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Aliskiren targets multiple systems to alleviate cancer cachexia
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Abstract. To examine the effects of aliskiren, a small-molecule
renin inhibitor, on cancer cachexia and to explore the under-
lying mechanisms. A cancer cachexia model was established
by subcutaneously injecting C26 mouse colon carcinoma
cells into isogenic BALB/c mice. Aliskiren was administered
intragastrically [10 mg/kg body weight (BW)] on day 5 (as a
preventive strategy, AP group) or on day 12 (as a therapeutic
strategy, AT group) after C26 injection. Mice that received no
C26 injection (healthy controls, HC group) or only C26 injec-
tion but not aliskiren (cancer, CA group) were used as controls.
BW, tumor growth, whole body functions, and survival were
monitored daily in half of the mice in each group, whereas
serum, tumors, and gastrocnemius muscles were harvested
from the other mice after sacrifice on day 20 for further analysis.
Aliskiren significantly alleviated multiple cachexia-associated
symptoms, including BW loss, tumor burden, muscle wasting,
muscular dysfunction, and shortened survival. On the molec-
ular level, aliskiren antagonized cachexia-induced activation of
the renin-angiotensin system (RAS), systematic and muscular
inflammation, oxidative stress, and autophagy-lysosome
as well as ubiquitin-proteasome stimulation. In addition, early
administration of aliskiren before cachexia development (AP
group) resulted in more robust effects in alleviating cachexia
or targeting underlying mechanisms than administration
after cachexia development (AT group). Aliskiren exhibited
potent anti-cachexia activities. These activities were achieved
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through the targeting of at least four mechanisms underlying
cachexia development: RAS activation, increase in systematic
inflammation, upregulation of oxidative stress, and stimulation
of autophagy-lysosome pathway (ALP) and ubiquitin-protea-
some pathway (UPP).

Introduction

Cancer cachexia is a complicated multifactorial syndrome
featuring a progressive loss of skeletal muscle mass (with
or without fat loss) that is associated with significant func-
tional impairments (1). Cachexia occurs in ~60% of patients
with advanced cancer and up to 80% of those in a terminal
stage (2,3). The development of cachexia is divided into
three stages: pre-cachexia, cachexia, and refractory cachexia.
Cachexia significantly and adversely impacts the patient
responses to treatment, quality of life, and survival. Cachexia
is responsible for 20-30% of all cancer-related deaths (2). No
treatments effectively alleviating cachexia have been developed
to date, and thus, it is essential to explore its pathogenesis and
underlying mechanisms, and develop therapeutic approaches
targeting these mechanisms.

Muscle wasting is a prominent feature of cachexia and is
closely associated with increased protein degradation. Studies
have identified several mechanisms modulating protein degra-
dation in muscles. One is the renin-angiotensin system (RAS):
although most commonly associated with vasoconstriction and
the regulation of blood pressure, angiotensin peptides angio-
tensin I (Ang I) and II are produced within skeletal muscle
and directly or indirectly inhibit protein synthesis (4), promote
protein degradation (5), stimulate cytokine production (6,7),
and generate hydroxyl radicals (*OH) to exacerbate oxidative
stress (8,9). Consistent with its functional consequences, the
RAS is noted to be activated in conditions involving muscle
wasting, including sarcopenia, chronic heart failure, chronic
renal failure, and cancer (10-13). Our previous study as well as
that from Murphy ez al (14), demonstrated the significance of
the RAS in cancer cachexia (15), corroborating the potential
of a RAS inhibitor/antagonist in treating cancer cachexia. A
second mechanism is the autophagy-lysosome pathway (ALP)
and ubiquitin-proteasome pathway (UPP): both are major
pathways responsible for muscular protein degradation (16,17).
Examples of genes critical for regulating these two machin-
eries in muscles include Bnip3, Beclinl, and LC3, which
are involved in different steps of autophagosome formation,
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and two muscle-specific ubiquitin E3 ligases, Atroginl and
MuRF1 (17).

In this study, we examined the efficacy of a novel direct
renin inhibitor, aliskiren, on cancer cachexia. Previous studies
showed that aliskiren can potently inhibit inflammation, reduce
oxidative stress, and protect against tissue damage (18-20).
However, minimal information is available on its actions in
cancer cachexia. To address this issue, we established a cancer
cachexia mouse model, assessed the prophylactic as well as
therapeutic effects of aliskiren on cancer cachexia, and explored
the molecular mechanisms underlying these effects.

Materials and methods

Ethics statement. The experimental protocols involving human
samples were established according to the ethical guidelines of
the Helsinki Declaration and approved by the Ethics Committee
of Chongqing Medical University (Chongqing, China). The
experimental protocols involving mice were approved by the
Institutional Animal Care and Use Committee (IACUC) of
Chongging Medical University.

Cells and reagents. C26 mouse colon carcinoma cells were
provided by the Research Center (the First Affiliated Hospital
of Chongqing Medical University, Chongqing, China) and
cultured in Dulbecco's Modified Eagle Medium (DMEM)-F12
supplemented with 10% fetal bovine serum (FBS; both from
Hyclone, Logan, UT, USA).

Aliskiren was purchased from Novartis (San Diego,
CA, USA). The following antibodies were used in this
study: anti-Bnipl (ab38621), anti-LC3 (ab168831; Abcam,
Cambridge, MA, USA), anti-MuRF1 (sc-32920), anti-Atroginl
(sc-33782; Santa Cruz Biotechnology, Santa Cruz, CA, USA),
anti-Beclinl (11306-1-AP), anti-GAPDH (10494-1-AP),
and peroxidase-conjugated anti-rabbit IgG (SA00001-2;
Proteintech, Wuhan, China). A real-time polymerase chain
reaction (PCR) kit was purchased from Takara (Dalian,
China), and a western immunoblot kit was purchased from
Beyotime (Jiangsu, China).

Experimental animals and cachexia model. Healthy male
BALB/c mice between 7 and 9 weeks of age and with a body
weight (BW) of 21-26 g were purchased from the Experimental
Animal Center (Chongqing Medical University). All mice were
housed in a specific-pathogen-free facility at room tempera-
ture of 22+1°C on a 12/12-h light/dark cycle with access to
food and water ad libitum.

To induce cancer cachexia, C26 cells growing in log phase
were detached and resuspended as single cells in PBS at
1x107/ml, and 100 ul C26 cell suspension was injected subcu-
taneously into the left axilla of each mouse (N=48). In healthy
controls (HC group), 100 p1 PBS was injected into the mice
(n=16). Mice receiving C26 injection were further divided
into three groups (n=16/group): i) cancer-only group (CA):
mice received PBS intragastrically on days 5 and 12 after C26
injection; ii) aliskiren prevention group (AP): mice received
aliskiren (10 mg/kg BW) in PBS intragastrically on day 5
after C26 injection, when tumor nodules were palpable; and
iii) aliskiren treatment group (AT): mice received aliskiren
(10 mg/kg BW) in PBS intragastrically on day 12 after C26
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injection, when cachexia was well-developed. Following C26
cell injection, all mice were monitored daily for the appear-
ance of skin and hair, mental state, BW, and tumor growth
until day 20, when eight mice from each group were sacrificed
by CO, euthanasia followed by cervical dislocation for sample
collection. The tumor volume was calculated as V = ab?/2,
where V is the tumor volume and a and b are the length and
width of the tumor, respectively. The other eight from each
group were continued to be monitored daily and used to assess
whole-body functions (as described below) and survival time.
According to the IACUC guidelines of Chongqing Medical
University, mice were euthanized by CO, asphyxiation
followed by cervical dislocation when they presented signs of
moribund conditions, including decreased response to stimuli,
inability to remain upright, abnormal feeding behavior,
evidence of severe muscle atrophy, and rough hair coat.

Assessment of grip strength, coordination, and locomotor
activity. Whole body strength and coordination was assessed on
day 20 after C26 cell injection using a TSE Grip Strength Meter
and the rotarod performance test RotaRod Advanced (both
from TSE Systems, Germany) as previously described (21-23).
Briefly, to measure grip strength, the mouse was allowed to hold
on firmly to a grip that was mounted to a high-precision force
sensor, and its tail was pulled backwards with a continuous
movement until the grip was broken. The force value at this point
was recorded. Ten measurements were taken for each animal
within 2 min, and the maximum values were used for statistical
analysis. For rotarod performance test, the mouse was placed on
a horizontal rod that rotated from a starting speed of 4 rpm and
accelerated at 1 rpm/8 sec until the mouse fell off the rod. The
latency-to-fall was recorded. The test was repeated three times
within 15 min for each animal, and the longest latency-to-fall
was used for statistical analysis.

Locomotor activity was monitored using an infrared moni-
toring system (W V-CF314LCH; Panasonic, Japan) following
the manufacturer's instructions.

Sample collection. On day 20 after C26 inoculation, eight
mice from each group were sacrificed, with blood immedi-
ately collected from the retro-orbital venous sinus. The blood
samples were allowed to sit at 4°C for 1 h, which was followed
by centrifugation at 1,006 x g for 10 min at 4°C. The serum
supernatant was then collected and stored at -80°C until
future use. In addition to the serum sample, the tumor tissue
as well as the bilateral gastrocnemius muscles were isolated
and weighed. The left gastrocnemius muscle was fixed in 4%
paraformaldehyde, and the right one was flash frozen and
stored in liquid nitrogen until further use.

Measurement of cross-sectional area of gastrocnemius muscle.
After 48 h of fixation in paraformaldehyde, the gastrocnemius
muscle was embedded in paraffin, sectioned onto glass slides,
and stained with hematoxylin and eosin (H&E) (Beyotime).
Three slides for each sample were imaged under an optical
microscope (x200 magnification, BX51TF; Olympus, Tokyo,
Japan), with five random fields imaged for each slide, and the
cross-cut area of the gastrocnemius muscle was measured
using Image-Pro Plus 6.0 software (Media Cybernetics,
Rockville, MD, USA).
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Table I. Primer sequences used in real-time polymerase chain reaction (PCR) analysis.

Gene Sense primer (5'—3") Antisense primer (5'—3")

Bnip3 5'-GGGTTTTCCCCAAAGGAATA-3' 5'-TGACCACCCAAGGTAATGGT-3'
LC3 5'-CGGCTTCCTGTACATGGTTT-3' 5'-ATGT GGGTGCCTACGTTCTC-3'
Beclinl 5'-ATGGAGGGGTCTAAGGCGTC-3' 5'-TGGGCTGTGGTAAGTAATGGA-3'
MuRF1 5'-GGAACACGAAGACGAGAAAATC-3' 5'-TGGCTATTCTCCTTGGTCACTC-3'
Atroginl 5'-GAAGAGAGCAGTATGGGGTCAC-3' 5'-CTTGAGGGGAAAGRGAGACG-3'
Caspase-3 5'-TGGGACTGATGAGGAGATGGC-3' 5'-TGCTGCAAAGGGACTGGATG-3'
GAPDH 5'-GGTGAAGGTCGGTGTGAACG-3' 5'-CTCGCTCCTGGAAGATGGTG-3'

Determination of serum Ang I and Il levels and both serum
and muscular tumor necrosis factor-a (TNF-a) and inter-
leukin-6 (IL-6) levels. To prepare muscle lysates, flash frozen
muscles were suspended in buffer containing 10 mM HEPES
(pH 79), 10 mM KCl, 2 mM MgCl,, 0.1 mM EDTA (pH 8.0),
1.0 mM DTT, 10% NP-40, and 0.5 mM phenylmethylsulfonyl
fluoride (PMSF), and immediately homogenized on ice. The
homogenized muscle tissue was centrifuged at 16,099 x g for
10 min at 4°C, and the supernatant was collected for future
use. The levels of Ang I and II in serum and those of TNF-a
and IL-6 in serum and in gastrocnemius muscle were deter-
mined using enzyme-linked immunosorbent assay (ELISA)
kits (R&D Systems, Minneapolis, MN, USA) following the
manufacturer's instructions.

Evaluation of oxidative stress in gastrocnemius muscle. To
assess the oxidative stress level in gastrocnemius muscles,
the activities of superoxide dismutase (SOD) and glutathione
peroxidase (GSH-Px) and the levels of «OH and malondial-
dehyde (MDA) were determined using the corresponding
test kits (Nanjing Jiancheng Biological Engineering Institute,
Nanjing, China) following the manufacturer's instructions.

Real-time PCR analysis. Total RNA was extracted from flash
frozen gastrocnemius muscles using TRIzol reagent (Takara)
according to the manufacturer's instructions and reversed
transcribed into cDNA. The real-time PCR reaction was set
up using SYBR Premix Ex Taq II kit (Takara) and performed
on an ABI Prism 7500 Sequence Detection System (Applied
Biosystems, Foster City, CA, USA). The primer sequences used
for real-time PCR analysis are listed in Table I. GAPDH was
used as the internal control. The quantification of real-time
PCR data was performed using the 222" method, as previ-
ously described (24).

Western blotting. Total proteins from the flash frozen
gastrocnemius muscle samples were extracted using radioim-
munoprecipitation assay (RIPA)/PMSF lysis buffer (Beyotime).
Equal amounts of total protein from different samples were sepa-
rated by 10% sodium dodecyl sulfate (SDS)-polyacrylamide
gel electrophoresis (PAGE), transferred to polyvinylidene
fluoride (PVDF) membrane (Beyotime), probed with primary
antibodies at 4°C overnight, followed by incubation with
corresponding secondary antibodies. Signal detection and
quantification were achieved using the UVP Bioimaging
System (UVP, Inc., Upland, CA, USA). The relative protein

level was expressed as the ratio of signal density of a target
protein to that of the internal control protein (GAPDH).

Statistical analysis. Statistical analysis was performed
using SPSS 17.0 software (SPSS, Inc., Chicago, IL, USA).
Quantitative data were expressed as means + standard devia-
tion (SD). Differences between two groups were analyzed
using Student-Newman-Keuls g-test, and those among
multiple groups were analyzed using one-way analysis of vari-
ance (ANOVA). Survival analysis was performed using the
log-rank test. P<0.05 was considered statistically significant.

Results

Aliskiren delays cachexia development, reduces tumor
burden, and prolongs mouse survival. To examine the effects
of aliskiren on cancer cachexia and the underlying mecha-
nisms, we subcutaneously injected C26 colon cancer cells into
isogenic BALB/c mice, a well-established experimental model
of cancer cachexia (25). On day 5 after C26 cell inoculation,
although tumor nodules were palpable through the skin, no
significant differences in BW were noticed among the four
groups of mice. On day 12, mice in the CA and AT groups
showed obvious signs of cachexia, including rough skin, dishev-
eled fur, reduced motility, and dramatic weight loss (P<0.05,
compared with mice in the HC group). By day 20, mice in the
CA group presented the most dramatic weight loss (P<0.01,
compared with mice in the HC group), followed by those in
the AT group (P<0.01, compared with mice in the HC group;
P<0.05, compared with mice in the CA group), and the least
weight loss was observed in mice of the AP group (P<0.01,
compared with mice in the CA group; P<0.05, compared with
mice in the AT group; Fig. 1A). Consistently, the percentage
decrease in tumor-free body mass from day 0 to 20 was
most significant in mice in the CA group (32.67%), and this
percentage was significantly higher than that in the AT group
(21.21%; P<0.05, compared with the CA group) or the AP
group (12.42%; P<0.01, compared with the CA group; P<0.05,
compared with the AT group; Fig. 1B).

With respect to tumor growth, aliskiren as a treatment
agent (as in the AT group) or an early prevention strategy (as
in the AP group) led to reductions in both tumor mass and
tumor volume (P<0.05, compared with those in the CA group),
with the most robust antitumor effects observed in the AP
group (P<0.01, compared with mice in the CA group; P<0.05,
compared with mice in the AT group; Fig. 1C-E).



WANG et al: ALISKIREN AMELIORATES CANCER CACHEXIA

.-
=+ CA
—k—
+

= =

4 -

Tumor volume (cm3)
LFS)
1

(=]

CA AT AP

3017

B _ s
w = 204
£ 15
s £ 10
£ 5
Ez o '
22 ol
E g -154
£ £
3] ;_‘-20-
3?‘ T -254 &
S =304
-354 =
HC CA AT AP
D s
cChalim :
wn
s 3 #e
] T
s 2
E
—]
= 1
0
CA AT AP
F 100
E 80
2 0
£l %,
200 T
C T
0 10

Figure 1. Aliskiren delays cachexia development, reduces tumor burden, and prolongs mouse survival. C26 cells were subcutaneously inoculated into BALB/c
mice without any interference (n=16; CA group), those that received early intervention with aliskiren (administered on day 5 after C26 inoculation; n=16; AP
group), and those that received aliskiren as a therapeutic strategy (administered on day 12 after C26 inoculation; n=16; AT group). As healthy control, PBS
was injected subcutaneously into BALB/c mice (n=16; HC group). (A) The body mass following C26 inoculation was monitored daily and compared among
the four groups. (B) On day 20 after C26 inoculation, eight mice from each group were sacrificed and tumors were isolated. The percent change in tumor-free
body mass between day 20 and 0 was compared among all four groups. (C) Representative gross images of tumors isolated from mice in the CA, AT, and AP
groups are shown. (D) Tumor mass and (E) tumor volume on day 20 were measured and compared among the CA, AT, and AP groups. (F) Survival rates of
mice in the CA, AT, and AP groups were analyzed and presented in Kaplan-Meier curves. "P<0.05, “P<0.01, compared with the HC group; “P<0.05, *P<0.01,

compared with the CA group; ¥P<0.05, compared with the AT group.

Functionally, aliskiren resulted in significantly improved
survival in the AT and AP groups (P<0.05, compared with the
CA group), and the best survival was observed in the AP group
(P<0.05, compared to the CA group; P<0.05, compared to the
AT group; Fig. 1F).

Aliskiren improves whole-body strength, mobility and coor-
dination, enhances locomotor activity, and inhibits muscle
wasting. Whole-body strength was assessed on day 20 using
a grip strength meter and mobility and coordination were
assessed using the rotarod test. As shown in Fig. 3A and B,
both grip strength and rotarod performance were signifi-
cantly reduced in the CA group (P<0.01, compared with the
HC group). Treatment with aliskiren on day 12 (AT group)
improved grip strength and the latency-to-fall during the
rotarod test by 21.17 and 16.98%, respectively (P<0.05,

compared with the CA group), and prevention using aliskiren
on day 5 (AP group) improved these two parameters by
39.06 and 34.56%, respectively (P<0.01, compared with the
CA group; P<0.05, compared with the AT group). Similar
alterations in locomotor activity also were noticed in different
groups; that is, it was dramatically reduced in the CA group
(P<0.01, compared with the HC group), but was enhanced
following aliskiren interference (P<0.05, comparing the
AT with the CA group; P<0.01, comparing the AP and CA
groups), and the best locomotor activity among tumor-bearing
mice was observed in the AP group (P<0.05, compared with
the AT group; Fig. 2C).

On the histological level, C26 inoculation resulted in marked
wasting in skeletal muscles, as represented by reductions in
gastrocnemius mass by 40.11% and in the cross-cut area of
gastrocnemius muscle by 36.23% (P<0.05, compared with the
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Figure 2. Aliskiren improves whole body strength, mobility, and coordination, enhances locomotor activity, and inhibits muscle wasting. (A) Whole-body grip
strength was measured using a grip strength meter, with the maximal value (kg) of five repeats (peak grip strength) for each mouse recorded for data analysis.
(B) Whole-body mobility and coordination were assessed using the rotarod performance test, with longest the latency-to-fall (s) value of three repeats for
each mouse recorded for data analysis. (C) Locomotor activity was measured over 24 h for each mouse (km/24 h). (D) Representative gross images of isolated
gastrocnemius muscle are shown. (E) The mass of gastrocnemius muscle on day 20 after C26 inoculation was measured and compared between the indicated
groups. (F) The cross-cut area of the gasctrocnemius muscle was measured on hematoxylin and eosin (H&E)-stained sections and compared between the
indicated groups. (G) Representative images of H&E staining (x200 magnification) of gastrocnemius muscle from the indicated groups. "P<0.05, “P<0.01,
compared with the HC group; "P<0.05, #P<0.01, compared with the CA group; “P<0.05, *“P<0.01, compared with the AT group.

HC group). In contrast, aliskiren increased gastrocnemius mass It also increased the cross-cut area of gastrocnemius muscle by
by 15.47% in the AT group (P<0.05, compared with the CA  24.12% in the AT group (P<0.05, compared with the CA group)
group) and 41.14% in the AP group (P<0.05, compared with the  and 41.14% in the AP group (P<0.05, compared with the CA
CA group; P<0.01, compared with the AT group), respectively.  group; P<0.01, compared with the AT group; Fig. 2D-G).
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Table II. Changes in Ang I and II levels in serum and TNF-a and IL-6 levels in serum and gastrocnemius of mice in the indicated

groups (n=8/group, means + SD).

Serum (ng/1) Gastrocnemius (pg/mg)
Group Ang I (ng/l) Ang II (ng/1) TNF-a IL-6 TNF-a IL-6
HC 9.62+1.08 33.62+2.42 14.18+2 .01 2.65+0.54 7.24+1.74 1.27+0.61
CA 25.73+1.11° 78.95+4.15° 148.42+10.67° 91.58+4.32° 52.51+4.66° 56.13+5.57°
AT 14.70+1.07¢ 44.93+3.31¢ 116.00+16.08¢ 64.27+6.161 22.32+2.63¢ 30.18+3.01¢
AP 13.35+1.15¢ 37.65+1.834¢ 85.85+10.534¢ 45.52+8.774¢ 15.82+2 .46%¢ 22.95+2.384¢

1P<0.05, "P<0.01, compared with the HC group; “P<0.05, P<0.01, compared with the CA group; °P<0.05, P<0.01, compared with the AT
group. Ang I, angiotensin I; IL-6, interleukin-6; TNF-a, tumor necrosis factor-a.
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Figure 3. Aliskiren reduces oxidative stress associated with cancer cachexia. The activities of (A) superoxide dismutase (SOD) and (B) glutathione peroxi-
dase (GSH-Px) and the levels of (C) *OH and (D) MDA were detected in gastrocnemius muscle from mice of the indicated groups (n=8/group). “P<0.01,
compared with the HC group; "P<0.05, #P<0.01, compared with the CA group; ¥P<0.05, compared with the AT group.

Aliskiren inhibits the RAS and controls the upregulation of
pro-inflammatory cytokines TNF-o. and IL-6 in both serum
and skeletal muscles. To evaluate the effects of aliskiren on
the RAS, we measured the serum levels of both Ang I and II,
as shown in Table II. The development of cachexia in CA mice
was associated with marked RAS activation, as demonstrated
by the dramatic elevation of both Ang I and II in serum
(P<0.01, compared with the HC group). In contrast, treatment
with aliskiren, either before (AP group) or after (AT group)
the development of cachexia, led to serum upregulation of
Ang I and II to a much lower degree, with less upregulation
observed in the AP group than in the AT group (P<0.05).

In addition, we also measured the serum and muscular
levels of pro-inflammatory cytokines TNF-a as well as IL-6 in

all four groups. Similar to the changes in serum Ang I and II
levels, TNF-a and IL-6 levels in both the serum and gastrocne-
mius muscle were significantly higher in the CA group than in
the HC group (P<0.01). Treatment with aliskiren after cachexia
development (AT group) led to reductions in TNF-a and IL-6 in
the serum by 21.84 and 29.82%, respectively, and in the muscle
by 30.19 and 46.23%, respectively (P<0.05, compared with the
CA group). More reductions were detected in the AP group:
serum TNF-o and IL-6 by 42.16 and 50.29%, respectively, and
muscular TNF-a and IL-6 by 69.87 and 59.11%, respectively
(P<0.05, compared with both the CA and AT groups; Table II).

Aliskiren reduces oxidative stress associated with cancer
cachexia. Following the development of cachexia, the level
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Figure 4. Aliskiren inhibits cachexia-induced autophagy-lysosome pathway (ALP) and ubiquitin-proteasome pathway (UPP) signaling. (A) The steady-state
mRNA levels of the indicated genes in gastrocnemius muscle from all four groups were examined by real-time polymerase chain reaction (PCR) and presented
as relative ratios to the internal control (GAPDH). (B-F) The protein levels of (B) Bnip3, (C) LC3-I and II, (D) Beclinl, (E) MuRF1, and (F) Atroginl were
examined by western immunoblotting, and quantified as relative density ratio to that of the internal control (GAPDH). “P<0.01, compared with the HC group;
"P<0.05, "P<0.01, compared with the CA group; ¥P<0.05, “4P<0.01, compared with the AT group.

of oxidative stress significantly increased, as indicated by the =~ GSH-Px increased by 22.91 and 23.92%, respectively, whereas
reduced activity of antioxidative enzymes, SOD and GSH-Px, the levels of -OH and MDA decreased by 31.25 and 32.71%,
and the upregulated levels of «OH and MDA in gastrocnemius  respectively (P<0.05, compared with the CA group). Further
muscle (P<0.05, comparing the CA and HC groups). Following  reductions in oxidative stress were noted in the AP group, with
aliskiren treatment, the muscular activities of SOD and 56.42 and 37.38% increases in the muscular activities of SOD
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and GSH-Px, respectively, and 41.86 and 42.93% decreases in
«OH and MDA levels, respectively (P<0.01, compared with
the CA group; P<0.05, compared with the AT group).

Aliskiren inhibits cachexia-induced ALP and UPP activa-
tion. To assess the status of ALP and UPP signaling in cancer
cachexia, we examined the expression levels of genes related to
these two signaling pathways on both the steady-state mRNA
level and protein level. As shown in Fig. 4A, the mRNA
levels of autophagy-related genes Bnip3, LC3, and Beclinl,
as well as ubiquitin-proteasome-related genes MuRF1 and
Atroginl in gastrocnemius muscle were significantly upregu-
lated in mice of the CA group compared with these levels in
HC mice (P<0.01). Upregulation of these genes was dramati-
cally inhibited in the AT and AP groups, with more robust
inhibition achieved in the AP group (P<0.05, compared with
the AT group). Similar alterations were also observed in the
protein levels of these proteins (Fig. 4B-F). In contrast to these
changes, the steady-state mRNA level of the apoptosis-related
gene caspase-3 was not markedly altered in tumor-bearing
groups (Fig. 4A).

Discussion

Cachexia is a common complication in patients with malignant
tumors and is characterized by increased catabolism, reduced
anabolism, and excessive energy expenditure, which leads to
progressive multi-organ failure and death. Despite extensive
research on cancer cachexia, effective and satisfactory preven-
tive and therapeutic approaches have yet to be developed.
Given the significance of the RAS in cancer cachexia, we
assessed the effects of a direct renin inhibitor, aliskiren, in this
study. Using a mouse model of cancer cachexia, we showed
that aliskiren effectively alleviated multiple symptoms associ-
ated with cachexia, including weight loss, tumor growth, and
muscle wasting. Consequently, aliskiren treatments signifi-
cantly improved whole-body functions and prolonged mouse
survival. Mechanistically, aliskiren antagonizes multiple
mechanisms underlying cachexia development, including RAS
activation, upregulated systematic inflammation, increased
oxidative stress, and enhanced ALP and UPP signaling.
Progressive skeletal muscle wasting is central for cachexia
development and is mostly correlated with functional defects
in these muscles, which increases the risk of postoperative
complications, lowers quality of life, and reduces patient
survival (26). Consistently, we showed that following
cachexia development in C26 cell-inoculated mice, wasting
of skeletal muscles, as demonstrated by loss of gastrocnemius
mass and its cross-cut area, was associated with reduced grip
strength, whole-body coordination, and locomotor activity.
The administration of aliskiren as a therapeutic agent and
more robustly as a preventive agent, significantly ameliorated
muscle wasting and skeletal muscle functions, implying its
prophylactic and therapeutic potential for cancer cachexia.
Chronic inflammation is an important feature of cancer
cachexia. The inflammatory cytokines TNF-o and IL-6 play
critical pathogenic roles in the development of cancer cachexia
via multiple mechanisms, inducing anorexia, promoting
muscular protein degradation, inhibiting protein synthesis,
and enhancing energy expenditure (27-29). Recent studies
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demonstrated that aliskiren achieves its anti-inflammatory
property by inhibiting the RAS and reducing the release of
inflammatory mediators (18,20). Consistent with these results,
we showed that administration of aliskiren as a preventive or
therapeutic agent significantly reduced the levels of TNF-a
and IL-6 in both serum and skeletal muscle, suggesting
anti-inflammation as a second mechanism for the anti-cachexia
activity of aliskiren.

Oxidative stress is another important mechanism contrib-
uting to the development of anorexia and loss of skeletal
muscles in cancer patients. Several causes have been linked
to the pathogenesis of oxidative stress in cancer cachexia,
including: i) anorexia reduces the intake of antioxidants;
ii) alterations in metabolism reduces the synthesis of reducing
agents; iii) upregulation of pro-inflammatory cytokines, such
as TNF-a and IL-6, increases the production of reactive
oxygen species (ROS); and iv) some anticancer medicines
such as alkylating agents boost ROS generation (30). Of the
endogenous antioxidants, SOD and GSH-Px are two important
enzymes. Their activities reflect the body's capability to clear
free radicals and protect against oxidative damage. MDA
results from lipid degradation by ROS, and together with - OH,
indicates the level of oxidative stress in an organism. In this
study, we showed that cachexia led to significant downregula-
tion of SOD and GSH-Px but upregulation of MDA and -OH
in skeletal muscles, indicating an increase in oxidative stress.
Aliskiren administration significantly reduced the level of
oxidative stress in the mice by enhancing the activities of SOD
and GSH-Px while reducing the levels of MDA and -OH.
Consistently, Patel et al (19) and Thomas et al (31) demon-
strated that aliskiren can inhibit oxidative stress by reducing
the generation of free radicals. Therefore, targeting oxidative
stress provides a third mechanism underlying the anti-cachexia
activity of aliskiren.

Protein degradation in skeletal muscles under cancer
cachexia is achieved mainly through two signaling pathways,
ALP and UPP (32,33). Chronic inflammation and oxida-
tive stress associated with cancer cachexia could upregulate
autophagy-related genes and activate ALP (34,35). In this
study, we found that cachexia development in mice led to
significant upregulation of the ALP-related genes Bnip3,
LC3 (increased LC3-II/LC3-I ratio), and Beclinl, indicating
ALP activation. Following aliskiren administration, expres-
sion of these genes was markedly downregulated, implying
reduced ALP activity. This finding is consistent with those
of Weng et al and Zhang et al who reported that aliskiren
inhibits ALP activity (36,37). Atrogin-1 and MuRF1 are two
muscle-specific E3 ligases that critically control UPP activity,
and the inhibition of these two enzymes has been demonstrated
to alleviate the loss of skeletal muscles and ameliorate cancer
cachexia (38,39). Here we showed that aliskiren reduced
the mRNA expression levels of these two enzymes and thus
improved cancer cachexia.

In summary, aliskiren is highly effective at amelio-
rating multiple symptoms associated with cancer cachexia.
It inhibits weight loss, wasting of skeletal muscles, and
whole-body dysfunctions, and results in improved locomotor
activities as well as prolonged survival. On the molecular
level, aliksiren targets multiple mechanisms underlying the
pathogenesis of cancer cachexia, including RAS activation,
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chronic inflammation, increased oxidative stress, and stimu-
lation of ALP and UPP signaling. Early administration of
aliskiren as a preventive agent (before the development of
cachexia) offers more robust anti-cachexia activities than later
administration as a therapeutic agent (after the development
of cachexia). This study proves the efficacy of aliskiren as an
anti-cachexia agent in an experimental animal model, and the
results support further testing of this agent in cancer patients
in clinical settings.
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