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Thedevelopmentofnewpharmacologicalapproaches forprevent-

ing muscle wasting in cancer is an important goal because

cachectic patients display a reduced response to chemotherapy

and radiotherapy. Xanthine derivatives such as pentoxifylline

inhibit tumour necrosis factor-α (TNF) production, which has

been implicated in the signalling of muscle wasting. However, the

effect of pentoxifylline has been inconclusive in clinical trials. We

report here the first direct evidence that daily injections of

torbafylline (also known as HWA 448), another xanthine deriv-

ative, had no effect by itself on muscle proteolysis in control

healthy rats. In cancer rats, the drug blocked the lipopolysac-

charide-induced hyperproduction of TNF and prevented muscle

wasting. In these animals HWA 448 suppressed the enhanced

proteasome-dependent proteolysis, which is sensitive to the pro-

teasome inhibitor MG132, and the accumulation of high-

molecular-mass ubiquitin (Ub) conjugates in the myofibrillar

fraction. The drug also normalized the enhanced muscle expres-

INTRODUCTION

The anorexia–cachexia syndrome is the most common docu-

mented cause of death in cancer. Cachexia, which also prevails in

trauma, burn injury, severe sepsis, and AIDS is characterized by

anorexia, tissue wasting, poor performance status, and sub-

sequent death. Thus the development of new therapies designed

to prevent cancer-induced cachexia will contribute to improve

the quality of life of cancer patients, as well as their life expectancy

[1].

Cachexia reflects essentially a loss of adipose tissue and skeletal

muscle.Musclewasting results from increased protein breakdown

in several tumour-bearing animal models and in some cancer

patients [1,2]. Skeletal muscle contains three major proteolytic

systems: the lysosomal, Ca#+-activated and ubiquitin (Ub)–pro-

teasome-dependent pathways. Cathepsins [3,4] and possibly

calpains [5] (i.e. lysosomal and Ca#+-dependent proteinases

respectively) have been reported to be activated in some instances

of cancer-induced cachexia. However, evidence for a systematic

activation of both cathepsins [5,6] and calpains [3,6] is lacking in

some models of tumour-bearing animals. Moreover, it is now

well recognized that the degradation of the most abundant

contractile proteins (actin and myosins) is not mediated by either

lysosomal or Ca#+-activated proteinases [7–10]. In contrast,

overwhelming evidence that the Ub–proteasome-dependent

proteolytic pathway degrades these myofibrillar proteins has

Abbreviations used: CM-cellulose, carboxymethylcellulose ; EDL, extensor digitorum longus muscle ; E-64, trans-epoxysuccinyl-L-leucylamido-
(4-guanidino)butane; Ub, ubiquitin ; 14 kDa E2, 14 kDa Ub conjugating enzyme E2; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; i.p.,
intraperitoneal ; i.v., intravenous; LPS, lipopolysaccharide ; TNF, tumour necrosis factor-α.
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sion of Ub, which prevails in the atrophying muscles from

cancer rats. In contrast, HWA 448 did not reduce the increased

expression of either the 14 kDa Ub conjugating enzyme E2 or the

ATPase and non-ATPase subunits of the 19 S regulatory complex

of the 26 S proteasome, including the non-ATPase subunit S5a,

which recognizes polyUb degradation signals. Finally, the drug

also prevented muscle wasting in septic rats (which exhibit

increased TNF production), and was much more potent than

pentoxifylline or other xanthine derivatives. Taken together, the

data indicate that HWA 448 is a powerful inhibitor of muscle

wasting that blocks enhanced Ub–proteasome-dependent proteo-

lysis in situations where TNF production rises, including

cancer and sepsis.

Key words: muscle wasting, protein breakdown, xanthine deriv-

atives, tumour necrosis factor-α, Yoshida sarcoma.

been recently provided [7–10]. Accordingly, this degradative

process is the critical system responsible for the muscle wasting

seen in different tumour-bearing animals [1–3,5].

In this pathway Ub targets specific protein substrates for

degradation. Briefly, covalent attachment of the highly conserved

76-amino-acid peptide Ub to cellular proteins requires the

formation of an isopeptide bond between its C-terminal glycine

and the ε-amino group of a lysine residue of the acceptor protein.

Ub conjugation proceeds via a thiol-ester reaction cascade

involving the Ub-activating enzyme (E1), Ub-conjugating en-

zymes (E2), and, in general, Ub-protein ligases (E3), which

possess substrate-recognition sites (for recent reviews, see [11,12]).

Generally, polyUb chains are formed by the sequential con-

jugation of the C-terminus of Ub to the ε-amino group of the

Lys%) of Ub moieties already attached to the protein. Polyubiqui-

tinated proteins are then recognized by the 19 S regulatory

complex of the 26 S proteasome and degraded in an ATP-

dependent manner [13].

The precise mechanisms by which cancer results in increased

muscle proteolysis are not clearly elucidated [1,2]. Circulating

proteolysis-inducing factors produced by the tumour, by the host

in response to the tumour, or both, have been described. They

include cancer cachectic factors [1,14] and cytokines [1,2,15,16].

Indeed, in response to neoplasic and infectious diseases, a variety

of cells, including macrophages and lymphocytes, secrete cyto-

kines, which are capable of altering the host’s metabolism.
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Among these cytokines, tumour necrosis factor-α (TNF) was

reported to induce cachexia in animal models following en-

dogenous production by tumour cells [15,16] or exogenous

administration [17]. Accordingly, anti-TNF antibodies prevented

increased protein breakdown and increased expression of Ub in

skeletal muscle from rats bearing the Yoshida AH-130 ascites

hepatoma [18–19]. However, anti-TNF antibodies are prohibi-

tively expensive for routine use in humans, and new phar-

macological approaches must be developed to suppress the TNF-

dependent activation of the Ub–proteasome pathway [1,2,20].

Pentoxifylline is a xanthine derivative, which inhibits TNF

transcription [21] and has been reported to prevent muscle

wasting both in tumour-bearing [20] and in septic [22] animals.

However, establishing the specific effect of pentoxifylline in

clinical trials has proved to be elusive. In one study, pentoxi-

fylline-treated cachectic cancer patients gained weight [23], but

the drug had no positive effect in another trial [24]. The present

study was undertaken to determine whether torbafylline (also

known as HWA 448), another xanthine derivative, inhibited

the activation of the Ub–proteasome pathway in muscles from

cachectic cancer rats. To meet this goal, we investigated whether

HWA 448 was able : (i) to suppress TNF production in cancer

rats ; (ii) to affect proteolysis in control rats ; (iii) to prevent

muscle wasting and enhanced Ub–proteasome-dependent in

cancer rats ; and (iv) to prevent muscle wasting in another

catabolic model, in which increased TNF production occurs.

MATERIALS AND METHODS

Animals and experimental design

Young male Wistar rats, weighing 50–70 g, were obtained from

Iffa Credo (L’Arbresle, France) and maintained in a temperature-

controlled room (22³1 °C) with a 12 h light}12 h dark cycle.

They were provided ad lib. with a standard diet (A03; UAR,

Epinay sur Orge, France) during a 5 day acclimatization period

and had free access to water. Animals were randomly divided

into control, tumour-bearing, HWA 448-treated tumour-bearing

rats and, when specified, HWA 448-treated control animals.

Tumour-bearing animals were given an injection of a homogenate

of Yoshida sarcoma into the left vastus lateralis muscle, as

described previously [5]. The HWA 448-treated groups received

a daily intraperitoneal (i.p.) injection of HWA 448 [100 mg}kg

body weight in 1% (v}v) carboxymethylcellulose (CM-cellulose)

solution], provided by Aventis Pharmaceuticals (Wiesbaden,

Germany). The other two groups received a daily i.p. injection of

the CM-cellulose vehicle. All groups were pair-fed to the tumour-

bearing animals.

Rates of protein turnover

Animals were killed by cervical dislocation 9 days after tumour

implantation. Extensor digitorum longus muscles (EDLs) from

the non-tumour bearing leg were carefully dissected and incu-

bated as described previously [5,20] in order to measure rates of

protein synthesis and protein breakdown simultaneously. In

brief, EDLs were incubated at approximate resting length by pin-

ning the tendons to plastic supports. All tissues were incubated

at 37 °C in Krebs–Henseleit buffer [120 mM NaCl}4.8 mM KCl}
25 mM NaHCO

$
}2.5 mM CaCl

#
}1.2 mM KH

#
PO

%
}1.2 mM,

MgSO
%
(pH 7.4)] containing 5 mM glucose, 0.1 unit}ml insulin,

0.17 mM leucine, 0.10 mM isoleucine and 0.20 mM valine to

improve the protein balance [5,20] and equilibrated with an

O
#
}CO

#
mixture (19:1). After 1 h of preincubation, muscles

were transferred to a fresh medium of identical composition and

incubated for a further 2 h.

The rate of protein synthesis was determined by incubating

muscles in a medium containing 0.5 mM [U-"%C]phenylalanine

with a specific radioactivity in the medium of 500 d.p.m.}nmol

(Amersham Corp., Little Chalfont, Bucks., U.K.), as described

previously [5,20]. Tissues were homogenized in 10% (w}v)

trichloroacetic acid and hydrolysed in 1 M NaOH at 37 °C.

Tissue protein mass was determined using the bicinchoninic acid

procedure [25]. Rates of phenylalanine incorporation were con-

verted into tyrosine equivalents, as described previously [26], and

expressed as nmol of tyrosine incorporated[h−"[mg of muscle−".

Rates of protein breakdown were measured by following the

rates of tyrosine release into the medium. Since muscle neither

synthesizes nor degrades this amino acid, tyrosine release

reflects the net breakdown of proteins. Thus rates of total

protein degradation were calculated by adding the rate of protein

synthesis and the net rate of tyrosine release into the medium

[26]. Tyrosine was assayed by the method of Waalkes and

Udenfriend [27].

To estimate the contribution of the major proteolytic processes

to overall protein breakdown, total proteolysis was measured in

muscles incubated without inhibitors, and non-lysosomal, Ca#+-

independent proteolysis was measured in muscles incubated in

the presence of 10 mM methylamine and 50 µM trans-epoxy-

succinyl--leucylamido-(4-guanidino)butane (E-64) in a Ca#+-

free medium [5,20,28]. Proteasome-independent proteolysis was

measured using a medium containing 10 mM methylamine and

50 µM E-64 in a Ca#+-free medium, as well as 40 µM MG132,

a proteasome inhibitor (Affiniti, Mamhead Castle, Mamhead,

Exeter, U.K.) [29]. Because MG 132 also inhibits cysteine

proteases (e.g. cathepsins B, H and L and calpains), control

muscles were incubated in this medium lacking MG 132 only. In

all these experiments, proteolysis was measured in the presence

of 0.5 mM cycloheximide to block protein synthesis [26], and was

expressed in nmol of tyrosine released in the medium[h−"[mg

of muscle−".

TNF production in lipopolysaccharide (LPS)-stimulated rats

LPS (from Escherichia coli strain 011:B4; Sigma, St Quentin

Fallavier, France) was dissolved in sterile saline solution im-

mediately before administration, and animals received an i.p.

injection of either LPS (1 mg}kg) or the saline vehicle solution.

Control and Yoshida sarcoma-bearing rats were treated on a

daily basis or not with HWA 448 for 9 days, as described above.

At day 9, rats received LPS or saline injection 1 h after HWA 448

or vehicle injection. The eight groups were killed 180 min after

the endotoxin injection (five rats in each group) for plasma TNF

determination. TNF levels were determined using the Quanti-

kine2M rat TNF immunoassay kit (R & D Systems, Abingdon,

Oxon., U.K.), and expressed as pg of TNF[ml−" of plasma.

Northern blot analysis

Tibialis anterior muscles from control, tumour-bearing and

HWA 448-treated tumour-bearing rats were rapidly excised,

frozen in liquid nitrogen and stored at ®80 °C. Total RNA was

extracted [30], and Northern blot analysis was performed as

described previously [5]. The membranes were hybridized with

cDNA probes encoding chicken polyUb, the rat 14 kDa Ub

conjugating enzyme E2 (14 kDa E2) and the C2 subunit of the

20 S proteasome, as described before [5,20,28]. Hybridizations

were also performed under similar conditions with cDNA probes

encoding the human ATPase subunit S7 of the 19 S complex [31],

the human non-ATPase subunits S1 [32] and S5a [33] of the 19 S

complex, and the rat PA28α subunit [34]. After washing at the

same temperature (65 °C), the filters were subjected to auto-
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radiography for 3–72 h at ®80 °C with an intensifying screen on

Hyperfilms-MP films (Amersham International). After stripping

of the different probes, the filters were re-probed with a cDNA

fragment encoding the housekeeping gene glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) [35] to confirm that changes

seen were not due to non-specific changes in all mRNAs or

uneven loading. Neither the implantation of the Yoshida sarcoma

[5] nor HWA 448 treatment (results not shown) affected skeletal-

muscle GAPDH mRNA levels.

Western blot analysis

Tibialis anterior muscles were homogenized in 4 ml of ice-cold

buffer A [10 mM Tris}HCl (pH 7.5)}10 mM EDTA (pH 8.0)}
2 mM PMSF}0.5 mM tosyl-lysylchloromethane}0.5 mM tosyl-

phenylalanylchloromethane}10 mM N-ethylmaleimide}10 µg}
ml leupeptin}10 µg}ml pepstatin A}10 µg}ml soya-bean trypsin

inhibitor]. Homogenates were centrifuged for 5 min (1500 g,

4 °C) to pellet myofibrillar proteins, which were then washed

three times in buffer A containing 1% Triton X-100. Myofibrillar

proteins were then resuspended in 8 M urea}50 mM Tris}HCl,

pH 7.5. Supernatants from the 1500 g spin were recentrifuged for

10 min (10000 g, 4 °C), and the resulting supernatants were

ultracentrifuged for 3 h (100000 g, 4 °C). These supernatants

contained soluble proteins, and protein concentration was deter-

mined using the Bio-Rad protein assay.

Of the myofibrillar and soluble proteins, 25 µg was electro-

phoresed on 7.5% (w}v) polyacrylamide gels and transferred on

to a nitrocellulose membrane (0.45 µm; Schleicher & Schuell,

Dassel, Germany). Membranes were blocked for 1 h in 5% (v}v)

non-fat dried milk in TTNS [25 mM Tris}HCl (pH 7.5)}0.1%

(v}v) Tween 20}0.9% (w}v) NaCl] and incubated with a

polyclonal rabbit anti-human antibody raised againstUb–protein

conjugates (Affiniti) for 1 h. After washing three times in TTNS,

the blots were incubated with a horseradish-peroxidase-conjugat-

ed goat anti-(rabbit IgG) for 45 min. The blots were washed

extensively four times in TTNS for 20 min, incubated in ECL2
reagent (Amersham Life Science), and exposed on radiographic

film (HyperfilmTMECLTM ; Amersham Life Science).

Effect of HWA 448 compared with other xanthine derivatives

To confirm that HWA 448 treatment effectively prevented muscle

wasting in another catabolic model characterized by a hyper-

production of TNF, we studied septic rats. Rats were injected

intravenously (i.v.) with live E. coli, as described previously [28],

in order to reproduce a long-lasting catabolic state with signifi-

cant muscle wasting. HWA 448 and other xanthine derivatives

(A 2715, HWA 138, BL 194 and pentoxifylline) were administered

i.p., 1 h before i.v. E. coli injection, at 100 mg}kg in 1% CM-

cellulose, as described above for HWA 448 treatment. Rats were

killed 6 days after the infection and tibialis anterior muscles were

excised andweighed. The effect of the various xanthine derivatives

was also measured on the mRNA levels for the C2 subunit of the

20 S proteasome in these muscles as assessed by Northern

blotting, as described above.

Statistical analysis

Each experiment was repeated twice. Data from a single ex-

periment are presented as means³S.E.M. Statistical analysis

was performed using the unpaired Student’s t test or ANOVA,

whichever was appropriate. Significance (P) was determined at

the 0.05 level.

RESULTS

HWA 448 prevents muscle wasting in cancer rats

Table 1 shows that the Yoshida sarcoma-bearing rats lost only

8% of their body mass in the space of 9 days after the

implantation of the tumour, since the mass of some organs (i.e.

spleen and lungs) increased dramatically [20]. This loss of body

mass was totally prevented by HWA 448 treatment, and was not

due to an inhibition of tumour growth, since neither the tumour

mass (Table 1) nor the number of tumour cells (results not

shown) was affected by the treatment. In fact, there was a

tendency for tumour mass to increase following HWA 448

treatment (P" 0.05). Table 1 also shows that the changes in the

protein content of the EDLs paralleled the body weight altera-

tions. However, such changes were more marked because the

protein content of the EDLs was reduced by 19% in the tumour-

bearing rats (P! 0.05) and by only 7% in the HWA 448-treated

animals (P" 0.05) compared with the controls. Similar observa-

tions were found in the tibialis anterior and gastrocnemius

muscles (results not shown). Thus muscle wasting in the cancer

rats was almost totally prevented by HWA 448. This beneficial

effect is not due to changes in food intake, since control and

HWA 448-treated tumour-bearing rats were pair-fed to the

cancer animals (Table 1). Moreover, the drug itself did not exert

any effect on animal growth or EDL protein mass in healthy

control rats treated for 9 days with HWA 448 (Table 2).

HWA 448 prevents the LPS-induced increase in plasma TNF
levels in cancer rats

Circulating levels of TNF were not detectable in healthy and

tumour-bearing animals treated or not with HWA 448 (Figure

1). In contrast, when rats were challenged by LPS injection, TNF

Table 1 Effect of HWA 448 treatment on Yoshida sarcoma-bearing rats

For the calculation of the final body weight (g) (shown in the second row of data), the tumour

mass was subtracted, if applicable. Values within a given row of data annotated with different

symbols (* or †) are significantly different from each other as assessed by ANOVA (P ! 0.05).

Data are means³S.E.M. for six to ten animals. N.A., not applicable.

Parameter measured Control Tumour-bearing

Tumour-bearing

HWA 448-treated

Initial body weight (g) 85³1* 84³2* 85³1*

Final body weight (g) 157³1* 144³5† 155³3*

Tumour mass (g) N. A. 9.5³1.3* 12.1³1.3*

EDL protein content

(mg/100 g initial body weight)

10.6³2.0* 8.6³0.6† 9.9³0.5*†

Food intake (g/day) 11.3³0.2* 11.1³0.2* 11.1³0.1*

Table 2 Effect of HWA 448 on growth, muscle mass and rate of proteolysis
in healthy control rats

Data are means³S.E.M. for ten animals. Note that there are no statistical differences between

the two groups within a given row of data, as assessed by the unpaired Student’s t test

(P " 0.05).

Control HWA 448-treated

Initial body weight (g) 74³1 75³1

Final body weight (g) 135³3 134³2

EDL protein content

(mg/100 g initial body weight)

9.3³0.2 9.1³0.1

EDL total protein breakdown

(nmol of tyrosine[h−1[mg of muscle−1)

0.063³0.005 0.062³0.004
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Figure 1 HWA 448 prevents the LPS-induced increase in plasma TNF
levels in cancer rats

Control (CTL) and tumour-bearing (TB) animals were pretreated with HWA 448 or vehicle and

were injected with LPS or physiological saline (see the Materials and methods section). After

3 h, blood was taken and the TNF concentration in the plasma was determined. Data are the

means³S.E.M. (vertical bars) for 4–5 animals. Statistical analysis (three-way ANOVA)

indicated an effect of cancer, of HWA 448 treatment and of LPS injection, and an interaction

between these factors for TNF production. nd, non-detectable (! 12.5 pg/ml).

Figure 2 HWA 448 prevents increased proteolysis in EDLs from Yoshida
sarcoma-bearing rats

Muscles were incubated in Krebs–Henselheit buffer. Values are means³S.E.M. (vertical bars)

for six to eight animals, and are expressed as the percentage of the value in control animals.

Statistical differences were assessed using a one-way ANOVA test. *P ! 0.05 compared with

control rats. TB, tumour-bearing rats ; HWA 448, HWA 448-treated tumour-bearing rats.

plasma level increased by 45-fold in cancer animals compared

with controls. Moreover, HWA 448 treatment totally blocked

the increased TNF production in control animals and suppressed

the LPS-induced hyperproduction of TNF in cancer animals

(Figure 1).

HWA 448 suppresses the enhanced Ub–proteasome-dependent
proteolysis in cancer rats

The muscle wasting observed in EDLs from the tumour-bearing

rats was only attributable to enhanced rates of net (100%) and

total (66%) proteolysis, without any alteration in protein

synthesis (Figure 2). HWA 448 treatment almost completely

suppressed the increased proteolysis observed in cancer animals.

In addition, the basal rate of proteolysis was unaffected by HWA

448 treatment in healthy control rats (Table 2).

Using specific inhibitors of lysosomal}Ca#+-dependent pro-

teases and of the proteasome, we then demonstrated that the

increased rate of protein breakdown was exclusively accounted

for by the stimulation of proteasome-dependent proteolysis

(Figure 3). The large increases in the expression of Ub (470% ;

P! 0.05), 14 kDa E2 (198% ; P! 0.001) and the C2 subunit

of the 20 S proteasome (129% ; P! 0.05) in the atrophying

Figure 3 HWA 448 inhibits proteasome-dependent proteolysis in EDLs
from Yoshida sarcoma-bearing rats

Mucles were incubated in Krebs–Henselheit buffer in the presence or absence of appropriate

inhibitors. Non-lysosomal, Ca2+-independent proteolysis was measured in muscles incubated

in the presence of methylamine and E-64 in a Ca2+-free medium. Non-lysosomal, Ca2+- and

proteasome-independent proteolysis was measured using a medium containing methylamine

and E-64 in a Ca2+-free medium, and the proteasome inhibitor, MG132. Proteasome-dependent

proteolysis is the difference between non-lysosomal, Ca2+-independent proteolysis and non-

lysosomal, Ca2+- and proteasome-independent proteolysis. Values are means³S.E.M. (vertical

bars) for six to ten animals. Statistical differences were assessed using a one-way ANOVA test.

*P ! 0.05 compared with control rats. TB, tumour-bearing rats ; HWA 448, HWA 448-treated

tumour-bearing rats.

muscles from the tumour-bearing rats (Figure 4A) also supported

a role for the Ub–proteasome pathway in muscle atrophy. Figure

4(B) shows that the mRNA levels for the ATPase subunit S7 and

the non-ATPase subunit S5a of the 19 S complex also increased

(129% ; P! 0.01, and 245% ; P! 0.001 respectively) (Fig-

ure 4B) in the muscles from cancer rats. In contrast, the mRNA

levels for the non-ATPase subunit S1 of the 19 S complex and the

PA28α subunit of the 11 S regulatory complex (results not

shown) were unaffected (P" 0.05) by cancer cachexia.

The expression of Ub was normalized byHWA 448 administra-

tion to cancer rats, but the mRNA level for the C2 subunit of the

20 S proteasome was slightly decreased in the HWA 448-treated

tumour-bearing animals so that C2 expression was not signifi-

cantly different from either cancer or control rats (Figure 4A).

In contrast, HWA 448 did not reduce the enhanced expression of

14 kDa E2 (Figure 4A) or of subunits S7 and S5a of the 19 S

complex that prevailed in the atrophying muscles from the

tumour-bearing animals (Figure 4B).

Most substrates targeted for degradation by the 26 S protea-

some are polyubiquitinated proteins. Figure 5 shows that high-

molecular-mass Ub-conjugates increased by 29% in the myofi-

brillar fraction of tumour-bearing rats (P! 0.05), while the

amount of conjugates was unaffected in the soluble sarcoplasmic

fraction. HWA 448 treatment totally prevented the accumulation

of Ub-conjugates in the myofibrillar fraction (Figure 5B).

HWA 448 down-regulates the elevated mRNA levels for the C2
subunit of the 20 S proteasome in septic muscles

To test whether the suppressive effect of HWA 448 on muscle

wasting and activated proteasome-dependent proteolysis can be

reproduced in another catabolic condition characterized by a

hyperproduction of TNF, muscle mRNA levels for the C2

subunit of the 20 S proteasome were measured in septic rats

treated or not with a variety of xanthine derivatives. These

mRNA levels were strongly decreased in septic rats treated with

HWA 448, A 2715 and HWA 138 (Figure 6A). In contrast,
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Figure 4 Effect of HWA 448 administration on mRNA levels for components
of the Ub–proteasome-dependent proteolytic pathway in muscles from
Yoshida sarcoma-bearing rats

RNA was extracted, electrophoresed, transferred on to a nylon membrane and hybridized (A)
with 32P-labelled cDNAs encoding ubiquitin, 14 kDa E2 and the C2 subunit of the 20 S

proteasome or (B) with 32P-labelled cDNAs encoding the S7, S5a and S1 subunits of the

19 S complex, as described in the Materials and methods section. After stripping of the probes,

blots were re-hybridized with a 32P-labelled cDNA encoding GAPDH. Densitometric signals were

normalized by using the corresponding GAPDH mRNA values to take into account slight

variations in RNA loading. Data are means³S.E.M. (vertical bars) for four to six rats and are

expressed as a percentage of the control values. Representative Northern blots are also shown.

Statistical differences were assessed using a one-way ANOVA test. Bars labelled with different

letters (a, b or c) are significantly different from each other (P ! 0.05). TB, tumour-bearing rats ;

HWA 448, HWA 448-treated tumour-bearing rats.

pentoxifylline and BL 194 exercised only a small, if significant at

all, effect on the increased mRNA levels of C2 that are charac-

teristic of untreated septic rats (Figure 6A), with the effect of BL

194 being slightly more pronounced than that of pentoxifylline.

In addition, Figure 6(B) clearly shows that the tibialis anterior

muscle mass both from septic rats treated with the various

xanthine derivatives and from untreated animals is inversely

correlated with C2 mRNA levels (P! 0.001).

DISCUSSION

We report here the first direct evidence that HWA 448: (i) blocks

the LPS-induced hyperproduction of TNF in cancer rats ; (ii) has

no effect in itself on muscle proteolysis in control healthy rats ;

(iii) prevents muscle wasting by suppressing the elevated protea-

some-dependent proteolysis and accumulation of Ub-protein

conjugates, both of which prevail in atrophying muscles from

cancer rats ; and (iv) is also effective in septic rats (which exhibit

increased TNF production) and is much more potent than

pentoxifylline or other xanthine derivatives.

The present study clearly demonstrates that HWA 448 reduced

the muscle wasting in Yoshida sarcoma-bearing rats by inhibiting

Figure 5 HWA 448 suppresses the accumulation of high-molecular-mass
(HMC) Ub–protein conjugates in the myofibrillar fraction of tibialis anterior
muscles from cancer rats

(A) Muscle proteins were fractionated as described in the Materials and methods section and

the 1500 g pellet and the 100000 g supernatant containing myofibrillar and soluble proteins

respectively were electrophoresed, transferred on to a nitrocellulose membrane and blotted

with an antibody raised against polyUb chains. Representative immunoblots are shown.

(B) Densitometric analysis of high-molecular-mass Ub conjugates shown in (A). Data are

means³S.E.M. (vertical bars) for four animals and are expressed as the percentage of control

values. TB, tumour-bearing rats ; HWA 448, HWA 448-treated tumour-bearing rats. Statistical

differences were assessed using a one-way ANOVA test. *P ! 0.05 compared with controls and

HWA 448-treated tumour-bearing rats.

Ub–proteasome-dependent proteolysis. We [5,20] and others

[3,6,36,37] previously reported that this pathway plays a major

role in the muscle atrophy seen in rodents after tumour im-

plantation. Such observations entirely support a crucial role for

this degradative machinery in the muscle wasting observed in

various animal models (for reviews, see [7–10]), as well as in head

trauma [38], septic [39] and cancer [40] patients. Previous studies

have shown that both an anti-TNF antibody [19] and pentoxi-

fylline [20] prevent the increased expression of Ub and 20 S

proteasome subunits in muscles from rats bearing the Yoshida

hepatoma and the Yoshida sarcoma respectively. We show

further that HWA 448 inhibited proteasome-dependent pro-

teolysis (Figure 3) and prevented the accumulation of polyubi-

quitinated proteins in the myofibrillar fraction of muscles from

cancer rats (Figure 5). These findings clearly support the concept

that the Ub pathway degrades the major contractile proteins

actin and myosins [7–10].

The changes in mRNA levels for Ub, 14 kDa E2 and the C2

subunit of the 20 S proteasome paralleled the enhanced rate of

proteolysis in the muscles from Yoshida sarcoma-bearing rats, as

reported previously in this cancer model [5,20]. The 20 S protea-

some associates with either the 19 S complex (to form the 26 S

proteasome that degrades polyubiquitinated proteins) or PA28
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Figure 6 HWA 448 is a potent suppressor of the elevated expression of the C2 subunit of the 20 S proteasome in septic muscles

Total RNA from septic rat muscles was extracted 6 days after infection, electrophoresed, transferred on to a nylon membrane and hybridized with 32P-labelled cDNA encoding the C2 subunit of

the 20 S proteasome, as described in the Materials and methods section. (A) Quantification of representative Northern blots. Data are means³S.E.M. (vertical bars) for two to six animals and

are expressed in arbitrary units. Statistical differences were assessed using a one-way ANOVA test. *P ! 0.05 compared with untreated rats ; †P ! 0.05 compared with pentoxifylline-treated rats.

(B) Relationship between the tibialis anterior muscle mass and the densitometric signals for C2 mRNA levels.

to form either proteasome PA28 and}or hybrid proteasomes (see

[12] for a recent review). These regulatory components modulated

the peptidase activities of the 20 S proteasome in insect [41] and

lobster [42] muscles. However, the muscle mRNA levels for

PA28α did not change in cancerous rats ([20], and results not

shown), suggesting that both the proteasome PA28 and}or the

hybrid proteasome played little if any significant role in muscle

wasting [2]. mRNA levels for one ATPase and two non-ATPase

subunits of the 19 S complex did not increase in concert in the

atrophying muscles from cancer rats (Figure 4B). The ATPase

subunits of the 19 S complex provide energy for the formation of

the 26 S proteasome and the breakdown of polyubiquitinated

proteins, for the gating of the 20 S proteasome channel and,

presumably, for the denaturation and injection of the substrates

into the proteolytic chamber [13]. Accordingly, S7 expression

increased in the muscles from tumour-bearing rats, as reported

previously [20]. Changes in the mRNA levels for the non-ATPase

subunit S5a also paralleled rates of proteasome-dependent pro-

teolysis in cancer rats, while mRNA levels for S1 did not change

(Figure 4B). Thus there is no co-ordinate up-regulation of the

expression of all subunits of the 19 S complex in this model of

muscle wasting. S5a is the only 26 S proteasome subunit that has

been clearly identified as a polyUb chain receptor [43]. The

increased mRNA levels for S5a reported in the present work is in

good agreement with results from Western blotting experiments,

which showed an increased content of this particular subunit in

the atrophying muscles from the tobacco hornworm Manduca

sexta [44]. However, a major observation in that study was that

the HWA 448-induced down-regulation of the Ub pathway did

not correlate with a suppression of the elevated expression of all

components of the pathway. Indeed, only Ub and, to a lesser

extent, C2 mRNA levels returned to almost-basal levels in the

muscles from HWA 448-treated rats (Figure 3) and paralleled

the suppression both of the accumulation of high-molecular-mass

Ub-conjugates (Figure 5) and of increased proteasome-dependent

proteolysis (Figure 2). In contrast, the expression of S7, S5a and

14 kDa E2 remained elevated when proteolysis decreased, sug-

gesting that the level of expression of these proteins is not crucial

in the overall activity of the pathway. There are several simple

explanations for such observations. For example, S5a cannot be

the only polyUb receptor, because deletion of its gene homologue

in yeast does not prevent Ub-dependent protein breakdown [45].

Similarly, 14 kDa E2 has been reported to play a major role in

the ubiquitination of soluble muscle proteins in various instances

of muscle atrophy [46,47]. However, our data clearly show that

high-molecular-mass Ub–protein conjugates increased predomi-
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nantly in the myofibrillar, but not in the soluble, fraction (Figure

5), in accordance with previously published data [48].

A second major observation in these studies is that HWA 448

was effective in preventing both the muscle wasting and the

activation of the Ub–proteasome-dependent pathway in another

catabolic model. To investigate this possibility, we used a septic

rat model in which it is evident that TNF is involved in the

catabolic response [28,49]. The improvement in muscle mass in

the septic rats that were treated with HWA 448 was approx.

22%, clearly indicating that the drug is able to promote muscle

recovery even when the degree of wasting is quite severe. In

addition, Figure 6 shows that HWA 448 was more potent than

pentoxifylline in reducing the enhanced muscle expression of

proteasome subunit C2, and that the suppressive effect of HWA

448 on C2 mRNA levels was correlated with the preservation of

muscle mass.

The precise mechanisms by which HWA 448 inhibits skeletal-

muscle Ub–proteasome-dependent proteolysis in cancer animals

remain to be elucidated. This study indicates that the drug itself

did not affect body weight, food intake, muscle mass or protein

breakdown in healthy rats (Table 2). HWA 448 inhibits the LPS-

induced production of TNF in cancer rats ([21] and Figure 1),

suggesting that the inhibition of increased proteolysis in these

animals may reflect a suppression of the hypersensitivity of

tumour-bearing animals to the stress-induced hyperproduction

of TNF. Although further experiments are clearly needed to

identify whether the modulation of a TNF-signalling pathway is

involved in the inhibition of the catabolic response, several lines

of evidence support this interpretation. First, HWA 448 was

totally unable to prevent muscle wasting in atrophying non-

weight-bearing muscles [50]. As in cancer cachexia [1,2], muscle

wasting results mainly from an activation of Ub–proteasome-

dependent proteolysis in non-weight-bearing animals [51].

However, simulated weightlessness is a non-pathological model

of muscle disuse, which is not associated with increased TNF

production. Secondly, enhanced skeletal-muscle proteolysis has

been reported repeatedly to be mediated by TNF in some, but

not all, tumour-bearing animals [1,2,18–20]. For example, treat-

ment of Yoshida hepatoma-bearing animals with an anti-TNF

antibody suppressed both muscle wasting and the increased

expression of Ub and a subunit of the 20 S proteasome in skeletal

muscle [19], as did HWA 448 in the present experiments.

However, it cannot be discounted that HWA 448 may be

acting at some other point(s) in the Ub–proteasome-dependent

pathway.

In conclusion, our data show that HWA 448 limited muscle

wasting by suppressing the activation of Ub–proteasome-de-

pendent proteolysis, which plays a prominent role in the break-

down of muscle proteins, and was much more potent than

pentoxifylline. In addition, HWA 448 did not alter peripheral

blood mononuclear cell viability, and has a longer serum half-life

and presumably lower toxicity than pentoxifylline, which is

commonly used in humans [52]. Taken together, the data suggest

that the administration of HWA 448 may contribute to the

prevention of the muscle wasting seen in cancer and other

catabolic states characterized by a hyperproduction of TNF,

such as sepsis or trauma.
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