L, EPA and HMB completely attenuated PIF-induced protein
degradation and induction of the ubiquitin-proteasome proteolytic path-
way, as determined by the “chymotrypsin-like” enzyme activity, as well as
protein expression of 20S proteasome �- and �-subunits and subunit p42
of the 19S regulator. The primary event in PIF-induced protein degrada-
tion is thought to be release of arachidonic acid from membrane phos-
pholipids, and this process was attenuated by EPA, but not HMB, sug-
gesting that HMB might act at another step in the PIF signaling pathway.
EPA and HMB at a concentration of 50 �mol/L attenuated PIF-induced
activation of protein kinase C and the subsequent degradation of inhibitor
�B� and nuclear accumulation of nuclear factor �B. EPA and HMB also
attenuated phosphorylation of p42/44 mitogen-activated protein kinase by
PIF, thought to be important in PIF-induced proteasome expression.
These results suggest that HMB attenuates PIF-induced activation and
increased gene expression of the ubiquitin-proteasome proteolytic path-
way, reducing protein degradation.

INTRODUCTION

Loss of myofibrillar proteins from skeletal muscle has a negative
effect on the quality and quantity of life of the cancer patient.
Decreased protein synthesis and increased protein catabolism contrib-
ute to muscle atrophy (1), but anabolic stimuli alone cannot increase
muscle mass and require concomitant attenuation of the increased
protein degradation (2). The major system for protein degradation in
cancer-induced weight loss is thought to be the ubiquitin-proteasome
pathway (3).

In a previous report,1 we have shown protein degradation in skeletal
muscle of mice bearing the MAC16 cachexia-inducing tumor to be
attenuated by �-hydroxy-�-methylbutyrate (HMB) by inhibition of
the increased expression of the ubiquitin-proteasome pathway. Al-
though some cytokines, such as tumor necrosis factor � (TNF-�),
have been shown to induce expression of the ubiquitin-proteasome
pathway in skeletal muscle (4), there is no evidence for cytokine
involvement in the MAC16 cachexia model (5). Instead, a tumor
product, proteolysis-inducing factor (PIF), appears to be responsible
for the loss of muscle mass (6), also through induction of key
regulatory elements for proteasome proteolysis (7). PIF expression

has been found in carcinomas of the prostate (8), colon, lung, esoph-
agus, liver, and pancreas when weight loss is apparent (9) but not in
normal prostate tissue or stromal cells. It previously has been shown
that the action of PIF is attenuated by the polyunsaturated fatty acid
eicosapentaenoic acid (EPA; ref. 10), which suppresses protein deg-
radation in skeletal muscle through inhibition of the increased expres-
sion of the ubiquitin-proteasome proteolytic pathway (11). The action
of EPA is manifested by interference with the PIF signaling pathway
in muscle cells, leading to increased proteasome expression.

The full details of this pathway still have to be elucidated, but the
first step involves the release of arachidonic acid from membrane
phospholipids and the rapid metabolism to a range of eicosanoids, of
which 15-hydroxyeicosatetraenoic acid (15-HETE) alone is capable
of inducing protein degradation (10), by increasing proteasome ex-
pression (12). EPA attenuates the release of arachidonic acid and its
metabolism to 15-HETE (10). Induction of proteasome expression by
PIF (13) and 15-HETE (12) also was associated with an increased
nuclear accumulation of the transcription factor nuclear factor �B
(NF�B) and transitory depletion of inhibitor �B� (I�B�) from the
cytosol, a process also attenuated by EPA. This process requires
protein kinase C (PKC), which probably is involved in the phospho-
rylation and degradation of I�B�, necessary for the release of NF�B
from its inactive cytosolic complex (14).

This study examines the effect of HMB on PIF-induced protein
degradation and signaling pathways in murine myotubes, in compar-
ison with EPA, to determine the mechanism of the attenuation of the
increased expression of the ubiquitin-proteasome proteolytic pathway
observed in a murine model of cancer-induced weight loss.

MATERIALS AND METHODS

Materials. L-[2,6�3H]Phenylalanine (specific activity, 2.00 TBq/mmol)
was purchased from Amersham Biosciences (Piscataway, NJ), and
[5,6,8,9,11,12,14,15�3H]arachidonic acid (specific activity, 3.7 TBq/mmol)
was purchased from Tocris Cookson (Avonmouth, United Kingdom). EPA
(99%) as free acid was purchased from Sigma-Aldridge (St. Louis, MO). EPA
was used at a concentration of 50 �mol/L, which previously has been shown
to be effective in attenuating the action of PIF (10, 12, 13). HMB (as the
calcium salt) was obtained from Organic Technologies Inc. (Coshocton, OH).
Mouse monoclonal antibodies to 20S proteasome subunits �1, 2, 3, 5, 6, and
7 (clone MCP231), 20S proteasome subunit �3 (HC10), and 19S regulator
ATPase subunit Rpt 4 (S106, p42; clone p42–23) were purchased from
BIOMOL International (Plymouth Meeting, PA). Rabbit polyclonal antisera to
murine I�B�, phospholipase A2 (PLA2), type V1, and PKC� were from
Calbiochem (La Jolla, CA). Mitogen-activated protein kinase (MAPK) and the
phosphorylated (active) forms were detected with anti–extracellular signal-
regulated kinase (ERK) 1 and 2 [pTpY185/187] nonphospho-specific and phos-
pho-specific rabbit polyclonal antisera (Biosource International, Camarillo,
CA). Rabbit polyclonal antisera to mouse actin were from Sigma-Aldridge.
Peroxidase-conjugated goat antirabbit and rabbit antimouse secondary anti-
bodies were from Dako (Carpinteria, CA). Hybond nitrocellulose membranes
and enhanced chemiluminescence were from Amersham Biosciences. Electro-
phoretic mobility shift (EMSA) gel shift assay kits were from Panomics
(Redwood City, CA). Fetal calf serum, horse serum (HS), and Dulbecco’s
modified Eagle’s medium (DMEM) were purchased from Life Technologies,
Inc. (Rockville, MD).

Cell Culture. C2C12 myotubes were routinely passaged in DMEM supple-
mented with 10% fetal calf serum, glutamine, and 1% penicillin-streptomycin
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under an atmosphere of 10% CO2 in air at 37°C. Myotubes were formed by
allowing confluent cultures to differentiate in DMEM containing 2% HS, with
medium changes every 2 days.

Purification of Proteolysis-Inducing Factor. PIF was purified from solid
MAC16 tumors (15) excised from mice with a weight loss of 20 to 25%.
Tumors were homogenized in 10 mmol/L Tris-HCl (pH 8.0) containing 0.5
mmol/L phenylmethylsulfonyl fluoride, 0.5 mmol/L EGTA, and 1 mmol/L
dithiothreitol at a concentration of 5 mL/g tumor. Solid ammonium sulfate was
added to 40% w/v, and the supernatant, after removal of the ammonium
sulfate, was subjected to affinity chromatography using anti-PIF monoclonal
antibody coupled to a solid matrix as described previously (16). The immu-
nogenic fractions were concentrated and used for further studies.

Measurement of Total Protein Degradation. Myotubes in six-well mul-
tidishes were labeled with L-[2,6�3H]phenylalanine (0.67 mCi/mmol) for 24
hours in 2 mL DMEM containing 2% HS. They then were washed three times
in PBS, followed by a 2-hour incubation at 37°C in DMEM without phenol red
until no more radioactivity appeared in the supernatant. Cells then were
preincubated for 2 hours with and without EPA or HMB and then for 24 hours
with PIF in fresh DMEM without phenol red to prevent quenching of counts
and in the presence of 2 mmol/L cold phenylalanine to prevent reincorporation
of radioactivity. The amount of radioactivity released into the medium was
expressed as a percentage of control cultures not exposed to PIF.

Measurement of Arachidonate Release. Myotubes in six-well mul-
tidishes containing 2 mL DMEM with 2% HS were labeled for 24 hours with
10 �mol/L arachidonic acid (containing 1 �Ci [3H]arachidonate/mL; ref. 10).
Cells then were washed extensively with PBS to remove traces of unincorpo-
rated [3H]arachidonate, and either EPA or HMB was added 2 hours before PIF.
After an additional 24 hours, 1 mL of medium was removed to determine the
radioactivity released.

Measurement of Proteasome Activity. The functional activity of the �-sub-
units of the proteasome was determined as the “chymotrypsin-like” enzyme
activity determined fluorimetrically according to the method of Orino et al. (17).
Myotubes were exposed to PIF for 24 hours with or without EPA or HMB added
2 hours before PIF, and enzyme activity was determined in a supernatant fraction
(13) by the release of aminomethyl coumarin (AMC) from succinyl-LLVY-AMC
(0.1 mmol/L) in the presence or absence of the specific proteasome inhibitor
lactacystin (10 �mol/L; ref. 18). Only lactacystin-suppressible activity was con-
sidered to be proteasome specific. Activity was adjusted for the protein concen-
tration of the sample determined using the Bradford assay (Sigma Chemical Co.,
St. Louis, MO) using bovine serum albumin as standard.

Western Blot Analysis. Cytosolic protein (2 to 5 �g) obtained for the
aforementioned assay was resolved on 10% SDS-PAGE and transferred to 0.45
�m nitrocellulose membrane, which had been blocked with 5% Marvel in PBS, at
4°C overnight. The primary antibodies were used at a dilution of 1:100 (antiactin),
1:500 (anti-ERK1/2, PKC�, and PLA2), 1:1000 (anti-20S proteasome �-subunit
and I�B�), 1:1500 (anti-20S proteasome �-subunit), or 1:5000 (anti-p42), whereas
the secondary antibodies were used at a dilution of 1:2000. Incubation was carried
out for 2 hours at room temperature, and development was by enhanced chemi-
luminescence. Loading was quantitated by actin concentration.

Electrophoretic Mobility Shift. DNA binding proteins were extracted
from myotubes by the method of Andrews and Faller (19), which uses
hypotonic lysis followed by high salt extraction of nuclei. The EMSA binding
assay was carried out according to the manufacturer’s instructions.

Statistical Analysis. Differences in means between groups were determined
by one-way ANOVA, followed by Tukey-Kramer multiple comparison test.

RESULTS

Because protein degradation and activation of the ubiquitin-protea-
some proteolytic pathway in mice bearing the MAC16 tumor are
thought to be mediated by PIF (6), mechanistic studies on the effect
of HMB on protein degradation were carried out in murine myotubes
treated with PIF. PIF induced total protein breakdown with a typical
bell-shaped dose-response curve as reported previously (10) with a
maximal effect at 4 nmol/L (Fig. 1A). The effect of HMB has been
compared with EPA, and the data in Fig. 1A show that at a concen-
tration of 50 �mol/L both were equally effective in attenuating
PIF-induced protein degradation. There also was some attenuation at

25 �mol/L HMB at low, but not at high, concentrations of PIF, which
appeared to potentiate the effect of PIF alone.

To determine whether HMB attenuated protein degradation induced by
PIF through the ubiquitin-proteasome proteolytic pathway, the expression
and functional activity of this pathway were assessed. PIF induced an
increase in “chymotrypsin-like” enzyme activity, the predominant pro-
teolytic activity of the �-subunits of the proteasome, which was maximal
at 4.2 nmol/L (Fig. 1B), as was protein degradation (Fig. 1A). The effect
of PIF was completely attenuated by 50 �mol/L EPA and 25 and 50
�mol/L HMB, although 25 �mol/L HMB produced an increase in
“chymotrypsin-like” enzyme activity at 10 nmol/L PIF as observed with
protein degradation (Fig. 1A). A similar effect was observed on expres-
sion of proteasome 20S �-subunits, �-subunits, and p42, an ATPase
subunit of the 19S regulator that promotes ATP-dependent association of
the 20S proteasome with the 19S regulator to form the 26S proteasome
(ref. 20; Fig. 2). In all of the cases, expression was increased by PIF at 4.2
and 10 nmol/L, and this was attenuated by EPA and HMB at 50 �mol/L
but not at 25 �mol/L. These results confirm that HMB attenuates protein
degradation through an effect on PIF induction of the ubiquitin-protea-
some pathway.

To determine the mechanism by which HMB inhibits PIF-induced
proteasome expression, a comparison has been made with EPA on key
signaling pathways leading to an increased gene expression. As ob-
served previously (10), the PIF-induced release of arachidonic acid
(AA) was attenuated by EPA (Fig. 3), but HMB at 50 �mol/L had no

Fig. 1. A, the effect of PIF on total protein degradation in C2C12 myotubes in the
absence (X) or presence of either 50 �mol/L EPA (�) or 25 �mol/L (E) or 50 �mol/L
(F) HMB. Measurements were made 24 hours after the addition of PIF and are shown as
mean � SE, where n � 9. Differences from control in the absence of PIF are indicated
as a (P � 0.005), whereas differences from PIF alone in the presence of EPA or HMB are
shown as b (P � 0.01) and c (P � 0.005). B, chymotryptic activity of soluble extracts of
murine myotubes treated with PIF in the absence or presence of EPA (50 �mol/L) or
HMB (25 or 50 �mol/L). The symbols are the same as in A. The results are shown as
mean � SE, where n � 9. Differences from control are shown as a (P � 0.001), whereas
differences in the presence of EPA or HMB are shown as b (P � 0.001).
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effect on this process, suggesting that it acts farther down the path-
way. At 25 �mol/L, HMB caused a significant increase in release of
AA when combined with 10 nmol/L PIF, suggesting a mechanism for
the increased protein degradation (Fig. 1A) and chymotrypsin-like
enzyme activity (Fig. 1B) and proteasome expression (Fig. 2) at this
concentration. PIF caused an up-regulation of calcium-independent
cytosolic PLA2 at 4.2 and 10 nmol/L (Fig. 4), corresponding with the
maximal effect on AA release (Fig. 3). This effect was attenuated by
EPA, but not HMB, at both concentrations. This suggests that HMB
attenuates PIF-induced proteasome expression at a step in the intra-
cellular signaling pathway after PLA2. Experiments using mutants of
PKC and inhibitors of this enzyme show that this forms a central
mediator of intracellular signaling by PIF (14). PIF stimulates trans-
location of PKC� from the cytoplasm to the plasma membrane (Fig.
5), resulting in activation, with a maximum effect at 4.2 nmol/L PIF,

as with protein degradation (Fig. 1). This process was effectively
attenuated by EPA and HMB at 50 �mol/L, whereas HMB was less
effective at 25 �mol/L (Fig. 5). This suggests that HMB attenuates
PIF-induced protein degradation through inhibition of PKC.

Activation of PKC has been shown to activate ERK and subse-
quently MAPK pathways (21) and that this is involved in PIF-induced
proteasome expression (22). The effect of EPA and HMB on this
process is shown in Fig. 6. There was no effect on total ERK1/2 (Fig.
6A), whereas PIF induced an increased phosphorylation of p42/44,
which was maximal at 4.2 nmol/L, and this effect was completely
attenuated by EPA and HMB at 50 �mol/L but not by HMB at 25
�mol/L (Fig. 6B). The ability of HMB to attenuate ERK1/2 phospho-
rylation suggests that this step is after the activation of PKC and also
may be important in inhibition of PIF-induced proteasome expression
by HMB.

As discussed previously, PIF induces degradation of I�B� and
stimulates nuclear accumulation of NF�B, and this process has been

Fig. 3. Effect of PIF on release of [3H]arachidonate from C2C12 myotubes without (X)
or with coincubation with 50 �mol/L EPA (f), 50 �mol/L HMB (�), or 25 �mol/L HMB
(F). Results are shown as mean � SE, where n � 9. Differences from control are shown
as a (P � 0.01) and b (P � 0.001), whereas differences in the presence of EPA are shown
as c (P � 0.001) and from 25 �mol/L HMB as d (P � 0.05).

Fig. 4. Effect of PIF on the expression of PLA2 in the absence (Lanes 1 through 3) or
in the presence of 50 �mol/L EPA (Lanes 4 through 6), 50 �mol/L HMB (Lanes 7 through
9), or 25 �mol/L HMB (Lanes 10 through 12). Myotubes were treated with 4.2 nmol/L
PIF (Lanes 2, 5, 8, and 11) or 10 nmol/L PIF (Lanes 3, 6, 9, and 12). Control cultures
received PBS (Lane 1), 50 �mol/L EPA (Lane 4), 50 �mol/L HMB (Lane 7), or 25
�mol/L HMB (Lane 10). The blot shown is representative of three separate experiments.

Fig. 5. Western blot analysis of the effect of PIF on cytoplasmic (A) and membrane-
bound (B) PKC� in murine myotubes. Cells were treated with PIF alone (Lanes 1 through
3) or with PIF in the presence of 50 �mol/L EPA (Lanes 4 through 6), 50 �mol/L HMB
(Lanes 7 through 9), or 25 �mol/L HMB (Lanes 10 through 12) at 4.2 nmol/L (Lanes 2,
5, 8, and 11) or 10 nmol/L PIF (Lanes 3, 6, 9, and 12). Control cells received PBS (Lane
1), 50 �mol/L EPA (Lane 4), 50 �mol/L HMB (Lane 7), or 25 �mol/L HMB (Lane 10).
The blots shown are representative of three separate experiments.

Fig. 6. Western blot analysis of total ERK1/2 (p44 and p42; A) and active (phosphorylated)
ERK1/2 (B) in soluble extracts of murine myotubes treated with PIF alone (Lanes 1 through
3) or with PIF in the presence of 50 �mol/L EPA (Lanes 4 through 6), 50 �mol/L HMB
(Lanes 7 through 9), or 25 �mol/L HMB (Lanes 10 through 12) at a PIF concentration of 4.2
nmol/L (Lanes 2, 5, 8, and 11) or 10 nmol/L (Lanes 3, 6, 9, and 12). Control cells received PBS
(Lane 1), 50 �mol/L EPA (Lane 4), 50 �mol/L HMB (Lane 7), or 25 �mol/L HMB (Lane 10).
The blots shown are representative of three separate experiments.

Fig. 2. The effect of EPA and HMB on PIF induction of 20S proteasome �-subunit (A),
�-subunit (B), and p42 (C). The actin loading control is shown in D. Western blot analyses of
soluble extracts of C2C12 myotubes 24 hours after treatment with PIF alone (Lanes 1 through
3) or with PIF in the presence of 50 �mol/L EPA (Lanes 4 through 6), 50 �mol/L HMB
(Lanes 7 through 9), or 25 �mol/L HMB (Lanes 10 through 12) at a concentration of PIF of
4.2 nmol/L (Lanes 2, 5, 8, and 11) or 10 nmol/L (Lanes 3, 6, 9, and 12). Control cultures
received PBS (Lane 1), 50 �mol/L EPA (Lane 4), 50 �mol/L HMB (Lane 7), or 25 �mol/L
HMB (Lane 10). The blots shown are representative of three separate experiments.
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shown to be attenuated by 50 �mol/L EPA (13). The results in Fig. 7A
show HMB at 50 �mol/L to effectively attenuate I�B� degradation in
the presence of PIF in murine myotubes and to prevent nuclear
accumulation of NF�B (Fig. 7D). Only partial inhibition of binding of
NF�B to DNA was observed when HMB was used at a concentration
of 25 �mol/L (Fig. 7C). These results suggest that the overall effect
of HMB is similar to that of EPA in preventing movement of NF�B
into the nucleus with concomitant activation of gene expression.

DISCUSSION

HMB is a metabolite of leucine, which is thought to be responsible for
inhibiting muscle proteolysis and modulating protein turnover in vitro
and in vivo (23). Oral supplementation with the combination of HMB,
arginine, and glutamine increased muscle mass and body weight in
patients with cancer (24) and AIDS-associated wasting (25). It was
thought that arginine and glutamine supplementation enhanced net pro-
tein synthesis, whereas supplementation with HMB minimized protein
breakdown, although this has not been proven, and the mechanism by
which HMB produced the effect is not known. This study has examined
the effect of HMB on PIF-induced protein degradation in murine myo-
tubes. PIF-induced protein degradation previously has been shown to

result from an increased activity and expression of the regulatory com-
ponents of the ubiquitin-proteasome proteolytic pathway (7, 26), and
HMB has been shown to effectively attenuate protein degradation
through an effect on signaling pathways leading to up-regulation of
proteasome expression. This mechanism may be applicable to other
forms of protein degradation because there is evidence to suggest a
commonality in signaling pathways for all of the types of muscle atrophy
(27).

In many respects the effect of HMB is similar to that of EPA, which
also attenuates the increased proteasome proteolysis in cancer-induced
weight loss (11). Both are equipotent, and both inhibit PIF-induced
signaling pathways. PIF previously has been reported to induce activation
of PLA2 (22), with release of arachidonic acid from membrane phospho-
lipids, as a primary event in the signaling cascade. EPA has been shown
to block the release of AA and the conversion to 15-HETE (10), whereas
HMB has no effect on this process. Low concentrations (25 �mol/L) of
HMB combined with higher concentrations of PIF (10 nmol/L) appear to
increase release of AA, which may account for the stimulation of protein
breakdown and expression of the ubiquitin-proteasome pathway at these
concentrations. PIF induced protein degradation with a parabolic dose-
response curve as reported previously (10, 12, 13). The shape of the

Fig. 7. Effect of exposure of C2C12 myotubes for 30 minutes on cytosolic levels
of I�B� (A), determined by Western blot analysis, and activation of NF�B binding
to DNA, as determined by EMSA (C and D). B, the actin loading control for the blot
shown in A. For A and B, myotubes were treated with PIF alone (Lanes 1 through
5) or with PIF in the presence of 50 �mol/L HMB (Lanes 6 through 10) at a
concentration of 0 (Lanes 1 and 6), 2.1 (Lanes 2 and 7), 4.2 (Lanes 3 and 8), 10.5
(Lanes 4 and 9), or 16.8 nmol/L PIF (Lanes 5 and 10). The densitometric analysis
is an average of three replicate blots. Differences from 0 nmol/L PIF are shown as
b (P � 0.01) and c (P � 0.001). In C and D, myotubes were treated with 0 (Lanes
3 and 8), 2.1 (Lanes 4 and 9), 4.2 (Lanes 5 and 10), 10.5 (Lanes 6 and 11), and 16.8
nmol/L PIF (Lanes 7 and 12) in the absence (Lanes 3 to 7) or presence (Lanes 8 to
12) of 25 �mol/L HMB (C) or 50 �mol/L HMB (D). Lane 1 contains a 100-fold
excess of unlabeled NF�B probe, whereas Lane 2 is a positive control for NF�B
(supplied by the manufacturer of the kit).
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dose-response curve is thought to result from the requirement of PKC in
the signaling pathway (14). Overstimulation of PKC results in down-
regulation of activity. The first step at which HMB inhibits PIF signaling
appears to be through PKC. EPA also appears to block PKC, but this may
be an indirect effect because AA and lipoxygenase metabolites have been
shown to activate PKC (28). PIF also has been shown to activate phos-
pholipase C (PLC), and this step also is involved in the increase in
proteasome expression (22). Activation of phospholipase C would result
in the generation of diacylglycerol, which also could induce translocation
of PKC from the cytosol to the plasma membrane, resulting in the
complete activation of the kinase. PKC appears to be important in the
induction of proteasome expression by PIF because it was blocked
by inhibitors of PKC and in myotubes transfected with a dominant-
negative PKC�, which showed no activation of PKC� (14). Thus, the
ability of HMB to block activation of PKC by PIF would explain the
ability to inhibit proteasome expression and the subsequent increase
in protein degradation. The mechanism of the inhibitory effect of HMB
is not known; it may be direct or may be caused by inhibition of
phospholipase C.

Activation of PKC may induce phosphorylation and activation of
the I�B� kinase complex (29) responsible for the phosphorylation of
I�B� at serine-32 and -36, leading to ubiquitination and subsequent
degradation by the proteasome system. Degradation of I�B� releases
NF�B, which then is able to enter the nucleus and stimulate gene
expression by binding to its target elements. Induction of proteasome
expression by PIF (13) and 15-HETE (12) appears to require NF�B
because the NF�B inhibitor peptide SN50 also attenuated the increase
in proteasome expression. Myotubes transfected with mutants at the
serine phosphorylation sites of I�B, which are required for degrada-
tion, also were resistant to PIF-induced protein degradation and pro-
teasome expression.2 If HMB attenuates PIF-induced activation of
PKC, then downstream signaling pathways, namely, degradation of
I�B� and nuclear accumulation of NF�B, also would be inhibited, as
was observed, thus explaining the ability of HMB to attenuate the
PIF-induced increase in the ubiquitin-proteasome pathway.

The ERK/MAPK pathway also was shown to be important in PIF-
induced proteasome expression (22). Thus, PIF induces phosphorylation
of ERK1 and ERK2 at the same concentrations as those inducing pro-
teasome expression, whereas a selective inhibitor of MAP/ERK kinase
attenuated the PIF-induced activation of ERK1 and ERK2 and the in-
duction of proteasome expression. The ERK/MAPK pathway is an in-
tracellular transduction system mainly involved in the cellular response to
growth factors and is activated through tyrosine kinase receptors, acting
through small G proteins, such as Ras (30). It previously has been shown
(20) that two tyrosine kinase inhibitors, genistein and tryptostin A23,
attenuated the PIF-induced increase in proteasome activity, suggesting
the involvement of tyrosine kinase in this process. The PKC pathway is
linked to the MAPK pathway through multiple steps. Thus, stimulation of
G-protein receptors can indirectly activate MAPK through the PKC
pathway (31). It has been proposed that PKC� phosphorylates and
activates Raf-1 kinase, a substrate not only for the � isoforms but also for
the other PKC isozymes, � and � (32), and this in turn leads to activation
of MAPK through the kinase cascade (33). The MAPK pathway may
provide an alternative mechanism for proteasome expression in addition
to NF�B.

Thus, HMB appears to be an effective agent for the management of
muscle wasting in cancer-induced weight loss. HMB appears to exert
its effect by attenuation of PIF-induced protein degradation mediated
through the ubiquitin-proteasome pathway by inhibition of PKC, with
resultant stabilization of the cytoplasmic I�B/NF�B complex.
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