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Abstract. Cancer cachexia is a syndrome that impairs 
the quality of life and overall survival of patients, and 
thus the effectiveness of anticancer agents. There are no 
effective therapies for cancer cachexia due to the complexity of 
the syndrome, and insufficient knowledge of its pathogenesis 
results in difficulty establishing appropriate animal models. 
Previously, promising results have been obtained in clinical 
trials using novel agents including the ghrelin receptor agonist 
anamorelin, and the selective androgen receptor modulator 
(SARM) enobosarm to treat cachexia in patients with cancer. 
The present study examined the pharmacological effects 
of SARM‑2f, a novel non‑steroidal small molecule SARM, 
in animal models. SARM‑2f increased body and skeletal 
muscle weight without significantly increasing the weight of 
the seminal vesicles or prostates of the castrated male rats. 
In the mice with tumor necrosis factor α‑induced cachexia, 
SARM‑2f and TP restored body weight, carcass weight, and 
food consumption rate. In the C26 and G361 cancer cachexia 
animal models, body and carcass weight, lean body mass, 
and the weight of the levator ani muscle were increased by 
SARM‑2f and TP treatments. Tissue selectivity of SARM‑2f 
was also observed in these animal models. The results demon-
strate the anabolic effects of SARM‑2f in a cytokine‑induced 
cachexia model and other cancer cachexia models, and suggest 
that SARM‑2f may be a novel therapeutic option for cachexia 
in patients with cancer.

Introduction

Cancer cachexia is defined as a multifactorial disorder asso-
ciated with an ongoing loss of skeletal muscle mass with or 
without loss of fat mass, which leads to a progressive functional 
impairment that cannot be fully reversed with conventional 
nutritional supplementation (1). The symptoms appear in up 
to 80% of patients with cancer and account for at least 20% 
of cancer‑associated deaths (1,2). Cancer cachexia has been 
reported to be caused by nutritional deficiencies, metabolic 
disorders, and inflammatory disorders  (3‑6). Presently, 
however, there is no approved therapy for the treatment or 
prevention of cancer cachexia. Therefore, an effective therapy 
for cancer cachexia is an unmet medical need. There are several 
potential therapeutic approaches for cancer cachexia (7‑10). 
Androgen is a steroid hormone with multiple physiological 
functions including promotion of growth hormone release, 
appetite stimulation, anabolic actions, stimulatory effects 
on the central nervous system (CNS), and regulation of 
energy homeostasis. Low plasma androgen levels are often 
observed in patients with terminal cancer (11,12). Therefore, 
androgen‑based treatments might be a potential therapy for 
cancer cachexia. However, testosterone replacement therapy 
has unavoidable side effects such as myocardial infarction, 
heart failure, stroke, depression, and aggression (13,14).

In a previous study, we reported the 4‑(pyrrolidin‑1‑yl) 
benzonitrile derivative as a selective androgen receptor 
modulator (SARM)‑1c (15). Unlike testosterone, SARM‑1c 
exhibited anabolic effects on the levator ani muscles without 
excessively increasing prostate weight in rat Hershberger 
assays (15). We further improved the pharmacokinetic (PK) 
profile by modifying the structure and identified 4‑[(2S,S) 
‑2‑ethyl‑3‑hydroxy‑5‑oxopyrrolidin‑1‑yl]‑2‑(trifluoromethyl) 
benzonitrile (SARM‑2f) as a novel SARM (Fig. 1). In the 
present study, we examined the effects of SARM‑2f on the 
weight of skeletal muscles (i.e., the gastrocnemius and soleus 
muscles), body weight, body composition, and anorexia in a 
castrated rat model and three cancer cachexia models.

Materials and methods

Ethical statement. The animal protocol for this study was 
approved by the Animal Ethics Committee of Takeda 
Pharmaceutical Company Ltd. In addition, all procedures were 
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performed according to protocols approved by the Institutional 
Animal Care and Use Committee of the Pharmaceutical 
Research Division of Takeda Pharmaceutical Company 
Limited. The protocols were in accordance with the ethical 
standards laid down in the 1964 Declaration of Helsinki and 
its later amendments.

Animals and compounds. CD (Sprague‑Dawley, SD, IGS) 
rats were purchased from Charles River Laboratories Japan 
(Yokohama, Japan). F344 immunodeficient rats (5‑ or 
15‑week‑old) and BALB/c mice (5‑ or 6‑weeks‑old) were 
obtained from CLEA Japan, Inc. (Tokyo Japan). The animals 
were maintained under a 12‑h light/dark cycle at a constant 
temperature of 23±2˚C while food and water were provided ad 
libitum. SARM‑2f (4‑((2S, 3S)‑2‑ethyl‑3‑hydroxy‑5‑oxopyrrol
idin‑1‑yl)‑2‑(trifluoromethyl)benzonitrile) was synthesized by 
Takeda Pharmaceutical Company Ltd., and suspended in 0.5% 
methylcellulose. Tumor necrosis factor (TNF)‑α (WAKO 
Pure Chemical Industries, Ltd., Osaka, Japan) was dissolved 
in saline (Otsuka, Tokushima, Japan), whereas testosterone 
propionate (TP; Tokyo Chemical Industry, Tokyo, Japan) was 
dissolved in 20% benzyl benzoate and 80% corn oil (BBoil).

Castrated rat model. Mature 12‑week‑old male SD (ID) IGS 
rats were castrated under isoflurane anesthesia. Then, 8 weeks 
later, they were divided into six groups (n=10) based on body 
weight (day 0). The animals were then administered the 
vehicle (0.5% methylcellulose, orally, p.o.; once daily, QD) and 
BBoil (subcutaneously, s.c., thrice weekly), SARM‑2f (0.3, 3, 
or 30 mg/kg, p.o., QD) and BBoil (s.c., thrice weekly), or TP 
(2.5 mg/kg, s.c., thrice weekly) and 0.5% methylcellulose (p.o., 
QD) for 4 weeks. Body weight was measured twice weekly, 
whereas the body composition was determined using nuclear 
magnetic resonance spectroscopy (EchoMRI‑700, Echo 
Medical Systems, Houston, TX, USA) on day 0 and 27. On 
day 28, the skeletal muscles and sex accessory organs were 
removed and weighed. The organs were immersed in saline 
until weighed to prevent them from drying out.

TNFα‑induced cachexia mouse model. Seven‑week‑old 
BALB/c male mice were castrated under anesthesia (day 0). 
Intraperitoneal (i.p.) injections of TNFα (5 µg/day twice daily, 
BID) were administered to the mice starting from day 7 and 
continued for 2  weeks. The animals were simultaneously 
treated with SARM‑2f (10 or 30 mg/kg, p.o., BID) and BBoil 
(s.c., QD) or TP (30 mg/kg, s.c., QD) and 0.5% methylcellulose 
(p.o., BID). The body weight and amount of food consumed 
were measured twice weekly. In addition, carcass weight (i.e., 
the weight of the mouse after removal of all internal organs) 
and wet organ weight were measured at the end of the study.

G361 cancer cachexia model. Fifteen‑week‑old F344 immu-
nodeficient rats were used for this study. Under isoflurane 
anesthesia, 5x106 G361 human melanoma cells (American 
Tissue Culture Collection, ATCC, Manassas, VA, USA) were 
implanted subcutaneously into one flank of each rat (day 0). The 
rats were then administered the vehicle [0.5% methylcellulose 
(p.o., QD)] and BBoil (s.c., thrice weekly), SARM‑2f (3 mg/kg, 
p.o., QD) and BBoil (s.c., thrice weekly), or TP (2.5 mg/kg, 
s.c., thrice weekly) and 0.5% methylcellulose (p.o., QD) for 

4 weeks starting from day 7. The tumor size and body weight 
were measured twice a week. The tumor volume (expressed in 
mm3) was calculated using the formula 0.5 x a x b2, where ‘a’ is 
the largest diameter, and ‘b’ is largest diameter perpendicular 
to ‘a.’ Lean body mass was measured using an EchoMRI‑700 
on days 7 and 35. The muscles were removed and measured at 
the end of the study.

C26 cancer cachexia model. Six‑week‑old male BALB/c mice 
were used for this model. Briefly, 5x105 C26 mouse carcinoma 
cells were subcutaneously implanted into one flank of each 
mouse on the day of castration (day 0). The mice were then 
administered the vehicle [0.5% methylcellulose (p.o., BID)] 
and BBoil (s.c., QD), SARM‑2f (10, 30, or 100 mg/kg, p.o., 
BID) and BBoil (s.c., QD), or TP (30 mg/kg, s.c., QD) and 0.5% 
methylcellulose (p.o., BID) for 2 weeks starting from day 11. 
The tumor size and body weight were measured twice weekly. 
The tumor volume was expressed as described above. Carcass, 
muscle, and organ weights were measured at the end of the 
study.

Statistical analysis. Differences between the control and treat-
ment groups were analyzed using the Student's t‑test, Williams' 
test, or Dunnett's test.

Results

Effects of SARM‑2f on body weight and skeletal muscles of 
castrated rats. The effects of SARM‑2f on castrated rats are 
presented in Fig. 2. Castration decreased the body weight, lean 
body mass, and the weight of the levator ani muscle, prostate, 
and seminal vesicle (Fig. 2A, B, D, G, and H); however, it did 
not influence fat mass or the weight of the gastrocnemius or 
soleus muscles (Fig. 2C‑F). Treatment with SARM‑2f at doses 
of 0.3, 3, and 30 mg/kg significantly increased the body weight 
gain (2.2‑fold, 2.2‑fold, and 2.1‑fold, respectively), lean body 
mass (5.4‑fold, 6.3‑fold, and 7.2‑fold, respectively), and weight 
of the levator ani (2.3‑fold, 2.6‑fold, and 2.6‑fold, respectively), 
gastrocnemius (1.1‑fold, 1.02‑fold, and 1.06‑fold, respectively), 
and soleus (1.1‑fold, 1.1‑fold, and 1.1‑fold, respectively) muscles 
of the castrated rats (Fig. 2A, B, and D‑F). However, SARM‑2f 
treatment did not influence the fat mass (Fig. 2C). Treatment 
with TP at a dose of 2.5 mg/kg increased the levator ani muscle 
weight (2.6‑fold) but not the body weight (Fig. 2A and D). The TP 
treatment significantly reduced the fat mass (Fig. 2C). Treatment 
with SARM‑2f at doses of 0.3, 3, and 30 mg/kg increased 
the weights of the prostate (3.2‑fold, 4.8‑fold, and 6.4‑fold, 
respectively) and seminal vesicle (9.8‑fold, 19‑fold, and 28‑fold, 
respectively) in a dose‑dependent manner in the castrated rats 
(Fig. 2G and H). However, the prostate and seminal vesicle 
weights of the SARM‑2f‑treated castrated rats were lower than 
the respective weights of the non‑castrated group (Fig. 2G and 
H). In contrast, TP increased the weights of the prostate (11‑fold) 
and seminal vesicle (42‑fold) in the castrated rats, whichwere 
higher than the respective weights in the non‑castrated group 
(Fig. 2G and H). These results demonstrate the anabolic effect 
and tissue specificity of SARM‑2f.

Recovery of food intake rate and body weight by SARM‑2f 
in TNFα‑induced cachexia mouse model. We examined the 
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effects of SARM‑2f on inflammation‑related cachexia in the 
TNFα‑induced cachexia mouse model. TNFα caused body 
weight loss in castrated mice (Fig. 3A). However, SARM‑2f at 
doses of 10 and 30 mg/kg as well as TP at 30 mg/kg increased 
the body weight in the TNFα‑treated mice (Fig. 3A). SARM‑2f 
at doses of 10 and 30 mg/kg increased the carcass weight 
(1.1‑fold and 1.1‑fold, respectively), and food consumption 
rate (1.1‑fold and 1.1‑fold, respectively) in TNFα‑treated mice 
(Fig. 3B and C). TP increased the carcass weight (1.1‑fold) 
and food consumption rate (1.1‑fold) in TNFα‑treated mice 
(Fig. 3B and C).

Prevention of skeletal muscle and body weight loss by SARM‑2f 
in G361‑tumor‑bearing rats. The growth of the G361 human 
melanoma cells that were subcutaneously grafted into the 
F344 immunodeficient rats caused progressive body weight 
loss and a decrease in lean body mass in the rats (Fig 4A and 
B). Treatment with SARM‑2f or TP did not change the body 
weight and lean body mass (Fig. 4A and B). However, both 
SARM‑2f and TP treatment increased the weight of the levator 
ani muscle (1.6‑fold and 1.7‑fold, respectively) (Fig. 4C). TP 
but not SARM‑2f increased the prostate and seminal vesicle 
weights (Fig. 4D and E). The tumor growth was unaffected by 
either treatment (Fig. 4F).

Prevent ion of  body weight loss by SA RM‑2f in 
C26‑tumor‑induced cachexia mouse model. The mouse 
allograft model of C26 adenocarcinoma is a well‑established 
model for investigating body weight loss caused by cancer 
cachexia (16‑18). We found that SARM‑2f at doses of 10, 30, 
and 100 mg/kg increased the body (1.1‑fold, 1.1‑fold, and 
1.1‑fold, respectively), carcass (1.1‑fold, 1.1‑fold, and 1.1‑fold, 
respectively), and levator ani muscle weights (3.3‑fold, 
2.9‑fold, and 3.8‑fold respectively) in the castrated mice 
(Fig. 5A‑C). No effect was observed on the ventral prostate 
weight at a dose of 10  mg/kg (Fig.  5D). Meanwhile, TP 
increased the body weight (1.2‑fold), carcass weight (1.2‑fold), 
and the weights of the levator ani muscle (4.6‑fold), ventral 
prostate (3.8‑fold), and seminal vesicle (19‑fold) (Fig. 5A‑E). 

Neither SARM‑2f nor TP had any effects on tumor growth in 
this model (Fig. 5F).

Discussion 

We observed that SARM‑2f increased the weights of the 
gastrocnemius and soleus muscles in the castrated rats. In addi-
tion, it prevented body weight loss in the TNFα‑treated model 
and the C26 tumor model, and muscle wasting in the C26 and 
G361 tumor models. Moreover, it improved anorexia in the 
TNFα‑treated model. It has been reported that testosterone 
increases gastrocnemius muscle weight in rats (19). However, 
our data showed that a 2.5  mg/kg TP dose increased the 
weights of the levator ani muscle and the prostate but had no 
effects on the weights of the gastrocnemius and soleus muscles 
without forced exercise in the castrated male rat model.

The anabolic effect of testosterone on the skeletal 
muscles is controversial and considered dose‑dependent (20). 
Interestingly, SARM‑2f increased the weights of both the 
gastrocnemius and soleus muscles in our study. Currently, 
the difference between the anabolic effects of TP and those 
of SARM‑2f is unclear. However, the tissue distribution and 
tissue‑selective gene expression profiles of testosterone may 
differ from those of SARM‑2f and, therefore, the effects of 
the two drugs on balancing the synthesis and breakdown of 
skeletal muscle protein may differ.

Several mechanisms have been proposed to explain the 
effects of SARM‑2f on body weight and body composition in 
cancer cachexia models. One possible mechanism is the direct 
activation of androgen receptors in the muscles while another 
is likely mediated by activation of androgen receptors in other 
tissues such as CNS, which may affect behavior, amount of 
exercise, and appetite (21). We previously demonstrated that at 
a dose of 0.5 mg/kg QD (p.o.), SARM‑2f enhanced the sexual 
behavior of castrated rats (22). In the present study, SARM‑2f 
increased the food intake of mice with TNFα‑induced 
cachexia. These findings suggest that SARM‑2f might have 
CNS effects that improve cachexia.

The other possible mechanism is the suppression of inflam-
mation, and inflammatory cytokines such as TNFα, interleukin 
(IL)‑1, and IL‑6 have been reported to be involved in cancer 
cachexia  (1,5,23,24). Moreover, nandrolone decanoate, an 
anabolic steroidal androgen, has been shown to regulate 
inflammatory processes in skeletal muscles (2). Therefore, 
further studies are required to elucidate the mechanism under-
lying the effect of SARM‑2f on cancer cachexia.

The causes of cancer cachexia are poorly understood 
because of its heterogeneity, which possibly stems from the 
heterogeneity and complexity of cancer. Several cancer 
cachexia models such as ectopic or orthotopic transplanted 
xenograft and allograft models have been reported  (17). 
However, no animal model completely mimics the complexity 
of human cancer cachexia (17). Several factors such as diversity 
of cancer, use of chemotherapy, exercise, or nutritional support 
should be taken into consideration, and suitable experimental 
models reflecting the clinical situation should be used for 
accurate evaluation of compounds for the treatment of cancer 
cachexia.

Despite evidence of the androgen‑induced improvement of 
muscle wasting and anorexia, androgen replacement therapy 

Figure 1. Chemical structure of selective androgen receptor modulator 
(SARM)‑2f.
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is not a standard treatment for cancer cachexia  (25‑27). 
Testosterone may be a viable therapeutic option for cancer 
cachexia. However, clinical trials with large sample sizes 
are needed to confirm whether testosterone is an efficacious 
treatment for improving body composition, physical function, 
quality of life, and cancer survival of patients with cachexia. 
A double‑blind, placebo‑controlled, interventional study 
investigating this is currently in progress (NCT00878995). The 
major concern associated with testosterone use is the unavoid-
able side effects such as cardiovascular disorders  (14,15), 
which may be partly attributable to estrogen derived from 
testosterone (13,28). However, SARM‑2f is not a substrate of 
aromatase, which is the enzyme that converts testosterone to 

estradiol. Therefore, unlike testosterone therapy, treatment 
with SARM‑2f will not result in the unwanted side effects of 
estrogen.

SARMs have been widely investigated in preclinical animal 
models of muscle wasting, hypogonadism, osteoporosis, and 
other conditions (29‑34). Enobosarm is one of the SARMs 
developed for treating muscle‑wasting diseases. It showed 
tissue‑selectivity similar to SARM‑2f in the Hershberger 
assay  (35). To the best of our knowledge, enobosarm has 
not been reported to be effective in cancer cachexia models; 
however, it has been reported to increase lean body mass 
and improve muscle function in patients with non‑small cell 
lung carcinoma (NSCLC) in a Phase III clinical trial (36,37). 

Figure 3. Recovery of body weight and food intake in mice with tumor necrosis factor (TNF)‑α‑induced cachexia. (A) Body weight change, (B) carcass 
weight, and (C) food intake in mice treated with vehicle, selective androgen receptor modulator (SARM)‑2f (10 or 30 mg/kg; oral, p.o.; twice daily BID), or 
testosterone propionate (TP, 30 mg/kg, subcutaneous, s.c.; daily, QD). Body weight change and food intake indicate the change between day 7 and day 21. Data 
are mean ± standard error of the mean (SEM, n=9). #P<0.05 (Dunnett's test) compared to TNFα‑treated castrated mice. *P<0.05 (Student's t‑test) compared to 
the TNFα‑treated castrated mice.

Figure 2. Anabolic effects of selective androgen receptor modulator (SARM)‑2f in castrated rats. Changes of body weight (A), lean body mass (B), and fat mass 
(C) between day 0 and day 26 or 27 in sham‑, SARM‑2f‑, and testosterone propionate (TP)‑treated rats. Weights of (D) levator ani muscle, (E) gastrocnemius 
muscle, (F) soleus muscle, (G) prostate, and (H) seminal vesicle were measured at the end of the study. Data are mean ± standard error of the mean (SEM, 
n=10). #P<0.025 (Williams' test) compared to vehicle control group; *P<0.05 and **P<0.01 (Student's t‑test) compared to vehicle control group.
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However, in another clinical trial on NSCLC, enobosarm did 
not improve stair climb power in patients with cachexia (36,37). 
Therefore, larger clinical trials should be conducted to confirm 
the therapeutic potential of enobosarm.

In conclusion, we demonstrated that SARM‑2f increased 
body and skeletal muscle weight without excessively stimu-
lating sex accessory organs. It also improved anorexia in rat and 

mouse cachexia models, suggesting that it may be an effective 
therapeutic option for treating cachexia in patients with cancer.
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