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Abstract
Purpose To determine the eVectiveness of the polyan-
ionic, metal binding agent D-myo-inositol-1,2,6-triphos-
phate (alpha trinositol, AT), and its hexanoyl ester (HAT),
in tissue wasting in cancer cachexia.
Methods The anti-cachexic eVect was evaluated in the
MAC16 tumour model.
Results Both AT and HAT attenuated the loss of body
weight through an increase in the nonfat carcass mass due
to an increase in protein synthesis and a decrease in protein
degradation in skeletal muscle. The decrease in protein deg-
radation was associated with a decrease in activity of the
ubiquitin-proteasome proteolytic pathway and caspase-3
and -8. Protein synthesis was increased due to attenuation
of the elevated autophosphorylation of double-stranded
RNA-dependent protein kinase, and of eukaryotic initiation
factor 2� together with hyperphosphorylation of eIF4E-
binding protein 1 and decreased phosphorylation of eukary-
otic elongation factor 2. In vitro, AT completely attenuated
the protein degradation in murine myotubes induced by
both proteolysis-inducing factor and angiotensin II.

Conclusion These results show that AT is a novel thera-
peutic agent with the potential to alleviate muscle wasting
in cancer patients.

Keywords Muscle atrophy · Alpha trinositol · 
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Introduction

Patients with cancer cachexia show progressive atrophy of
skeletal muscle, while visceral protein reserves are pre-
served [17]. Muscle loss can reach 75% prior to death,
resulting in weakness (asthenia), immobility and respira-
tory failure. Although as many as half of all cancer patients
suVer from this condition, therapy is limited and there are
no therapies routinely used to counteract muscle atrophy
[35]. There is thus a pressing need to develop new therapies
for the treatment of this condition.

Atrophy of skeletal muscle can occur through a depres-
sion of protein synthesis [16], an increase in protein deg-
radation [26], or a combination of both. The increased
protein degradation is due to an increased expression of
major components of the ubiquitin-proteasome pathway,
such as the 20S proteasome subunits [21]. Activation of
caspase-3 is also required to degrade actomyosin com-
plexes before they can be further cleaved by the ubiquitin-
proteasome system [11]. Recent results [15] show that
activation of the dsRNA-dependent protein kinase (PKR)
in skeletal muscle, leads to a depression of protein synthe-
sis and to an increase in protein degradation through the
ubiquitin-proteasome pathway. Thus in response to cata-
bolic stimuli such as proteolysis-inducing factor (PIF) and
angiotensin II (Ang II), PKR undergoes activation by
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autophosphorylation, leading to increased phosphoryla-
tion of the translation factor, eukaryotic initiation factor 2
(eIF2), on the �-subunit. eIF2 mediates binding of Met
tRNA to the 40S ribosomal subunit in a GTP-dependent
manner, and is released in its GDP-bound state, which is
then exchanged for GTP by the guanine nucleotide
exchange factor eIF-2B. The phospho eIF2� acts as a
competitive inhibitor of this process preventing transla-
tion initiation [28]. In addition PKR is known to activate
the transcription factor, nuclear factor-�B (NF-�B),
through phosphorylation of the inhibitor I�B [23], and
this leads to induction of the ubiquitin-proteasome path-
way [15]. This pathway is also activated in skeletal mus-
cle of mice [15] and humans [14] with cancer cachexia, as
shown by increased levels of phospho PKR and eIF2�,
without changes in the total amount of these factors. In
addition, an inhibitor of PKR autophosphorylation has
been shown to attenuate muscle atrophy in the MAC16
murine cachexia model, through an increase in protein
synthesis and a decrease in protein degradation [12]. This
suggests that inhibitors of PKR activation may be useful
in the treatment of cancer cachexia.

Inositols are naturally occurring derivatives of phytic
acid, which are especially abundant in cereals. D-Myo-
inositol-1,2,6-trisphosphate (alpha trinositol, AT) is a
naturally occurring trisphosphorylated derivative of ino-
sitol. Alpha trinositol has previously been shown to have
both analgesic and anti-inXammatory eVects [10]. Alpha
trinositol and its derivatives may interfere at some point
in the phosphatidylinositol signalling pathway [3]. Being
a polyanionic compound, AT readily interacts with inor-
ganic cations such as Ca2+ and Zn2+, which bind prefer-
entially to phosphates in positions P1 and P6 in the
inositol ring structure [18]. However, the exact mode of
action of AT remains to be determined. There have been
few studies on the role of metal ions in cachexia. How-
ever, Larsson et al. [24] found a gradually increasing
zinc concentration in both skeletal muscle and tumour
tissue during tumour progression in a rat cachexia model.
Calcium concentrations also increased in skeletal mus-
cle, which could be related to activation of PKR. Activa-
tion of PKR by aggregated �-amyloid peptide (A�)
involves calcium release from the endoplasmic reticulum
and activation of caspase 8, as upstream signals modulat-
ing the caspase-3 mediated activation of PKR [33]. The
cell permeable calcium chelator BAPTA-AM has been
shown to signiWcantly reduce PKR phosphorylation in
neurons [9], suggesting that calcium chelators may be
eVective in the treatment of muscle atrophy if activation
of PKR is involved. This study investigates the eVect of
AT on the development of cachexia in a murine tumour
model (MAC16) and investigates potential mechanisms
involved.

Materials and methods

Materials

Foetal calf serum, horse serum (HS) and Dulbecco’s modi-
Wed Eagle’s medium (DMEM) were purchased from Life
Technologies (Paisley, Scotland). L-[2,6-3H] Phenylalanine
(sp.act.1.96TBq/mmol¡1), Hybond A nitrocellulose mem-
branes, m7GTP (7-methyl-GTP) Sepharose 4B, and ECL
development kits were from Amersham Biosciences Ltd
(Bucks, UK). Mouse monoclonal antibodies to 20S protea-
some �-subunits and p42 were from AYniti Research Prod-
ucts (Exeter, UK). Rabbit monoclonal antibodies to
phospho-4EBP1 (Thr37/46), phospho mTOR (Ser2448) and to
phospho and total PKR, as well as rabbit polyclonal anti-
sera to 4E-BP1, eIF4E, eIF4G, and to phospho (Thr56) and
total elongation factor 2 (eEF2) were purchased from New
England Biolabs (Herts, UK). Rabbit polyclonal antisera to
phospho eIF2� (Ser51) and to total eIF2� was from Santa
Cruz Biotechnology (CA, USA). Rabbit polyclonal antisera
to myosin heavy chain was from Novocastra (Newcastle,
UK). Rabbit polyclonal antisera to mouse �-actin, angio-
tensin II (Ang II) and the chymotrypsin substrate succinyl
LLVY-7-amino-4-methylcoumarin were purchased from
Sigma Aldridge (Dorset, UK). Peroxidase-conjugated rab-
bit anti-mouse antibody and peroxidase-conjugated goat
anti-rabbit antibody were purchased from Dako Ltd (Cam-
bridge, UK). 1-D-Myo-inositol 1,2,6-triphosphate (AT) and
1D tri-O-hexanoyl-myo-inositol 1,2,6-triphosphate (HAT)
were supplied by JGK Memorial Research Library and
Laboratory (Helsinki, Finland)/Bioneris Ab (Stockholm,
Sweden). Phosphosafe™ extraction reagent was from
Merck Eurolab Ltd (Leicestershire, UK). The caspase-3
and -8 substrates and inhibitors were purchased from Bio-
mol International (Devon, UK).

Animals

The MAC16 tumour was passaged in pure strain NMRI
mice (average weight 25 g), obtained from our own inbred
colony, and maintained on a rat and mouse breeding diet
(Special Diet Services, Witham, UK) and water ad libitum.
Male mice were transplanted with fragments of the MAC16
tumour, selecting from donor animals with maximal weight
loss. The tumour was implanted s.c. into the Xank by means
of a trochar, as previously described [12]. Weight loss
began 12–15 days after tumour transplantation and animals
were entered into the study when they had lost about 5% of
their starting body weight. Preliminary dose-range Wnding
assays in non-tumour bearing mice had established the tol-
erability range for the agents. For the study tumour-bearing
animals were randomised into groups of six to receive
either solvent (PBS), or AT (at doses of 10, 20 and
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40 mg kg¡1), administered s.c. 3 times per day. HAT was
administered at 6 and 8 mg/kg, also by the s.c. route 3 times
per day. Tumour volume, body weight and food and water
intake were monitored daily. Animals were terminated by
cervical dislocation when the body weight loss reached
20%, as speciWed by the British Home OYce. The ethical
guidelines that were followed met the standards required by
the UKCCR guidelines. After termination the body compo-
sition of the animals was determined as previously
described in detail [30]. The carcasses were heated at 80–
90°C for 48 h, or until a constant weight was achieved. The
water content was determined from the diVerence between
the wet and dry weight. Lipids were extracted from the
dried carcass with chloroform/methanol (1:1), ethanol/ace-
tone (1:1) and diethyl ether. The solvent was allowed to
evaporate, and the fat content was determined from the
weighed residue. The non-fat carcass mass was calculated
as the diVerence between the initial weight of the carcass
and the weight of water and fat. PIF was puriWed from solid
MAC16 tumours, excised from mice with a weight loss
between 20 and 25% using aYnity chromatography with
anti-PIF monoclonal antibody coupled to a solid matrix, as
previously described [36].

Protein synthesis and degradation in gastrocnemius muscle

This was determined in a separate experiment in which
mice (n = 6) bearing the MAC16 tumour were treated with
AT (40 mg/kg) s.c., 3 times per day, for 5 days, while a
control group received PBS. Protein synthesis and degrada-
tion were determined by the incorporation and release of L-
[2,6-3H] phenylalanine, as described [32]. On the fourth
day of treatment, half of the group were administered
0.4 mmol/l L-[2,6-3H] phenylalanine in PBS (100 �l) by i.p.
administration. After 24 h the animals were terminated and
gastrocnemius muscles were removed, washed with PBS
and RPMI 1640, and the release of radioactivity during
incubation for 2 h in RPMI 1640 was determined. Protein-
bound activity was determined by homogenising the mus-
cles in 2% perchloric acid and determining the radioactivity
in the precipitate. Protein degradation was calculated by
dividing the amount of radioactivity released into the
medium over a 2 h period by the speciWc activity of the pro-
tein-bound radioactivity. To determine protein synthesis
gastrocnemius muscles were incubated for 2 h in RPMI
1640, without phenol red, in the presence of L-[2,6-3H]
phenylalanine (37 MBq), and under an atmosphere of O2/
CO2 (19:1). Muscles were then rinsed in nonradioactive
media, and homogenised in 2% perchloric acid. The rate of
protein synthesis was calculated by dividing the protein-
bound radioactivity by the acid-soluble material. Myotubes
were formed by allowing C2C12 myoblasts to diVerentiate
in DMEM containing 2% HS. Protein degradation in

murine myotubes was determined by measuring the release
of L-[2,6-3H] phenylalanine from pre-labelled cells in the
presence of 2 mM unlabelled phenylalanine to prevent rein-
corporation of radioactivity, as previously described [15].

Proteasome activity

The activity of the 20S proteasome was determined as the
‘chymotrypsin-like’ enzyme activity, the predominant pro-
teolytic activity of the �5 subunits of the proteasome. Gas-
trocnemius muscles were rinsed with ice-cold PBS and
homogenised in 20 mM Tris–HCl (pH 7.5), 2 mM ATP,
5 mM MgCl2 and 1 mM DTT, followed by sonication. The
sonicate was centrifuged for 10 min at 18,000g at 4°C, and
enzyme activity in the supernatant was determined by the
method of Orino et al. [27] by determining the release of
amino methyl coumarin (AMC) from the Xurogenic sub-
strate LLVY-AMC. Activity was measured in the absence
and presence of the speciWc proteasome inhibitor lactacy-
stin (10 �M). Only lactacystin-suppressible activity was
considered to be proteasome speciWc.

Caspase activity

The activity of caspase-3 was determined by the release of
7-amino-4-methylcoumarin (AMC) from the speciWc sub-
strate AcDEVD–AMC in the presence or absence of the
caspase-3 inhibitor AcDEVD–CHO. Muscle (10 mg) was
homogenised in lysis buVer (150 mM NaCl, 1% NP40,
50 mM Tris–HCl, pH 7.4, 0.25% sodium deoxycholate,
2 mM EGTA, 1 mM EDTA, 0.2 mM sodium orthovana-
date, 20 mM NaF and 1% proteasome inhibitor mixture),
left at 4°C and then room temperature for 10 min, followed
by centrifugation at 15,000g for 15 min. The supernatant
(50 �g protein) was incubated with the caspase-3 substrate
(10 �M) for 1 h, and the increase in Xuorescence due to
AMC was determined at an excitation wavelength of
370 nm and an emission wavelength of 430 nm. The diVer-
ence in values in the absence and presence of the caspase-3
inhibitor (100 �M) was a measure of activity. The method
for caspase-8 was similar with the substrate being Z-IETD-
AFC (10 �M) and the inhibitor IETD–CHO (100 �M). The
increase in Xuorescence due to the release of 7-amino-4-tri-
Xuoro-methylcoumarin (AFC) was measured with an exci-
tation wavelength of 400 nm and an emission of 505 nm.

Western blot analysis

Gastrocnemius muscle (10 mg) was homogenised in Phos-
phosafe™ Extraction Reagent (500 �l) and centrifuged at
15,000g for 15 min. Samples of the cytosolic proteins
(5 �g) were loaded on either a 10% (mTOR, myosin,
eIF4E and eIF4G), 12% (PKR, eIF2� and actin) or 15%
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(4E-BP1) sodium dodecylsulphate-polyacrylamide gel
(SDS-PAGE) and electrophoresed at 180 V for approxi-
mately 1 h. The extent of phosphorylation of 4E-BP1, and
the association of 4E-BP1 and eIF4G with eIF4E was
determined by Western blotting when eIF4E was extracted
from the muscle samples by m7GTP-Sepharose 4B-aYnity
binding, as previously described [13], by loading 20 �g of
protein. The protein on the gels was then transferred to
0.45 mm nitrocellulose membranes, which were then
blocked with 5% Marvel in Tris–buVered saline, pH 7.5, at
4°C overnight. The primary antibodies were used at a dilu-
tion of 1:1,000, except for phospho and total eIF2� (1:500)
and myosin (1:250). The secondary antibodies were used
at a dilution of 1:1,000. Incubation was either for 1 h at
room temperature, or overnight, and development was by
ECL. Blots were scanned by a densitometer to quantitate
diVerences.

Statistical analysis

All results are shown as mean § SE for at least three repli-
cate experiments. DiVerences in means between groups

were determined by one-way analysis of variance followed
by Tukey–Kramer multiple comparison test. P values less
than 0.05 were considered ‘signiWcant’.

Results

The eVect of diVerent concentrations of AT, administered
tri-daily to mice bearing the MAC16 tumour, on body
weight loss and tumour volume is shown in Fig. 1. At doses
of 10 and 40 mg kg¡1, but not at 20 mg kg¡1, AT was eVec-
tive in suppressing loss of body weight (Fig. 1a), while at
40 mg kg¡1 there was also signiWcant suppression of
tumour growth rate (Fig. 1b). There was no signiWcant
eVect of these concentrations of AT on food and water
intake, and no toxicity was seen. A hexanoyl ester of AT
(HAT) has been produced as a slow release form of AT,
after hydrolysis by esterase. HAT was also eVective in
attenuating weight loss in the MAC16 model (Fig. 1c), but
at lower concentrations than AT, the optimum dose being
6 mg kg¡1. There was no signiWcant eVect of HAT on
tumour growth rate (Fig. 1d), suggesting that attenuation of

Fig. 1 EVect of AT administered s.c. three times per day at doses of
10 (open square), 20 (open triangle) or 40 mg kg¡1 (Wlled square) in
comparison with solvent (PBS) control (Wlled diomand) on body
weight (a) and tumour volume (b). The eVect of HAT also adminis-
tered s.c. three-times per day at 6 (Wlled square) and 8 mg kg¡1 (Wlled

triangle) on body weight (c) and tumour volume (d) is shown in com-
parison with PBS control (Wlled diomand). The number of animals in
each group n = 6. DiVerences from control are shown as b, P < 0.01 or
c P < 0.001
123



Cancer Chemother Pharmacol (2009) 64:517–527 521
body weight loss by AT was not related to its eVect on
tumour growth.

To determine the body compartment aVected by AT,
body composition analysis was performed on the animals at
the end of the experiment shown in Fig. 1. The results pre-
sented in Table 1 show that AT produced a signiWcant
increase in the nonfat carcass mass, at doses of 20 and
40 mg kg¡1, with no eVect on the body water content. At
the optimum concentration (40 mg kg¡1) there was a 25%
increase in the nonfat carcass mass, but, surprisingly, a
large decrease in the fat mass, which reached 46% at a dose
of AT of 20 mg kg¡1 and did not further decrease at higher
dose levels. Thus the change in body weight at various
doses of AT is a balance between the loss of fat, and the
increase in nonfat carcass mass. This would explain why
AT, at a dose of 20 mg kg¡1, had no eVect on total body
weight, because although it increased lean body mass by
0.8 g from solvent controls, it decreased fat mass by 0.6 g,
so the overall change in body weight did not diVer from
control. When corrected for hydration of lean body mass
the diVerence in body weight of animals treated with AT at
40 mg kg¡1 and PBS controls (Fig. 1a about 3 g) would be
explained totally by the increase in lean body mass
(Table 1). To determine whether changes in nonfat carcass
mass arose due to attenuation of muscle atrophy, the eVect
of AT on protein synthesis and degradation in gastrocne-
mius muscle was determined after treatment with a dose of
40 mg kg¡1 for 4 days (Fig. 2). The weight of the gastroc-
nemius muscles from mice treated with AT were signiW-
cantly higher than from those treated with solvent alone
(Fig. 2a), while there was a signiWcant (almost threefold)
increase in protein synthesis (Fig. 2b) and a 23% decrease
in protein degradation (Fig. 2c). These results suggest that
AT increases lean body mass through an increase in protein
synthesis and a decrease in protein degradation in skeletal
muscle.

To investigate further the mechanism by which AT
altered the rates of protein synthesis and degradation,
tumour-bearing animals were treated with either AT
(40 mg kg¡1) or PBS daily for 4 days as described in the
legend to Fig. 1, while a third group were not transplanted
with the MAC16 tumour, nor received any therapy. In

gastrocnemius muscle from mice bearing the MAC16
tumour there was a signiWcant increase in the 20S protea-
some functional activity, as measured by the ‘chymotryp-
sin-like’ enzyme activity (Fig. 3a) when compared with
non-tumour bearing animals, as previously reported [37].

Table 1 Body composition (%) of mice bearing the MAC16 tumour administered AT

Values are mean § SD. P values are from O AT measured after 4 days of treatment as shown in Fig. 1a

AT 
(mg kg¡1)

Lean mass P Fat P Water P

g % g % g %

0 5.7 § 0.7 26.1 § 1.6 – 1.4 § 0.6 6.1 § 2.1 – 14.7 § 1.8 67.8 § 1.2 –

10 6.3 § 1.0 27.1 § 3.0 NS 1.2 § 0.6 4.9 § 2.3 NS 15.8 § 1.2 68.0 § 2.0 NS

20 6.5 § 0.3 28.6 § 1.7 0.05 0.8 § 0.1 3.3 § 0.5 0.01 15.6 § 0.7 68.1 § 1.7 NS

40 7.1 § 0.6 30.7 § 2.5 0.01 0.9 § 0.4 3.7 § 1.9 0.05 15.2 § 1.8 65.6 § 2.2 NS

Fig. 2 EVect of AT (40 mg kg¡1) administered s.c. three times per day
for 4 days in gastrocnemius muscle wet weight (a) and protein synthe-
sis (b) and protein degradation (c) in gastrocnemius muscle. The num-
ber of animals in each group n = 6. Control animals received PBS at the
same time as AT. DiVerences from control are shown as c, P < 0.01
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Treatment with AT for 4 days reduced the increased ‘chy-
motrypsin-like’ enzyme activity down to that found in non-
tumour bearing animals (Fig. 3a). This suggests that AT
attenuates protein degradation in skeletal muscle by down-
regulating the increased activity of the ubiquitin-protea-
some pathway. This was conWrmed by measurement of
expression of the 20S proteasome �-subunits (Fig. 3b), as
well as expression of p42, an ATPase subunit of the 19S
regulator, which promotes association with the 20S protea-
some to form the 26S proteasome (Fig. 3c). In both cases
expression was increased by 40–80% in gastrocnemius
muscle of mice bearing the MAC16 tumour, but after
4 days of treatment with AT, expression levels were not
signiWcantly diVerent from that found in non tumour-bear-
ing animals. Expression levels of proteasome components
correlated inversely with the level of myosin in gastrocne-
mius muscle, which were reduced by 60% in mice bearing

the MAC16 tumour, and increased back to values found in
non tumour-bearing animals after treatment with AT for
4 days (Fig. 3d). As reported for animals bearing the
cachexia-inducing colon 26 adenocarcinoma, despite exten-
sive loss of myosin there was no reduction in the expression
of �-actin. The activity of caspase-3 (Fig. 4a) and caspase-8
(Fig. 4b) was elevated 2.5 to 3-fold in gastrocnemius mus-
cle of mice bearing the MAC16 tumour, compared with
non tumour-bearing animals, and this was signiWcantly
attenuated in animals treated with AT, although the levels
were still signiWcantly higher than those found in non-
tumour-bearing animals.

As previously reported [15], expression of the phosphor-
ylated forms of both PKR (Tyr451) and eIF2� (Ser51) were
signiWcantly increased (Wvefold) in gastrocnemius muscle
of mice bearing the MAC16 tumour compared with non
tumour-bearing animals, while levels of total PKR and

Fig. 3 EVect of AT (40 mg kg¡1) administered s.c. three-times per
day for 4 days on the chymotrypsin-like enzyme activity (a), expres-
sion of the 20S proteasome �-subunits (b), p42 (c) and myosin levels
(d) determined by Western blotting of protein from gastrocnemius
muscle of mice bearing the MAC16 tumour (MAC16 + AT), in com-
parison with control tumour-bearing animals administered PBS
(MAC16), and non tumour-bearing animals of the same age and start-

ing weight (25 g) (Normal). An actin loading control is shown in d.
Each of the experiments was repeated three times and there were 6 ani-
mals in each group. Representative Western blots are shown and the
densitometric analysis is the average of three separate Western blots.
DiVerences from normal are shown as c, P < 0.001, while diVerences
from MAC16 are shown as f, P < 0.001
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eIF2� did not change (Fig. 5a, b). After 4 days of treatment
with AT there was a signiWcant reduction in the levels of
both phospho PKR and eIF2�, which did not diVer signiW-
cantly from non tumour-bearing animals, and this corre-
lated with the increase in protein synthesis (Fig. 2b). One
reason for the decreased phosphorylation of PKR is an
increased expression of protein phosphatase 1 (PP1) after
treatment with AT (Fig. 5c), which is known to dephos-
phorylate PKR [34]. Levels of the phosphorylated form of
eEF2 (Thr56) were also increased in gastrocnemius muscle
of mice bearing the MAC16 tumour (Fig. 5d), and this was
reduced down to the levels found in non tumour-bearing
animals after treatment with AT for 4 days. This suggests
that AT could raise global protein synthesis in mice bearing
the MAC16 tumour, up to the levels found in non-tumour-
bearing animals, through attenuation of the decrease in
translation elongation.

There was also a Wvefold reduction in the level of the
phosphorylated (Ser2448) form of mTOR in gastrocnemius
muscle of mice bearing the MAC16 tumour (Fig. 6a), and

this was completely reversed up to the values found in non
tumour-bearing animals after 4 days of treatment with AT.
The eVect of cachexia on the amount of eIF4E available for
formation of the active eIF4G. eIF4E complex in gastrocne-
mius muscle and the eVect of AT is shown in Fig. 6b–d.
Animals bearing the MAC16 tumour showed a 60% reduc-
tion in the level of phosphorylation of 4E-BP1 (Thr37/46)
(Fig. 6b) in line with the decreased activation of mTOR
(Fig. 6a), but there was no eVect on phosphorylation of
eIF4E (Ser209) (Fig. 6c). Weight loss increased the amount
of 4E-BP1 associated with eIF4E (Fig. 6c) and decreased
formation of the active eIF4G.eIF4E complex (Fig. 6d).
These eVects were completely attenuated by AT, such that
the levels of eIF4F were the same as in non-tumour bearing
controls.

In order to determine whether AT had a direct eVect on
the cachexic process, or whether the observed anti-cachexic
eVect was due to AT’s anti-tumour activity, protein degra-
dation was measured in vitro in murine myotubes in the
presence of either PIF (Fig. 7a) or Ang II (Fig. 7b) both of
which have been shown to initiate protein degradation by a
PKR-mediated process [15]. At a concentration of 100 �M
AT completely attenuated the increase in protein degrada-
tion induced by both agents conWrming a direct antagonistic
eVect. Further studies will evaluate the mechanism by
which AT produces this eVect.

Discussion

This study provides evidence for the eVectiveness of AT
and its hexanoyl ester to attenuate loss of body weight in
mice bearing the MAC16 tumour, through preservation of
lean body mass, despite the fact that AT accentuates loss of
adipose tissue. Loss of adipose tissue would not pose a
problem in the treatment of patients with cancer cachexia,
since this can readily be replenished by treatment with an
appetite stimulant such as megestrol acetate [25]. AT also
attenuated tumour growth rate, but this was not essential for
the anticachectic eVect, since the hexanoyl derivative of AT
attenuated loss of body weight without an eVect on tumour
growth. In addition, if the change in body weight induced
by AT was solely due to the inhibition of tumour growth,
then both fat and non-fat carcass mass should be increased,
and only the latter was increased, while fat mass showed a
progressive decrease with increasing concentrations of AT.
Also there was no correlation between inhibition of tumour
growth by AT and its ability to attenuate weight loss. We
have also shown that AT can attenuate muscle protein deg-
radation induced by PIF and Ang II in vitro conWrming a
direct eVect of AT on the cachectic process, since both PIF
[6] and Ang II [5] have been shown to induce a cachexic
syndrome in mice with enhanced degradation of skeletal

Fig. 4 Activity of caspase-3 (a) and caspase-8 (b) in gastrocnemius
muscle of mice bearing the MAC16 tumour (MAC16), mice bearing
the MAC16 tumour and treated with AT (40 mg kg¡1) for 4 days
(MAC16 + AT) as described in the legend to Fig. 1, and in non tu-
mour-bearing animals of the same age and starting weight as those
bearing the MAC16 tumour (Normal). Each assay was repeated at least
three times and there were six animals in each group. The values given
are the average of three separate determinations. DiVerences from nor-
mal animals are shown as c, P < 0.001, while diVerences from MAC16
are shown as f, P < 0.001
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muscle. The change in body composition is unusual, since
other agents which attenuate loss of body weight in mice
bearing the MAC16 tumour, such as �-hydroxy-�-meth-
ylbutyrate (HMB) increase both the fat and non-fat body
compartments [32]. Only one other agent, an oxindole/
imidazole derivative, has been found to produce a similar
eVect, and that is an inhibitor of PKR autophosphorylation,
and this was also found to attenuate tumour growth,
although it was unrelated to the anticachectic eVect [12].

As with the PKR inhibitor [12], preservation of lean
body mass resulted from both the attenuation of the depres-
sion of protein synthesis and the increase in protein degra-
dation in skeletal muscle. Very few agents are capable of
inXuencing both processes. Thus eicosapentaenoic acid
(EPA) preserves muscle mass solely from an eVect on pro-
tein degradation, while having no eVect on protein synthe-
sis [31]. To aVect both processes, EPA must be combined
with amino acids, such as leucine, arginine and methionine
[31].

The eVect of AT on protein degradation is associated
with down-regulation of the activity and expression of key
components of the ubiquitin-proteasome pathway, resulting

in retention of the myoWbrillar protein myosin. AT also
down-regulated the increased activity of caspases-3 and -8,
which have previously been shown to be elevated in skele-
tal muscle of mice bearing the MAC16 tumour, without
evidence for DNA fragmentation typical of apoptosis [2].
This eVect may arise from the ability of AT to attenuate the
elevated levels of autophosphorylated PKR seen in the
skeletal muscle of mice bearing the MAC16 tumour, which
has been shown to regulate this pathway through activation
of NF-�B [15]. The eVect on PKR autophosphorylation
may be related to an increase in expression of PP1, which
has been shown [8] to reduce the dsRNA-mediated auto-
activation of PKR, while inhibiting PKR transphosphoryla-
tion activity. The mechanism by which AT increases the
expression of PP1 is not known, but branched-chain amino
acids (BCAA) such as leucine [13], as well as growth fac-
tors such as insulin [8], are known to stimulate expression
of PP1. Plasma levels of both BCAA and insulin [1] have
been shown to be low in weight-losing mice bearing the
MAC16 tumour. Alternatively the attenuation of PKR auto-
phosphorylation by AT could be mediated through inhibi-
tion of Ca2+ release from the endoplasmic reticulum, since

Fig. 5 Western blots showing expression of phosphorylated forms of
PKR (pPKR) (a) and eIF2� (peIF2�) (b) in relation to total PKR and
eIF2�, c PP1, with actin loading control and d phospho-eEF2 (peEF2)
and total eEF2, in gastrocnemius muscle of mice bearing the MAC16
tumour, treated with PBS for 4 days (MAC16), or with AT
(MAC16 + AT) (40 mg kg¡1), as described in the legend to Fig. 1, in

comparison with non tumour-bearing controls (Normal). Representa-
tive Western blots are shown for three separate animals for each group,
and the densitometric analysis represents the average of the determina-
tions. DiVerences from normal animals are shown as c, P < 0.001,
while diVerences from MAC16 are shown as f, P < 0.001
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AT also attenuated the elevated levels of caspases-3 and -8
(Fig. 4a, b), which have also been suggested to require Ca2+

for activation [33]. However, AT is highly charged, and is
unlikely to enter muscle cells, so it would have to inXuence
intracellular Ca2+ from the outside. One possible mecha-
nism could involve chelation of extracellular Zn2+ [18],
since extracellular Zn2+ has been shown to trigger Ca2+

release from thapsigargin-sensitive intracellular pools,
through formation of inositol 1,4,5-triphosphate, by binding
to a G-protein coupled receptor [19]. Further experiments
are required to detail the pathway and test this hypothesis.

Restoration of protein synthesis in skeletal muscle by
AT would result from its ability to attenuate the increased
phosphorylation of eIF2 on the �-subunit, which inhibits
the Wrst step of translation initiation, by preventing binding
of Met tRNA to the 40S ribosomal subunit [29]. In addition
protein synthesis would be increased by AT through an
increase in the eIF4F triad of translation initiation factors
(eIF4A, eIF4G, eIF4E), which recruits the 40S ribosomal
subunit to mRNA through the 5�cap recognition structure
(m7GpppX). eIF4E is present in low molar amounts in the
cell, and its concentration is regulated by its association

with its binding protein (4E-BP1). Hypophosphorylation of
4E-BP1, as found in the gastrocnemius muscle of weight-
losing mice bearing the MAC16 tumour, would block for-
mation of the eIF4F complex, because it competes with
eIF4G for binding eIF4E [29]. Treatment with AT
increased phosphorylation of 4E-BP1, releasing eIF4E to
form the active eIF4F complex. mTOR regulates phosphor-
ylation of 4E-BP1 at multiple sites [29], and is likely to be
responsible for the changes in phosphorylation seen in gas-
trocnemius muscle of animals treated with AT, since the
low levels of phosphorylation seen in mice bearing the
MAC16 tumour were restored up to control values after
treatment with AT. Amino acid starvation, especially of
leucine, causes a rapid impairment of mTOR signaling
[22], and this may be responsible for the low levels of
mTOR phosphorylation seen in the cachectic state because
of the low plasma levels of BCAA [1]. The tuberous sclero-
sis complex gene products TSC1 and TSC2 also act as neg-
ative regulators of mTOR, and this in turn is regulated by
the energy status of the cell through AMP-activated protein
kinase (AMPK) [29]. The Akt/mTOR pathway has been
shown to be upregulated during muscle hypertrophy and

Fig. 6 Western blots showing expression of phosphorylated (pm-
TOR) and total mTOR (a), phospho (p4E-BP1) and total 4E-BP1 (b),
phospho (peIF4E), total eIF4E and the ratio of 4E-BP1 to eIF4E (c),
phospho (peIF4G) and total eIF4G and the ratio of eIF4G to eIF4E (d)
in gastrocnemius muscle of mice bearing the MAC16 tumour, and
treated with PBS (MAC16), or AT (40 mg kg¡1) (MAC16 + AT), in

comparison with non tumour-bearing controls (Normal). Representa-
tive Western blots are shown for three separate animals for each group,
and the densitometric analysis represents the average of the determina-
tions. DiVerences from normal animals are shown as either a, P < 0.05
or c, P < 0.001, while diVerences from MAC16 are shown as either d,
P < 0.05 or f, P < 0.001
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downregulated during atrophy, and together with down-
stream targets such as 4E-BP1 is involved in regulating the
size of skeletal muscle [4]. Further studies are required on
the mechanism of activation of mTOR in skeletal muscle
by AT.

Skeletal muscle of mice bearing the MAC16 tumour also
showed an increased phosphorylation of the elongation fac-
tor eEF2, which would decrease global protein synthesis by
decreasing its aYnity for the ribosome [7]. Treatment with
AT restored phosphorylation levels of eEF2 up to that seen
in non tumour-bearing animals, and this would also
increase protein synthesis. eEF2 kinase is dependent on
both Ca2+ and calmodulin for activity [20], and at resting
levels of Ca2+ phosphorylation of eEF2 kinase at Ser500

leads to kinase activation leading to increased phosphoryla-
tion and inactivation of eEF2 [7]. If AT aVects intracellular
Ca2+ levels then it would be expected to lead to hypo-
phosphorylation of eEF2.

The results of this study demonstrate the potential use-
fulness of AT in the treatment of muscle atrophy in cancer

patients and suggest that it may also possess antitumour
activity. Further studies are required to evaluate its exact
mode of action and the role of divalent metal ions, in mus-
cle atrophy.
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