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ARTICLE INFO ABSTRACT

Skeletal muscle wasting is the most remarkable phenotypic feature of cancer cachexia that increases the risk of
morbidity and mortality. Imperatorin (IMP), a main bioactive component of Angelica dahurica Radix, has been
reported to possess several pharmacological effects including potential anti-colitis, anti-arthritis and anti-tumor
activities. In this work, we demonstrated that IMP is a promising agent for the treatment of muscle wasting in
cancer cachexia. IMP (5—20 puM) dose-dependently attenuated TCM-induced C2C12 myotube atrophy and
prevented the induction of E3 ubiquitin ligases muscle RING-finger containing protein-1 (MuRF1) and muscle
atrophy Fbox protein (Atrogin-1/MAFbx). Moreove, IMP administration significantly improved chief features of
cancer cachexia in vivo, with significant prevention of the loss of body weight and deleterious wasting of multiple
tissues, including skeletal muscle, fat and kidney and decreased expression of MuRF1 and Atrogin-1 in cachectic
muscles. Cellular signaling pathway analysis showed that IMP selectively inhibited the phosphorylation of signal
transducer and activator of transcription 3 (STAT3) in vitro and in vivo, and surface plasmon resonance (SPR)
affinity experiments further demonstrated IMP bound to STAT3 in a concentration-dependent resonance
manner. Molecular docking results revealed that IMP binds to the SH2 domain of STAT3, forming a hydrogen
bond interaction with Arg-609, and a Sigma-Pi interaction with Lys-591. Mechanism analysis demonstrated that
STAT3 overexpression markedly weakens the improvements of IMP on myotube atrophy and muscle wasting of
cancer cachexia, indicating that STAT3 mediated the therapeutic effect of IMP. All these favorable results in-
dicated that IMP is a new potential therapeutic candidate for cancer cachexia.
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1. Introduction

Cancer cachexia is a complex multifactorial syndrome characterized
by the ongoing loss of body weight and skeletal muscle mass [1]. De-
pletion of skeletal muscle is recognized as an independent predictor of
mortality and is associated with functional impairment, poor quality of
life and less tolerance and response to anticancer therapies [2-4].

Reversal of muscle loss in animal models of cancer cachexia leads to
prolongation of survival and maintaining muscle mass represents a
major goal in the treatment of cancer patients [5,6]. However, ther-
apeutic strategies progress slowly and discovery of new drugs for cancer
cachexia is needed [7-9].

Loss of skeletal muscle mass is associated with activation of several
signaling pathways or mediators, including signal transducer and
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NF-kB, nuclear factor-kappa B; SH2, Src homology 2; SMAD, small mothers against decapentaplegic homolog; SPR, surface plasmon resonance; STAT3, signal
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activator of transcription 3 (STAT3) [10-12], nuclear factor-kappa B
(NF-xB) [13-15], small mothers against decapentaplegic homolog 2/3
(SMAD2/3) [16,17] and forkhead box protein O3 (FOXO3) [18,19].
Pro-inflammatory cytokines derived from immune or tumor cells in
cancer cachexia, including tumor necrosis factor-a (TNF-a), inter-
leukin-1 (IL-1) and interleukin-6 (IL-6) have been shown to trigger
muscle wasting [2,20], through activation of the NF-xB and janus ki-
nase-signal transducer and activator of transcription (JAK-STAT)
pathways [11,21], respectively. Transforming growth factor beta
(TGFp) superfamily ligands including myostatin and activin can acti-
vate SMAD2 and SMAD3, which together with the common mediator,
SMAD4, translocate to the nucleus and regulate transcriptional re-
sponses leading to muscle wasting [16,22]. Additionally, transcription
factor FOXO3 is also significantly associated with body weight and
muscle mass loss [18]. The activation of these signaling pathways al-
lows for the increased transcription of genes encoding E3 ubiquitin li-
gases muscle RING-finger protein-1 (MuRF1) and muscle atrophy Fbox
protein (Atrogin-1/MAFbx) that are involved in muscle protein de-
gradation [23-25].

Imperatorin is a naturally occurring furanocoumarin isolated from
Angelica dahurica Radix, and possesses several pharmacological activ-
ities such as anti-colitis, anti-arthritis and anti-tumor [26-29]. In this
study, we mainly investigated the therapeutic effect of IMP on cancer
cachexia and explored the possible mechanisms. We found that IMP
could reverse myotube atrophy and inhibit MuRF1 and Atrogin-1 ex-
pression in vitro. Importantly, IMP could also alleviate cancer cachexia
and prevent muscle wasting in vivo. Further investigations revealed that
IMP specifically inhibited STAT3 phosphorylation via directly binding
to the SH2 domain of STAT3 and overexpression of STAT3 drastically
weakened the efficacy of IMP, suggesting that the therapeutic effect of
IMP can be attributed to directly inhibiting STAT3. These findings
provide novel insights into the anti-cachexia effect of IMP, which may
be a promising drug candidate for treatment of cancer cachexia.

2. Materials and methods
2.1. Reagents and antibodies

Antibodies against p-STAT3 (Yyr705) (#9145), STAT3 (#9139), p-
NF-xB (Ser536) (#3033), NF-xB (#8242), p-SMAD3 (Ser423/425)
(#9520), SMAD3 (#9523), p-STAT1 (Tyr701) (#9167), STAT1
(#9172), p-JAK2 (Tyr1007/1008) (#3776), JAK2 (#3230), GAPDH
(#5174), Alexa Fluor® 488 conjugate (#4408S) IgG and Alexa Fluor®
594 conjugate (#8889S) IgG were obtained from Cell Signaling
Technology (Beverly, MA); antibodies against p-FOXO3 (sc-101683)
and FOXO03 (sc-48348) were obtained from Santa Cruz Biotechnology;
antibodies against MuRF1 (ab172479), Atrogin-1 (ab168372) and re-
combinant human protein STAT3 (ab43618) were purchased from
Abcam (Cambridge, MA); antibody against myosin heavy chain (MyHC,
MAB4470) was obtained from R&D Systems (Minneapolis, MN); anti-
bodies against IRDye 800CW (926-32210 and 926-32211) were pur-
chased from LICOR (Lincoln, Nebraska). Imperatorin (IMP) was ob-
tained from Efebio (Shanghai, China).

2.2. Cell cultures

Murine C2C12 myoblasts, human Hela and HEK293 T cell lines (Cell
Bank of Shanghai Branch, Chinese Academy of Sciences) were cultured
in DMEM (Corning Life Sciences, NY, USA) supplemented with 10 %
fetal bovine serum (FBS, Gibco, MA, USA) and 1% penicillin/strepto-
mycin. Murine CT26 colon adenocarcinoma cells (CRL-2638, ATCC)
were cultured in RPMI-1640 medium (Corning Life Sciences, NY, USA)
supplemented with 10 % FBS and 1% penicillin/streptomycin. To in-
duce myotube formation, C2C12 myoblasts were grown to 90 % con-
fluence and changed to DMEM with 2% horse serum (Gibco, MA, USA)
for 3 days. We found that myotubes generated from early passage
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C2C12 myoblast cells (< 10 passages) yielded most consistent results.
2.3. The conditioned medium collection

CT26 colon adenocarcinoma cells (2 x 10° cells) were seeded in 10
mm dishes and grown to 90 % confluence. The medium was changed to
DMEM with 2% horse serum medium for 36 h and cell supernatant was
collected and centrifuged at 450 x g for 5 min. The supernatant was
referred to as tumor conditioned medium (TCM).

2.4. Immunofluorescence

C2C12 myotubes were fixed in 4% paraformaldehyde and permea-
bilized with 0.5 % Triton X-100 at room temperature, followed by in-
cubation with MyHC antibody or a mixture of MyHC and p-STAT3
antibodies overnight at 4°C. After incubating with secondary anti-
bodies, C2C12 myotubes were then stained with 10 pg/mL 4, 6-dia-
midino-2-phenylindole (DAPI, Sigma-Aldrich, St Louis, USA), and
photographed using Cellsens software (Olympus Corporation, Tokyo,
Japan).

2.5. Animal experimentation

All animal care and experiments were conducted according to the
guidance of China Animal Welfare Legislation, and approved by the
Ethics on Animal Care and Treatment Committee of Shanghai Jiao tong
University. Healthy male Balb/c mice, 6--8 weeks old, were purchased
from the SLAC Laboratory Animal Co. Ltd (Shanghai, China). The ani-
mals were maintained at a constant temperature and humidity with a
12:12 h dark/light cycle.

The mouse model of cancer cachexia was established as previously
described [30,31]. Briefly, Balb/c mice were injected with CT26 cells (2
X 10° cells/200 pL) into the right flank subcutaneously, and then
randomly divided into four groups (n = 10 per group). Mice received
daily oral gavage of 25 or 50 mg/kg/day of IMP diluted in 0.5 % car-
boxymethyl cellulose sodium (CMC-Na) solvent or solvent as a control
beginning at 15 days after tumor inoculation. Dose selection of IMP was
based on models of xenograft tumor (50 and 100 mg/kg) [32] and in-
flammatory bowel disease (25, 50 and 100 mg/kg) [26]. The body
weights, food intake and tumor weights were measured every two days.
Tumor weights (mg) were computed using the formula: 0.52 X tumor
length x tumor width [2]. After 15 days of treatment, mice were sa-
crificed after exposure to CO., and the weights of tumors, muscles and
organs (epididymal fat, kidney and heart) were then determined. Some
muscles were quickly frozen in liquid nitrogen and the remaining were
fixed in 4% polyformaldehyde for subsequent analysis.

2.6. Histological examination

Gastrocnemius muscles were fixed with 4% paraformaldehyde and
embedded in paraffin. The myofiber sizes were measured in sections
stained with haematoxylin-eosin (H&E) and analyzed using Cellsens
software. The myofiber cross-section areas (CSA) were determined from
approximately 180 myofibers per group. Immunofluorescence staining
was conducted to detect the expression of MyHC and MuRF1 and im-
munohistochemical examination was performed to analyze p-STAT3
positive staining of cell nuclei.

2.7. Western blot analysis

C2C12 myotubes and muscle samples were lysed using RIPA buffer
(Thermo Fisher Scientific, MA, USA) containing Protease Inhibitor and
Phosphatase Inhibitor Cocktail (Yeasen, Shanghai, China). After cen-
trifugation (12,000 rpm, 10 min, 4°C), proteins were separated on 10 %
sodium dodecyl sulfate polyacrylamide gel, and transferred onto ni-
trocellulose membranes (Millipore Corporation, Bedford, USA). The
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Fig. 1. IMP attenuates myotube atrophy induced by TCM. (A) C2C12 myotubes were pretreated with IMP for 2 h and then stimulated by TCM for 72 h.
Representative images of immunofluorescence staining for MyHC (green) are shown (left panel). Scale bars =50 um. The fiber widths of each experiment were
measured and calculated (right panel). n > 150 per group. #P < 0.05 versus untreated control, *P < 0.05 versus TCM control. (B) C2C12 myotubes were pretreated
with IMP for 2 h and then stimulated by TCM for 48 h. The expression of indicated proteins was determined by western blot. The band intensities were quantified and
GAPDH was used as control. n = 3. *P < 0.05 versus untreated control, *P < 0.05 versus TCM control. (C and D) C2C12 myotubes were pretreated with IMP for 2 h
and then stimulated by TCM for 24 h. mRNA levels of Murf1 (C) and Atrogin-1 (D) were analyzed by real-time PCR and normalized to Gapdh. n = 3. *P < 0.05 versus

untreated control, *P < 0.05 versus TCM control.

membranes were incubated with primary antibodies overnight at 4 °C,
followed by incubation with secondary antibodies at room temperature
for 1 h, and then visualized using Odyssey system (LICOR, Lincoln,
Nebraska). The density of each band of proteins was quantified by
ImageJ Software.

2.8. Quantitative PCR (qPCR)

Total RNA was isolated from C2C12 myotubes and muscle samples
using RNAiso reagent (Takara, Otsu, Japan), and one microgram of
total RNA was reverse transcribed into cDNA using Primescipt II RT
Master Mix Kits (Takara, Otsu, Japan) according to manufacturer’s
protocol. Samples were diluted 1/20 and used to evaluate the mRNA
expression of Murfl and Atrogin-1. These genes were normalized to
reference gene glyceraldehyde 3-phosphate dehydrogenase (Gapdh),
and the relative expressions were calculated using AACt method. Primer
sequences for detection of mRNA are following: Murfl Forward:
5-AGTGTCCATGTCTGGAGGTCGTTT-3’, Murfl Reverse: 5-ACTGGAG
CACTCCTGCTTGTAGAT-3’, Atrogin-1 Forward: 5-ACGTCGCAGCCAA
GAAGAG-3’, Atrogin-1 Reverse: 5-ATGGCGCTCCTTCGTACTTC-3’,

Gapdh Forward: 5-GGGTGTGAACCACGAGAAAT-3’, Gapdh Reverse:
5’-CCTTCCACAATGCCAAAGTT-3".

2.9. STATS3 luciferase reporter assay

Hela cells were infected with viral vectors bearing a luciferase re-
porter gene driven by STAT3 promoter (Genomeditech, Shanghai,
China) and then incubated with 8 ng/mL blastincidin (Solarbio, Beijing,
China) for 7-8 days. After screening by blastincidin, HeLa cells were
transfected with pRL-SV40 plasmid (Beyotime, Haimen, China) using
FuGENE® HD (Promega, Madison, USA) and then incubated with IMP
(5—20 uM) for 4 h, followed by TCM stimulation for another 24 h. The
expression of luciferase was detected by Dual Luciferase Reporter Assay
kits (Promega, Madison, USA). All luciferase experiments were repeated
three times.

2.10. Surface plasmon resonance assay and molecular docking

Surface plasmon resonance (SPR) assays were performed with
Biacore T200 system as previously described [33]. Briefly, the GST
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Fig. 2. IMP prevents cancer cachexia in CT26 tumor-bearing mice. (A) Schematic representation of experimental design. CT26 tumor cells were implanted s.c. in the
right flank of mice on day 0 and IMP (25, 50 mg/kg/day) were orally administrated starting on day 15 after tumor inoculation. Healthy control and vehicle control
received equal volume of solvent. The effects of IMP on the main features of cachexia were examined, including (B) tumor free body weight, (C) gastrocnemius and
tibialis anterior muscles mass, (D) epididymal fat mass, (E) kidney and heart mass and (F) tumor weigh. n = 10 mice/group. *P < 0.05 versus healthy control,

*P < 0.05 versus vehicle control.

tagged-recombinant STAT3 protein was diluted in 10 mM sodium
acetate (pH = 4.0, 20 pg/mL) and then immobilized on the CM5 chip
(GE Healthcare, Sweden) for 10 min. Different concentrations of IMP
(0.125-32 pM) were injected at a flow rate of 30 pL/min to pass
through the surface of STAT3-immobilized CM5 chip. The interaction
mode and kinetic constant of IMP with STAT3 were obtained from 1:1
kinetic model in Biacore T200 evaluation software (GE Healthcare,
Sweden). Molecular docking was performed by employing the
CDOCKER module in the DS 3.0 package. The crystal structure of
STAT3 protein was downloaded from the Protein Data Bank (PDB ID:
1BG1) [34]. Prior to docking, DNA chain and water molecules were
removed. The docking site was defined at the Src homology 2 (SH2)
domain (coordinates: 103.03, 55.64, 0.25) of STAT3, with a radius of

15 A. IMP was docked into the defined catalytic site, and the top hits,
random conformation and orientations to refine were set as 10. The
other options were set as default settings.

2.11. Lentivirus production and transfection

To prepare lentiviruses expressing STAT3 or GFP, HEK293 T cells
were co-transfected with 4 ug STAT3 or GFP lentiviral vector plasmids
(Genomeditech, Shanghai, China) plus 3 ug pSPAX2 and 1 pug pMD2.G
using FuGENE® HD. Virus particles were concentrated using PEG8000
according to the manufacturer’s instructions. in vitro, C2C12 myotubes
were transfected with lentiviruses and protein expressions were de-
tected by western blot after 96 h. in vivo, lentiviruses expressing STAT3
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versus vehicle control.

were injected into right hindlimb of 5 weeks old male Balb/c mice, and
lentiviruses expressing GFP were injected into the left hindlimb as
control. One week later, the lentiviruses were injected repeatedly and
mice were randomly divided into three groups (n = 10 per group):
control group, CT26 tumor group and IMP (50 mg/kg/day) treatment
group. The mouse model of cancer cachexia was established as above.

2.12. Statistical analysis

Results are presented as mean + SD and were analyzed by analysis
of variance (ANOVA) followed by paired comparison, as appropriate.
Differences were considered statistically significant at P < 0.05.

3. Results
3.1. IMP attenuates myotube atrophy induced by TCM

Muscle wasting is a key manifestation of cancer cachexia. To ex-
plore the anti-cachexia effect of IMP, we initially evaluated its effect on
myotube atrophy using C2C12 myotube model. Results showed that
IMP (5—20 uM) dose-dependently reversed myotube atrophy induced
by TCM, as assessed by morphological changes and myotube fiber
width (Fig. 1A). In addition, TCM-induced expression of MuRF1 and
Atrogin-1 mRNA and protein was drastically inhibited by IMP (Fig. 1B-
D). These effects were not attributed to its cytotoxicity as cell cyto-
toxicity was not observed at concentrations below 30 uM (Fig. S1).

3.2. IMP prevents cancer cachexia and improves muscle wasting in CT26
tumor-bearing mice

We next evaluated the anti-cachexia effect of IMP in an experi-
mental model of cancer cachexia using CT26 colorectal adenocarci-
noma (Fig. 2A). CT26 tumor-bearing mice showed a progressive loss of

body mass beginning on day 18 after tumor inoculation (Fig. 2B).
Moreover, weights of gastrocnemius, tibialis anterior muscles and epi-
didymal fat as well as heart and kidney mass were strikingly decreased
in tumor-bearing mice when mice were killed on day 30 (Fig. 2C-E).
IMP administration distinctly improved chief features of cancer ca-
chexia in a dose-dependent manner, with significant prevention of the
loss of body weight, gastrocnemius muscle mass, tibialis anterior
muscle mass and epididymal fat mass (Fig. 2B-D). Additionally, IMP
treatment improved kidney mass and this effect reached statistically
significance at dose of 50 mg/kg (Fig. 2E). Meanwhile, IMP (50 mg/kg)
also showed a significant inhibition on tumor growth (Fig. 2F).

Histological examination of gastrocnemius muscles showed that
IMP significantly increased the sizes of myofibers in a dose dependent
manner (Fig. 3A). As evidenced by immunofluorescence staining, IMP
administration induced an apparent reduction of MuRF1 expression,
accompanied with an increase of MyHC in tibialis anterior muscle
(Fig. 3B). Moreover, Murfl and Atrogin-1 mRNA levels were also dose
dependently inhibited by IMP (Fig. 3C). These data indicate that IMP
has therapeutic effect on cancer cachexia and ameliorates muscle
wasting in CT26 tumor-bearing mice.

3.3. IMP inhibits STAT3 pathway

To investigate the possible mechanisms underlying the anti-ca-
chexia effect of IMP, we examined the alterations of intracellular sig-
naling pathways related to muscle wasting. Results showed that IMP
specifically suppressed the phosphorylation of STAT3 and expression of
its down-stream target gene C/EBP§ in C2C12 myotube atrophy model,
but had no effect on NF-xB, SMAD3 and FOXO3 (Fig. 4A). As shown by
immunofluorescence staining, IMP also exhibited an inhibitory effect
on nuclear translocation of p-STAT3 (Fig. 4B). Moreover, the tran-
scriptional activity of STAT3 was suppressed as well (Fig. 4C). Fur-
thermore, we also tested the inhibitory effect of IMP on IL-6-induced
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Fig. 4. IMP inhibits STAT3 signaling pathway in TCM-induced myotube atrophy. (A) C2C12 myotubes were pretreated with IMP (5-20 uM) for 2 h and then
stimulated by TCM for 48 h. The expression of indicated proteins was determined by western blot. The band intensities were quantified and GAPDH or the non-
phosphorylated protein forms were used as control. n = 3. *P < 0.05 versus untreated control, *P < 0.05 versus TCM control. (B) C2C12 myotubes were pretreated
with IMP (20 uM) for 2 h and then stimulated by TCM for 30 min. Representative images of immunofluorescence staining for MyHC (green), p-STAT3 (red) and DAPI
(blue) are shown. Scale bar =50 pm. (C) HeLa cells were transfected with viral vectors bearing a luciferase reporter gene driven by STAT3 promoter and pRL-SV40
plasmids and then stimulated by TCM for 24 h in the presence of different concentrations of IMP (5-20 pM). Luciferase activity was measured using a dual-luciferase
reporter assay kit. n = 3. *P < 0.05 versus untreated control, *P < 0.05 versus TCM control.

STAT3 activation and obtained similar results (Fig. S2). Consistent with
cellular data, IMP administration also inhibited STAT3 phosphorylation
in gastrocnemius muscles of CT26 tumor-bearing mice as shown by
western-blot and immunohistochemical staining (Fig. 5A and B), which
further confirmed that IMP specifically inhibited STAT3 pathway.

3.4. IMP directly binds to SH2 domain of STAT3

Activation of JAKs mediates tyrosine phosphorylation of STATS3,
followed by their dimerization, nuclear translocation, and activation of
target genes. In order to identify the direct target of IMP, we examined

its effect on phosphorylation of JAK2 and STAT1. The results showed
that IMP had no impact on their phosphorylation, suggesting that IMP
may directly interact with STAT3 itself (Fig. 6A). To confirm this pos-
sibility, SPR affinity experiments were conducted to assess the STAT3-
binding activity of IMP. In accordance with our expectation, IMP
(0.125—-32 uM) showed specific binding activity to STAT3 in a con-
centration-dependent resonance manner with maximum response at
9.59 RU (Fig. 6B). The Kd was computed to be 9.98 uM (Chi* = 0.448
RU?) (Fig. 6C). Then molecular docking was performed to predict
specific binding mode within the active site of STAT3 by CDOCER in DS
3.0 and results demonstrated that IMP bound to the SH2 domain of



L. Chen, et al.

A
CTRL CT26tumor  CT26 tumor+IMP-25 CT26 tumor+MP-50
p-STAT3 |-é rEnEme-t "’“""’"‘“|
STAT3 |‘-“.“-‘-, -‘Qﬁgﬂﬁ|
C/EBPS | - I S0t e el
MUuRF1 ‘” -— e “ﬁmuﬁmiﬁ“*‘
Atrogin-1 [ d----‘—--‘
R et————
p-NF-kB |‘- o "-v———v-—h-——.—|
NF-kB |Qg-,——-—q~”g'|
GAPDH | ———
p-FOXO3 [wmw v - --.-'-..-.,ﬁ.....,.q-ﬂ
Fovos | HE I BB ESE B Y NG B B W
CAPOH | —————— |
p-SMAD3
SMAD3
GAPDH
B

Control CT26 tumor CT26 tumor+IMP-25

Pharmacological Research 158 (2020) 104871

T mm CTRL
©u # = CT26 tumor
Qo 0.8 " - » @ CT26 tumor+IMP-25
L & 3 CT26 tumor+IMP-50
5 0.6 []*
o *
= *
S J
= 0.4 * . * *
= *
© 0.24
[}
o
p-STAT3 C/EBPs MuRF1 Atrogin-1
Hm CTRL
=3 CT26 tumor
1.5- Ea CT26 tumor+IMP-25
2 # 3 CT26 tumor+IMP-50
3
< 1.01
[}
§ #
o #
2 0.54
=
&
0.0-
p-NFxB  p-FOXO3  p-SMAD3
CT26 tumor+IMP-50 o 80
= = #
G 260
o=
™ D40
E § * *
F.) 20

CTRL Vehicle IMP-25 IMP-50

CT26 tumor

Fig. 5. IMP inhibits STAT3 signaling pathway in muscles of CT26 tumor-bearing mice. (A) The expression of indicated proteins in gastrocnemius muscles was
detected by western blot. The band intensities were quantified and GAPDH or the non-phosphorylated protein forms were used as control. n = 3 mice/group.
#P < 0.05 versus healthy control, *P < 0.05 versus vehicle control. (B) Representative images of immunohistochemical staining for p-STAT3 in gastrocnemius
muscle sections (left panel). Scale bar =50 um. The percentage of p-STAT3-positive cell nuclei in a total of 350 nuclei was counted manually (right panel). n = 3

mice/group. *P < 0.05 versus healthy control, *P < 0.05 versus vehicle control.

STAT3 with a binding energy of - 4.7689 kJ/mol (Fig. 6D). IMP forms a
hydrogen bond interaction with Arg-609, and forms a Sigma-Pi inter-
action with Lys-591. In addition, IMP can interact with Glu-594, Arg-
595, Ile-634, GIn-635, Ser-636, Val-637, Glu-638, Pro-639, Thr-620,
Ser-611, Ser-612, Ser-613 and other amino acid residues to form in-
termolecular hydrophobic interaction (Fig. 6E).

3.5. IMP improves muscle wasting through STAT3 inhibition

To investigate whether STAT3 inhibition mediated the therapeutic
effect of IMP on cancer cachexia, we conducted experiments to over-
express STAT3 and evaluate its effects on myotube atrophy in vitro.
Overexpression of STAT3 resulted in a significant reduction in fiber
diammer and marked myotube atrophy compared with GFP group. IMP
treatment almost completely reversed myotube atrophy induced by
TCM in GFP group, but the improvement was greatly weakened in
STAT3 overexpression group, (~30 % improvement of myotube
atrophy in STAT3 overexpression group and ~88 % in GFP group,
Fig. 7A). Moreover, overexpression of STAT3 also weakened the in-
hibitory effect of IMP on Atrogin-1 expression (Fig. 7B).

To further confirm the mediating effect of STAT3, gastrocnemius

muscles of the mice were infected with lentiviruses to overexpress
STAT3 and anti-cachexia effect of IMP was then evaluated. The sche-
matic representation of experimental design was shown in Fig. S3. Our
results demonstrated that IMP had a great improvement on muscle
wasting in GFP group, but its anti-cachexia effect was slightly wea-
kened in STAT3 overexpression group as evidenced by gastrocnemius
muscle mass, HE staining and cross-sectional area analysis (~45 %
improvement of myofiber atrophy in STAT3 overexpression group and
~63 % in GFP group, Fig. 8A and B). Moreover, the inhibitory effect of
IMP on Atrogin-1 expression in gastrocnemius muscle also slightly
weakened after STAT3 overexpression (Fig. 8C). Overall, these data
demonstrated that STAT3 mediated the anti-cachexia effect of IMP.

4. Discussion

In this study, we demonstrated that IMP attenuated myotube
atrophy in C2C12 myotube model and alleviated cancer cachexia in
CT26 tumor-bearing mice. Investigation of the molecular mechanisms
revealed that IMP specifically inhibited STAT3 phosphorylation
through directly binding to SH2 domain of STAT3. Because of sig-
nificantly diminished efficacy of IMP after STAT3 overexpression, we
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domain.

further concluded that STAT3 mediated the therapeutic effect of IMP on
cancer cachexia. The results suggest that IMP may be a promising agent
for treatment of cancer cachexia.

Cachexia is a multi-factorial wasting syndrome that not only has a
dramatic impact on patient quality of life but also is associated with
poor responses to chemotherapy and survival [2,35]. The depletion of
skeletal muscle has been accepted as a central event in the development
of cancer cachexia and the preservation of muscle mass is considered as
a major strategy for anti-cachectic therapy [3,36]. However, the nature
of the key players responsible for muscle atrophy in cancer cachexia is
still elusive and therapeutic approaches or agents are currently limited
[9].

IMP has been shown to possess potential anti-colitis, anti-arthritis

and anti-tumor activities [26,27,32]. To investigate the therapeutic
effect of IMP on cancer cachexia, we initially evaluated its effect on
myotube atrophy induced by TCM and found that IMP dose depen-
dently inhibited myotube atrophy as evidenced by morphological
changes and relative fiber width. Meanwhile, the expressions of MuRF1
and Atrogin-1 were also suppressed. in vivo experiments, IMP admin-
istration strikingly improved the chief features of cancer cachexia in a
dose dependent manner, with increased tumor free body weight, gas-
trocnemius muscle mass, tibialis anterior muscle mass and epididymal
fat. Moreover, the myofiber sizes of gastrocnemius muscle were also
increased accompanied with decreased expressions of MuRF1 and
Atrogin-1. Besides, kidney mass and tumor burden were also improved
by IMP treatment at dose of 50 mg/kg. However, the anti-cachexic
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action of IMP seems to be irrelevant to its anti-tumor effect because we
observed that IMP (25 mg/kg) prevented cancer cachexia with an in-
significant effect on cancer growth. These data demonstrated that IMP
could prevent cancer cachexia and improve muscle wasting.
Suppression of excess catabolism by inhibiting protein degradation
signaling pathway is an effective mean to prevent skeletal muscle
consumption [37]. To elucidate the mechanisms whereby IMP reduces
proteolysis, we investigated the effect of IMP on phosphorylation of
STAT3, NF-xB, FOXO3 and SMAD2/3, four crucial regulatory pathways
of protein degradation [2]. Results showed that IMP only inhibited the
phosphorylation of STAT3, which made us mainly focus on STAT3
pathways in the following investigations. Responses to IL-6 stimula-
tions, JAKs are catalytically activated and subsequently mediate tyr-
osine phosphorylation of STAT3, followed by their dimerization, nu-
clear translocation, and activation of pro-cachectic genes. To ascertain
the direct target of IMP, we analyzed the phosphorylation of JAK2 and
STAT1 and found that IMP had no impact on their phosphorylation
levels, suggesting that IMP may directly interact with STAT3. This
speculation was then confirmed by SPR affinity analysis with binding
constants Kd =9.98 uM. SH2 domain of STAT3 is an important domain
which plays key role in STAT3-mediated biological functions and SH2-
targeting compounds constitute the largest class of direct STAT3 in-
hibitor [38]. To evaluate the binding of IMP to the active site of STAT3,
molecular docking was performed to calculate the interplay between
IMP and SH2 domain of STAT3 by CDOCER in DS 3.0. Results de-
monstrated that IMP binds to the SH2 domain of STAT3 with a binding
energy of -4.7689 kJ/mol. IMP forms a hydrogen bond interaction with

Arg-609, and forms a Sigma-Pi interaction with Lys-591.

Though IMP directly interacted with STAT3 and inhibited its
phosphorylation, we can still not conclude that IMP improved muscle
wasting through STAT3 inhibition. To investigate the mediating effect
of STAT3, C2C12 myotubes or gastrocnemius muscles were infected
with lentiviruses to overexpress STAT3 and the therapeutic effect of
IMP was then evaluated in vitro and in vivo. Our findings showed that
myotube atrophy induced by STAT3 overexpression cannot be reversed
by IMP and the inhibitory effect on Atrogin-1 expression was also
weakened after STAT3 overexpression. Furthermore, the anti-atrophy
effect of IMP in the experimental mouse model of cancer cachexia was
also greatly reduced. Thus, we can come to a conclusion that IMP al-
leviates cancer cachexia and prevents muscle wasting via directly in-
hibiting STATS3.

However, we have to point out that our investigations mainly fo-
cused on muscle tissue or muscle cells and we did not deeply explore
the effect of IMP on immune cells and tumor cells or their interactions.
Pro-inflammatory cytokines derived from immune or tumor cells, in-
cluding TNF-a, IL-1 and IL-6, have been shown to trigger muscle
wasting in cachexia patients [20]. Our results also showed that IMP
inhibited the expression of cytokines (TNF-a, IL-6 and IL-1P) in ca-
chectic muscles (Fig. S4) and decreased the levels of TNF-a and IL-6 in
serum of CT26 tumor-bearing mice (data not shown). These findings
suggests that IMP has impact on immune or tumor cells, which may
explain the observations that anti-atrophy effect of IMP was not com-
pletely disappeared after STAT3 overexpression in muscle. But how IMP
regulates immune or tumor cells and their interactions with muscle
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cells deserves to further investigation.

In summary, we have shown that IMP alleviates cancer cachexia and
prevents muscle wasting via directly binding to SH2 domain of STAT3
and inhibiting itself phosphorylation. These findings provide new in-
sights into the therapeutic effect of IMP in cancer cachexia.
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