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Abstract

Background Activity of xanthine oxidase is induced in cancer cachexia, and its inhibition by allopurinol or oxypurinol
improves survival and reduces wasting in the Yoshida hepatoma cancer cachexia model. Here, we tested the effects of the
second-generation xanthine oxidase inhibitor febuxostat compared with placebo in the same model as used previously by
our group.

Methods Wistar rats (~200 g) were treated daily with febuxostat at 5 mg/kg/day or placebo via gavage for a maximum of
17 days. Weight change, quality of life, and body composition were analysed. After sacrifice, proteasome activity in the
gastrocnemius muscle was measured. Muscle-specific proteins involved in metabolism were analysed by western blotting.

Results Treatment of the tumour-bearing rats with febuxostat led to a significantly improved survival compared with placebo
(hazard ratio: 0.45, 95% confidence interval: 0.22—-0.93, P=0.03). Loss of body weight was reduced (—26.3 +12.4 g) compared
with placebo (—50.2+2.1g, P<0.01). Wasting of lean mass was attenuated (—12.7+10.8g) vs. placebo (—31.9+2.1g,
P < 0.05). While we did not see an effect of febuxostat on proteasome activity at the end of the study, the pAkt/Akt ratio
was improved by febuxostat (0.94 +0.09) vs. placebo (0.41+0.05, P < 0.01), suggesting an increase in protein synthesis.

Conclusions Febuxostat attenuated cachexia progression and improved survival of tumour-bearing rats.
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Introduction

Cachexia is frequently observed in chronic illnesses such as
cancer, heart failure, and chronic obstructive pulmonary
disease™? and is characterized by weight loss of at least 5% as
a consequence of hypercatabolism with or without impaired
feeding. Cachexia is a common complication in patients with
advanced cancer and accounts for up to 30% of cancer deaths.?
Taken together, effective treatment for cancer cachexia is
considered a great unmet medical need.?

Hyperuricaemia, which is often observed in cancer patients
regardless of tumour lysis syndrome,* has been reported as a
negative prognostic factor in terminally ill cancer patients.> The
increased uric acid levels reflect higher xanthine oxidase (XO)

enzymatic activity, which also results in an increased generation
of reactive oxygen species (ROS).® ROS in turn plays an impor-
tant role in wasting by activation of calcium-activated protease,
caspase, and proteasome system.” We have previously shown
that the inhibition of XO by allopurinol reduced wasting and
improved outcome in a rat model of cancer cachexia.®
Although allopurinol is a commonly used XO inhibitor for
the treatment of hyperuricaemia and has generally accept-
able efficacy and safety profiles, rare but severe adverse
reactions have been also reported.’ Febuxostat is a novel
non-purine selective XO inhibitor’® and could be a better
alternative to allopurinol.'* The purpose of this study is to
assess the effect of febuxostat on survival, body weight,
and body composition using the Yoshida hepatoma model.
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Materials and methods
Study design

Juvenile Wistar Han rats aged 7 weeks (weight ~200g) were
housed in our Specific Pathogen Free (SPF)-animal facility at a
constant temperature of 22°C and exposed to a 12 h light cycle.
On Day 1, rats were inoculated with 10® growing Yoshida hepa-
toma AH-130 cells*? into the peritoneum. Before tumour inocu-
lation, baseline weight and body composition were assessed.
Rats were randomized to placebo (n=56) or 5mg/kg/day
febuxostat (n=23). Treatment with febuxostat or placebo was
given via gavage daily. Febuxostat was obtained from Tocris
Bioscience (Wiesbaden, Germany). Eleven rats on placebo and
seven on febuxostat were scheduled to be sacrificed on Day 11
for the early assessment; the remaining 45 animals on placebo
and 16 on febuxostat were analysed for survival, defined as
reaching ethical endpoints for euthanasia (apathy, reduced body
temperature, and disturbed blood ﬂow).8 Additionally, 10 rats
were injected with saline (=sham), treated by placebo, and used
as a reference. Body composition and weight were recorded
after removal of the tumour on Day 11, Day 17, or the respective
days of killing, if rats had to be euthanized earlier owing to
reaching ethical endpoints. Weight of tissue and organs was
recorded, and tumour cells were counted using a Neubauer
chamber.

Body composition

Body composition (fat and lean body mass) was analysed
with a nuclear magnetic resonance spectroscopy device
EchoMRI-700TM (Echo Medical Systems, Houston, TX, USA)
as described before.™

Quality-of-life indicators

Spontaneous movement and food intake were recorded as
indicators of quality of life. Animals were housed individually,
and their activity was measured by an infrared monitoring
system (Supermex, Muromachi, Tokyo, Japan) over a 24h
period as described previously.**

Echocardiography

Echocardiography using the high-resolution Veno770 system
(Visual Sonics, Toronto, Canada) was performed as described
previously.™ Briefly, rats were anaesthetized with 1.5% isoflurane
and laid in a supine position on a heated surface to maintain body
temperature, and hair was removed from the left chest. Record-
ings were made in B-mode and M-mode to calculate functional
parameters and measure cardiac function and dimensions.

Proteasome activity

Proteasome activity was analysed as described previously.*®
Briefly, the gastrocnemius muscle was homogenized in an
ice-cold buffer. Protein was incubated with fluorogenic
substrates (benzyloxycarbonyl-Leu-Leu-Glu-7-amido-4-methy-
Icoumarin for trypsin-like activity, succinyl-Leu-Leu-Val-Try-7-
amido-4-methylcoumarin for chymotrypsin-like activity and
benzoyl-Val-Gly-Arg-7-amidocoumarin for peptidyl-glutamyl
protein-hydrolysing activity, Biomol, Hamburg, Germany).
The fluorescence intensity was measured with a fluorometer
(Twinkle LB 970, Berthold, Bad Wildbad, Germany) at 360
and 460nm emission. The activity, expressed as nanomole
per milligramme per minute, was calculated by using free
amidomethylcoumarin as a working standard.

Caspase activity

Caspase-3 and caspase-6 activities were analysed as described
previously.'® Briefly, the gastrocnemius muscle was homoge-
nized in ice-cold buffer. The homogenate was frozen on dry
ice/ethanol and heated to 37°C for three cycles. After centrifugation
(20000g for 30 min), 100 g protein was pre-incubated in assay
buffer (100mM 4-(2-hydroxyethyl)-1-piperanzineethanesulfonic
acid (HEPES) pH7.5, 10% sucrose, 0.1% 3-(3-cholamidepropyl)
dimethylammonio-1-propanesulphonate (CHAPS), 2% dimethyl
sulphoxide (DMSO), and 10 mM dithiothreitol (DTT) with or with-
out 50uM caspase-3 or caspase-6 inhibitor Ac-DEVD-CHO or
Ac-VEID-CHO) at 37°C for 30min. The fluorogenic substrate
(50 uM) Ac-DEVD-AMC or Ac-VEID-AMC was added for caspase-3
and caspase-6. Assay conditions were identical to proteasome assay.

Western blotting

Protein lysates were prepared from the gastrocnemius muscle
according to standard protocols. We used primary anti-
bodies against Akt (9272), pAkt (Ser473; 4051), pAkt
(Thr308; 9275), p-p70S6K (Thr389; 9025), 4E-BP1 (53H11;
9644), pAE-BP1 (Ser65; 9451), and p4E-BP1 (Thr 37/47;
9459), all from Cell Signaling, and p70S6K (sc-230; Santa Cruz),
as well as appropriate secondary antibodies.

Statistics

Data were analysed with GraphPad PRISM 5.0 (GraphPad
Software, Inc., La Jolla, CA, USA).'” Results are shown as
mean *standard error of mean. For the comparisons among
groups, data were analysed with analysis of variance followed
by post hoc comparisons using Tukey’s test. Survival was
assessed by Cox proportional hazard analysis. A P-value of
<0.05 was considered significant.
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Results

No treatment effect was observed on tumour growth. On Day
11, total tumour cell numbers were 4.63+0.39x10° in the
placebo-treated rats and 4.04+0.28x10° cells in rats with
febuxostat (P> 0.4). At the end of the study, total tumour cell
numbers were 4.20+0.29 x 10° cells in the placebo-treated rats
and 4.19+0.40 x 10° cells in rats with febuxostat (P > 0.9). There
were no observations of other malignancies during necropsy.

Body weight and body composition

Average loss of body weight from baseline to the end of
study was higher in the placebo group than in treated rats
(—50.2+2.1g vs. —26.3+12.4g, P<0.01; Figure 1A). The
loss of lean and fat mass was also higher in the placebo group
than in treated rats (—31.0+2.4gvs. —12.7+10.8g, P < 0.05
for lean mass and —12.8+0.5g vs. —9.1+1.8g, P < 0.05 for
fat mass, Figure 1B and C). No significant difference was
observed between the two groups on Day 11.

Organ weights
Organ weights on Day 11 and the end of study are shown in

Table 1. The weights of the heart, liver, kidney, gastrocnemius,
and tibialis were comparable among tumour-bearing rats

regardless of their treatment and study length. At the end of
study, the weights of the spleen, white adipose tissue, extensor
digitalis longus, and soleus were higher in febuxostat than in pla-
cebo group.

Quality of life

Change in food intake was 5.1 £0.9 g/day in sham and reduced
in both the placebo (—14.0+0.8, P <0.001 vs. sham) and
febuxostat (—10.0+2.1, P<0.001 vs. sham) groups. There
was no significant difference between the placebo and
febuxostat groups. Change in locomotor activity was —2619+
3453 counts/day in sham and also reduced in both the placebo
(—39054 +£2119,P < 0.001vs.sham) and febuxostat (—30693 +
5432, P < 0.01 vs. sham) groups. There was no significant differ-
ence between the placebo and febuxostat groups.

Echocardiography

Echocardiographic parameters are shown in Figure 2. The de-
clines in left ventricular mass in 11 days were more pronounced
in placebo-treated rats than febuxostat-treated rats (—81.2
+10.3 vs. —3.4+27.8mg, respectively, P <0.01, Figure 2A).
Changes to baseline in left ventricular contraction, diameter,
wall thickness, and stroke volume were comparable between
the two groups (Figure 2B—H).

Figure 1 Change in body weight (A), lean body mass (B), and fat mass (C): average loss of body weight, lean mass, and fat mass were higher in the
placebo group than in treated rats at the end of study (P < 0.01 for body weight, P < 0.05 for lean mass, and P < 0.05 for fat mass). No significant
difference was observed between both groups on Day 11. ***P < 0.001 vs. placebo Day 11. #P < 0.05, ##P < 0.01 vs. placebo final.
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Table 1 Organ and tissue weights at Day 11 and the end of study

Sham Placebo Day Febuxostat Placebo final Febuxostat final
Organ weight (mg) (n=10) 11 (n=11) Day 11 (n=7) (n = 45) (n=16)
Heart 893 + 41** 636 =17 543 =15 553+ 15 587 £ 29
Liver 11292 £ 511** 7480 + 232 6775+ 359 5640 = 151 6378 + 675
Spleen 632 + 32** 278 £ 29 302 39 159 + 8* 253 =+ 44***
Kidney left 1036 + 26** 728 =18 692 = 37 705 +18 752 =36
White adipose tissue 1282 £173** 203 =85 136 £70 48 =28 501 £ 221%**
Brown adipose tissue 311 £ 43** 100 =19 116 =15 95+5 139+ 16
Musculus gastrocnemius 1426 +27** 953 +30 874 £51 795 20 911 £83
Musculus tibialis 501 = 7** 315+ 14 318 +19 280 +7 312+32
Musculus extensor digitalis longus 115 = 6** 80x4 77 £4 68 =1 83 + 8***
Musculus soleus 121 = 6* 91+4 85+5 76 £2 91 &+ 7%¥%*

*P < 0.01 vs. placebo Day 11; **P < 0.001 vs. placebo Day 11; ***P < 0.05 vs. placebo final.

Catabolic and anabolic signalling

Catabolic and anabolic signalling are shown in Figure 3. On
Day 11, trypsin-like proteasome activity was significantly
lower in febuxostat-treated rats than in placebo-treated rats
(305.7+35.6 vs. 527.2+70.7 nmol/mg/min, respectively,
P <0.01). Chymotrypsin-like activity, peptidyl-glutamyl
protein-hydrolyzing activity, and the activities of caspase-3
and caspase-6 were comparable between both groups on

Day 11 and at the end of study. The phosphorylation of the
Ser 473 site in Akt was increased both on Day 11 (the
pAkt/Akt ratio; 1.84 +0.23 in febuxostat vs. 0.41+0.05 in pla-
cebo, P<0.001) and at the end of study (0.94+0.09 in
febuxostat, P < 0.01). The phosphorylation of the Thr 308 site
in Akt was increased on Day 11 (0.89+0.14 in febuxostat vs.
0.26+0.05 in placebo, P < 0.01). However, its downstream
target p70 S6K and 4E-BP1 phosphorylation were comparable
between both groups.

Figure 2 Echocardiography: the declines in left ventricular (LV) mass (A) in 11days were more remarkable in placebo-treated rats than in
febuxostat-treated rats (P < 0.01). Changes in left ventricular contraction (B, C, and F), diameter (D and E), wall thickness (G), and heart rate (H)
were comparable between both groups. **P < 0.01, ***P < 0.001 vs. placebo Day 11.
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Figure 3 Catabolic and anabolic signalling in the gastrocnemius muscle: on Day 11, trypsin-like proteasome activity was significantly lower in
febuxostat-treated rats than in placebo-treated rats (P < 0.01). Chymotrypsin-like, peptidyl-glutamyl protein-hydrolyzing (PGPH), caspase-3, and
caspase-6 activities were comparable between both groups both on Day 11 and at the end of study. The phosphorylation of the Ser 473 site in
Akt was increased both on Day 11 (P < 0.001 vs. placebo) and at the end of study (P < 0.01 vs. placebo). The phosphorylation of the Thr 308 site
in Akt was increased on Day 11 (P < 0.01 vs. placebo). However, its downstream target p70 S6K and 4E-BP1 phosphorylation were comparable

between both groups. **P < 0.01, ***P < 0.001 vs. placebo day 11.
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On Day 17, the overall survival was 20% in the placebo group and
59% in the febuxostat group (Figure 4). The median survival was
14 days in the placebo group and 17days in the febuxostat
group. Treatment with febuxostat significantly reduced mortality
(hazard ratio: 0.45; 95% confidence interval: 0.22—0.93; P=0.03).

Discussion

In the present study, treatment of tumour-bearing rats with
febuxostat led to a significantly improved survival compared
with placebo. Loss of body weight and wasting of lean/fat
mass were attenuated in treated animals vs. placebo. No
effect on food intake and locomotor activity was observed.

Figure 4 Kaplan—Meier survival curves: febuxostat reduced mortality
compared with placebo.
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While we did not see an effect of febuxostat on the protea-
some activity at the end of the study, the pAkt/Akt ratio was
improved by febuxostat vs. placebo, suggesting an increase
in protein synthesis.

The main finding of the present study is attenuated weight
loss and the improved survival in animals treated with
febuxostat. The primary underlying mechanism would be
XO inhibition. We have previously shown the increased XO-
dependent ROS production in the same rat model as the
present study and that XO inhibition by allopurinol and
oxypurinol drastically reduced ROS.® In addition, ROS reduc-
tion may lead to reduced catabolic signalling such as the
ubiquitin—proteasome pathway through inflammatory tran-
scription factors and attenuate wasting.®*® Also in the pres-
ent study, reduced proteasome activity was indicated by the
fact that trypsin-like activity in gastrocnemius muscle was sig-
nificantly reduced on Day 11 in febuxostat-treated rats. On
the other hand, enhanced anabolic signalling was also shown
by significantly increased Akt phosphorylation in febuxostat-
treated rats. It may be explained by the hypothesis that
ROS-induced reduction in Akt protein®®?° would be reversed
by febuxostat. In a previous study, however, febuxostat did
not affect myocardial Akt phosphorylation in a heart failure
model.?*

Although allopurinol is known to be a safe and effective XO
inhibitor, serious adverse reactions such as allopurinol hyper-
sensitivity syndromes have also been reported.’ Given that
accumulation or metabolic actions of allopurinol and its
metabolites might account for such adverse reactions especially
in patients with renal dysfunction, it might be of importance to
note that febuxostat is mainly metabolized in the liver.'° In
addition, febuxostat might be able to attenuate ROS more
effectively than allopurinol because allopurinol, but not
febuxostat, might induce a resistance to inhibition in XO
and undesirable production of superoxide.’” As a result, the
mortality of febuxostat-treated animals was significantly
lower than placebo-treated animals in the present study. To
the best of our knowledge, there is only one study referring
to the effect of febuxostat on survival, which indicated no
survival benefit in a left ventricular hypertrophy mice
model.?* There are also some experimental studies about
non-hypouricaemic effect by febuxostat, which includes
improved endothelial function®® or left ventricular perfor-
mance,?* reduced intracellular ROS production,25 and no
effect on blood pressure.®® In some clinical trial using
febuxostat for hyperuricaemia, reduction in inflammatory signal
(tumour necrosis factor-) or oxidative stress was observed.?”-*
Together with our previous reports, febuxostat as well as
allopurinol or oxypurinol would be candidates for the treatment
drugs for cachexia.

We also assessed the effect of febuxostat on cardiac func-
tion by echocardiography. On Day 11, loss of left ventricular
mass was significantly reduced in febuxostat, indicating atten-
uated cardiac wasting in cancer cachexia, which was also

demonstrated in our previous study by oxypurinol.?° However,
the effect by febuxostat in left ventricular ejection frac-
tion did not reach statistical significance despite previously
reported improvement in ejection fraction by oxypurinol.?
Although little is known about the consequences of wasting
on cardiac function®® and whether it leads to heart failure or
impaired survival, some of the drugs used in heart failure
treatment would be effective in our previous study.'® As
febuxostat was also reported to be effective in mouse and
dog models of heart failure,**** the survival effect in the present
study could be influenced by the effect on the heart to some
extent.

The Yoshida hepatoma model is a well-established cancer
cachexia model and known to have a high mortality rate
without treatment. Its high mortality was also shown in our
previous studies,'**! which are in accordance with the
results of this study. The dose of febuxostat (5 mg/kg/day)
was as appropriate as that used in diabetic rats model®® or
mice models of heart failure.?*

There are also some limitations in the present study. We did
not measure inflammation and ROS, although we had found a
significant reduction in interleukin-6 and tumour necrosis
factor-o expression and reduced ROS production by allopurinol
and oxypurinol.® The mechanisms under up-regulated anabolic
signal, especially those in the downstream of Akt, were not elu-
cidated precisely in this study, where some of such signals (p70
S6K and 4E-BP1s phosphorylation®?) were not up-regulated
significantly. The lack of information about catabolic pathways
other than proteasome/caspase activity is also a limitation.

In conclusion, the present study demonstrated that treat-
ment with febuxostat improved survival and attenuated the
loss of lean and fat mass in the Yoshida hepatoma rat model
of cancer cachexia. The improvement in protein synthesis
suggested by enhanced phosphorylation in Akt was also
observed and might underlie the beneficial effect of febuxostat.
Our data suggest that febuxostat might be a candidate for the
treatment drug for cancer cachexia, and clinical studies are
warranted.
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