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KEYWORDS Abstract Cancer-associated cachexia (CAC) is a severe metabolic disorder syndrome mainly
Cancer-associated characterized by muscle and fat loss, which accounts for one-third of cancer-related deaths.
cachexia; No effective therapeutic approach that could fully reverse CAC is available. NF-«B signaling
Fat lipolysis; and oxidative stress play vital roles in both muscle atrophy and fat loss in CAC. Here, we showed
Muscle atrophy; that our developed oral compound 7526 exhibited potent anti-CAC efficacy by inhibiting NF-«xB
NF-kB signaling; signaling and ameliorating oxidative stress. In vitro, 2526 alleviated C2C12 myotube atrophy and
Oxidative stress; 3T3-L1 adipocyte lipolysis induced by conditioned mediums of multiple cachectic tumor cells or
7526 pro-cachectic inflammatory cytokines. In vivo, 7526 attenuated the cachectic symptoms of C26

or LLC tumor-bearing mice. Z526 treatment reduced weight loss without impacting tumor
growth and improved muscle atrophy, fat loss, and impaired grip force. Besides, serum TNF-o
and IL-6 levels were reduced after 7526 treatment in C26 tumor-bearing mice. Of note, 7526
significantly prolonged the survival of LLC tumor-bearing mice. Activated NF-kB signaling and
oxidative stress in cachectic muscle and fat tissues were reversed by 7526. Furthermore, 72526
exhibited a promising preclinical safety profile. Thus, oral Z526, which exhibited potent anti-
CAC activities in vitro and in vivo, multiple interventions in diverse pathogenic mechanisms
(NF-kB signaling and oxidative stress), and a favorable preclinical safety profile, holds the prom-
ise to be developed into a novel and beneficial therapeutic option for CAC.
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Introduction

Cancer-associated cachexia (CAC) occurs in patients with
advanced cancers and leads to poor prognosis, reduced
quality of life, and increased risk of death. CAC is a
devastating syndrome of metabolic disorders characterized
by weight loss (mainly of muscle and fat), anorexia, sys-
tematic inflammation, and redox imbalance."? Data sug-
gest that 50%—80% of cancer patients suffer from CAC, and
CAC accounts for approximately 30% of cancer-related
deaths.? In the clinic, there are no potential therapeutic
interventions that can completely reverse CAC. Anamor-
elin, a ghrelin receptor agonist and currently the only drug
specifically targeting cachexia, was approved for marketing
in Japan in December 2020.%° However, its clinical efficacy
and improvement in quality of life have yet to be proven.

Due to the complex pathological mechanisms of CAC,
single intervention therapeutic strategies, such as meges-
trol (an appetite simulant), Xilonix (an inhibitor of inter-
leukin (IL)-1), and Enbosarm (a growth receptor
mediator),®~® have not achieved the expected results in
clinical studies. Therefore, multiple interventions targeting
different pathogenic mechanisms might be necessary for
the treatment of CAC. NF-kB (nuclear factor-kappa B)
signaling plays a crucial role in the onset and progression of
CAC.”"? It has been shown that NF-kB signaling is involved
in both physiology (differentiation, growth, and meta-
bolism) and pathology (cachexia, atrophy, and dystrophy)
aspects of skeletal muscle."" Inhibition of NF-kB in human
fat cells could reduce tumor necrosis factor o (TNF-a)-
mediated lipolysis, suggesting that NF-«kB is essential for
lipolysis.'? Also, oxidative stress, especially reactive oxygen
species (ROS), is a key regulator in cachexia which could
lead to mitochondrial dysfunction, increased activity of the
ubiquitin-proteasome  system, increased apoptosis,
decreased protein synthesis, and dysregulated autophagy.'®
In patients with CAC, increased ROS and decreased anti-
oxidant levels in serum, as well as protein oxidation in
skeletal muscle, have been observed, suggesting that ROS
might be closely associated with cachexia.’®" ROS pro-
duction in adipocytes promoted lipolysis, which could be
attenuated by N-acetylcysteine (an antioxidant).’® In all,
NF-kB signaling and oxidative stress play key roles in the
onset and progression of CAC, especially in muscle and fat
loss, and therefore might offer therapeutic options for CAC.

Dithiocarbamates have been reported to exhibit a wide
range of biological activities, including anti-inflammation,
anti-oxidation, and anti-tumor,'”>'® which makes it possible
to combat CAC. Based on the skeleton of dithiocarbamates,
we have designed and synthesized a novel series of com-
pounds. Furthermore, we carried out drug screening from
the series of compounds on the C2C12 myotube atrophy
model of CAC and screened out a promising drug candidate
2526 with independent intellectual property rights (CN
Patent No. ZL202011100806.X). Here, we have

systematically evaluated the anti-CAC efficacy of the novel
candidate compound (Z526) in multiple in vitro and in vivo
models and explored Z526’s pharmacological mechanisms
of multiple interventions (NF-kB signaling and oxidative
stress). Besides, the preclinical safety profile of Z256 was
assessed.

Materials and methods
Cell culture

The associated information of cell lines, including C26
murine colon adenocarcinoma cells, MC38 murine colon
adenocarcinoma cells, Lewis lung carcinoma (LLC) murine
lung adenocarcinoma cells, HT-1080 human fibrosarcoma
cells, PANC-1 human pancreatic adenocarcinoma cells, MIA
PaCa-2 human pancreatic adenocarcinoma cells, is pro-
vided in Table S2.

Cell models of cancer cachexia

Cell models of cancer cachexia were established as
described in our previous reports.’ As the confluence of
tumor cells (C26, LLC, HT-1080, PANC-1, and MIA PaCa-2)
reached 80%, the medium was replaced with the fresh
culture medium, followed by culture for 48 h. Then, the
conditioned medium (CM) was harvested through centrifu-
gation (at 5000 g at 4 °C for 10 min) and used to induce
C2C12 myotube atrophy and mature 3T3-L1 adipocyte
lipolysis subsequently.

During myotube differentiation, C2C12 myoblasts were
seeded into plates and changed into a differentiation me-
dium (Dulbecco’s modified Eagle medium containing 2%
horse serum) at 50% confluence. Fresh differentiation me-
dium was changed every two days and myotube formation
was observed after 5—6 days. To evaluate the efficacy of
7526 (purity >98%) against muscle atrophy in vitro, the CMs
of tumor cells (mixed with the culture medium at a 1:1
ratio) or 100 ng/mL of recombinant cytokines (TNF-o or IL-
6) were added to the medium that induced C2C12 myotube
atrophy, along with different concentrations of 7526 for
48 h. The CM of non-tumor cells (such as 3T3-L1) was used
as the control medium.

During adipocyte differentiation, 3T3-L1 adipocytes
were seeded into plates and changed into differentiation
medium | [culture medium containing 10 ug/mL of insulin
(Solarbio, Beijing, China), 1 pM of dexamethasone (Sigma-
—Aldrich, St. Louis, MO, US), and 0.5 mM of 3-isobutyl-
1methylxanthine (Sigma—Aldrich, St. Louis, MO, US)] at
100% confluence. 3T3-L1 adipocytes were incubated in
differentiation medium | for 6 days, and the fresh differ-
entiation medium | was changed every 3 days. After 6 days,
the differentiation medium | was changed into differenti-
ation medium Il (culture medium containing 10 ug/mL of
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insulin) to induce adipocytes. After differentiation, lipid
droplet formation was observed. To evaluate the efficacy of
7526 against lipolysis in vitro, the CMs of tumor cells (fixed
with the culture medium at a 1:1 ratio) or 100 ng/mL of
recombinant cytokines (TNF-o. or IL-6) were added to
induce mature 3T3-L1 adipocyte lipolysis, and simulta-
neously, various concentrations of Z526 were separately
added, followed by incubation for 48 h. The CM of non-
tumor cells (such as C2C12) was used as the control
medium.

Hematoxylin-eosin staining and determination of
myotube diameters

C2C12 myotubes were fixed with 4% paraformaldehyde at
room temperature for 1 h. After three washes with cold
phosphate-buffered saline, cells were stained with hema-
toxylin and eosin by the standard procedure. Dissected
muscle and adipose tissues were embedded in paraffin, cut
into 10-um-thickness slices, and stained with hematoxylin
and eosin. The stained samples were observed and photo-
graphed with an optical microscope. Diameters of stained
C2C12 myotubes and cross-sectional areas of myofibers in
tissue slices were quantified through the software Image J.

MTT assay

C2C12 myotubes and 3T3-L1 adipocytes were incubated
with Z526 at various concentrations for 48 h, and then cell
viability was measured by 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay.

Oil red O staining and determination of lipid
content

Fix 3T3-L1 adipocytes with 4% paraformaldehyde at room
temperature for 1 h. To be stained, cells were incubated in
the work solution (0.5% dye dissolved in 60% isopropanol) of
oil red O (Sigma Aldrich, St. Louis, Mo, US) at room tem-
perature for 30 min. The stained cells were observed and
photographed with an optical microscope.

Determination of glycerol and triglycerides

The levels of triglycerides in 3T3-L1 mature adipocytes and
mouse serum were determined with a triglyceride quanti-
fication kit (Applygen, Beijing, China). The content of
glycerol in the medium of 3T3-L1 mature adipocytes and
mouse serum was detected with a lipolysis assay kit
(Applygen, Beijing, P. R. China). All the operations above
followed the instructions provided by the manufacturers.

Western blotting assay
As described previously,”® a western blotting assay was
performed to detect target protein levels in cells (C2C12
myotubes, 3T3-L1 adipocytes) and dissected tissues (mus-
cle and fat). The used antibodies are listed in Table S3.

Animals

Male BALB/c mice and C57bl/6j mice (6—8 weeks old) were
purchased from Shanghai JH Laboratory Animal, Co., Ltd
(Shanghai, China). Mice were housed on a 12:12 light—dark
cycle in a temperature-controlled (21—23 °C) and specific
pathogen-free environment and had free access to standard
chow and water. All the animal care and operations abided
by the Institutional Animal Care and Use Committee
(IACUC) guidelines of East China Normal University.

Animal models of cancer cachexia in vivo

To establish the C26 and LLC tumor-bearing mouse models
of cancer cachexia, male BALB/c or C57bl/6j mice with the
same initial body weight were divided into the healthy
control group, the model group, and the treatment group.
Mice in the model group and the treatment group were
subcutaneously inoculated with 2 x 10® of C26 colon
adenocarcinoma cells or 3 x 10° of LLC lung carcinoma cells
in 100 puL of sterile phosphate-buffered saline into the right
flank of mice, respectively. Mice in the healthy control
group and the model group were administered with a
vehicle while mice in the Z526 treatment group were
administered with 7526 daily. To compare the anti-CAC
efficacy of Z526 with that of anamorelin, the anamorelin
treatment group with oral administration of anamorelin
(30 mg/kg) every day was also included in the study. The
cachexia-associated parameters were daily monitored and
recorded on the day of inoculation, including tumor volume
(calculation formula: tumor volume = X2 x Y x 0.5; X is the
shortest diameter of tumor, and Y is the longest diameter of
tumor), body weight (with/without tumors), body temper-
ature, food intake, survival rate, etc. Mice were euthanized
and the tissues including tumors, serum, gastrocnemius
muscle (GA), and epididymal white fat (eWAT) were
dissected and weighed immediately. The tissues were
rapidly frozen in liquid nitrogen and then stored at —80 °C
for further study.

Enzyme-linked immunosorbent assay

TNF-o and IL-6 levels in mouse serum were determined by
their enzyme-linked immunosorbent assay kits, following
the instructions provided by the manufacturers. Absor-
bance was measured by SpectraMax M5 microplate reader
(Molecular Device, USA).

Immunofluorescent staining assay

To evaluate the translocation of pé5 into the nucleus in
C2C12 myotubes and 3T3-L1 adipocytes, an immunofluores-
cent staining assay was conducted, as previously
described.?" After treatment, the cells were fixed with 4%
paraformaldehyde for 30 min, permeabilized with 0.2%
Triton X-100 for 30 min, and then blocked with 5% bovine
serum albumin at room temperature for 1 h. Cells were
incubated with diluted anti-p65 antibody and anti-B-actin
antibody at 4 °C overnight. The next day, cells were incu-
bated with fluorescence-conjugated secondary antibodies
for 2 h and counterstained with DAPI for 10 min at
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temperature. The images were captured by Cytation 5image
reader (BioTek, USA) and quantified by Image J software.

NF-«B luciferase reporter assay

NF-kB’s transcriptional activity was determined using NF-«xB
luciferase reporter assay as previously described.?
HEK293T cells carrying the NF-kB-responsive luciferase re-
porter constructs, which were obtained from BoyaoBio
(Guangzhou, China), were seeded in 96-well microplates
and treated with CMs of cachectic tumor cells or TNF-o in
the presence or absence of 2526 for 48 h. According to the
manufacturer’s instructions, luciferase activity was
measured by a dual-luciferase reporter assay system
(Promega) using a SpectraMax M5 microplate luminometer
(Molecular Device, USA).

ROS detection

ROS levels were detected in C2C12 myotubes and 3T3-L1
adipocytes with a ROS assay kit according to the manu-
facturer’s instructions. In brief, cells were stained with
2',7'-dichlorofluorescin diacetate (DCFH-DA) at room tem-
perature for 30 min, after which the images were captured
by fluorescent microscope (Olympus, Japan) and fluores-
cence signals were detected by SpectraMax M5 microplate
fluorometer (Molecular Device, USA).

Quantitative real-time PCR

To measure mRNA levels of NADPH oxidases in C2C12
myotubes and 3T3-L1 adipocytes and mRNA levels of zinc
a2-glycoprotein 1 and hormone-sensitive lipase (HSL) in
3T3-L1 adipocytes, quantitative real-time PCR was per-
formed with CFX96 Touch Deep Well Real-Time PCR System
(Bio-rad, CA, USA) as previously described.”” The used
primers were synthesized by Sangon Bio (shanghai, China),
of which sequences are shown in Table S4.

Maximum tolerated dose

ICR mice were orally administered with 7526 (25, 50,
100 mg/kg) once daily and a vehicle was used as the con-
trol. Body weight was monitored for 14 days.

Histology analysis

Representative mice were sacrificed and their tissues were
harvested and fixed in 4% paraformaldehyde at room tem-
perature for 1 h. Then, fixed tissues were embedded in
paraffin, cut into 10-pM-thickness sections, and stained
with hematoxylin and eosin. The histology slices were used
for quantitative analysis or pathological analysis of cross-
sectional areas.

hERG blockade assay

The effect of Z526 on the human ether-a-go-go related
gene (hERG) potassium channel was determined using the
whole-cell path clamp technique.? The established hERG-

stably-expressed CHO cells were intervened by 7526 at
various concentrations to record the current changes of
hERG potassium channels. The current of hERG potassium
channels was recorded and analyzed through the software
pCalmp10. The calculation of the inhibition rate was as
follows: inhibition rate (%) = [1 — (I = 10)] x 100%
(inhibitory rate: Z526’s inhibitory rate of hERG potassium
channels’ current; I: tail-peak current of hERG potassium
channels in the absence of 7526; 10: tail-peak current of
hERG potassium channels in the presence of 7526).

Statistical analysis

Numerical data were expressed as mean =+ standard error
of the mean. Statistical analysis was performed using a two-
tailed student’s t-test or one-way ANOVA with GraphPad
Prism 8.0 statistical program. A difference with P < 0.05
was considered statistically significant.

Results

2526 alleviates C2C12 myotube atrophy induced by
simulated cancer cachexia injuries

The structural formula of Z526 is shown in Figure 1A. To
determine whether 7526 could alleviate muscle atrophy, we
used the murine C2C12 myotube atrophy model, a well-
established cell model for CAC. As shown in Figure 1B, 40 pM
of 2526 was non-toxic to C2C12 myotubes, identified by MTT
assay. After differentiation, C2C12 myotubes were treated
with the CM of various cachectic tumor cells, including C26,
LLC, HT-1080, PANC-1, and MIA PaCa-2 cells, in the presence
or absence of Z526. As expected, myotube diameters were
reduced post-treatment of CMs, and Z526 significantly
reversed this reduction in a dose-dependent manner
(Fig. 1C—G). For instance, the diameters of C26 CM-induced
myotubes, decreased to 63.94% of the control, while that of
2526-treated myotubes returned to 84.06%, 86.01%, 93.88%,
and 100.69% of the control at various concentrations,
respectively (Fig. 1C). As shown in Figure 1H and I, Z526, as
well, dose-dependently ameliorated myotube atrophy
induced by recombinant TNF-o or IL-6. Of note, Z526 did not
affect the diameters of untreated myotubes or non-
cachectic MC38 CM-induced myotubes (Fig. S1A, B). These
results suggested that Z526 could alleviate C2C12 myotube
atrophy induced by simulated cancer cachexia injuries.

2526 alleviates 3T3-L1 adipocyte lipolysis induced
by simulated cancer cachexia injuries

To determine whether 2526 could alleviate lipolysis, we used
the mature murine 3T3-L1 adipocyte lipolysis model, a
common cell model for CAC. As shown in Figure 2A, 100 uM of
2526 was non-toxic to 3T3-L1 adipocytes, determined by MTT
assay. The differentiated mature 3T3-L1 adipocytes were
treated with the CM of multiple cachectic tumor cells,
including C26, LLC, HT-1080, PANC-1, and MIA PaCa-2 cells,
in the presence or absence of Z526. Lipid content in adipo-
cytes was decreased by CMs, and Z526 significantly reversed
the decrease in a dose-dependent manner (Fig. 2B—F). For
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Figure 1  Z526’s effects on C2C12 myotube atrophy induced by simulated cachectic injuries in vitro. C2C12 myotubes were
treated with CMs of cachectic tumor cells or pro-cachectic inflammatory cytokines in the presence or absence of Z526 at various
concentrations for 48 h. (A) The structural formula of Z526. (B) Z526’s effects on cell viability of C2C12 myotubes. (C—I) Repre-
sentative images and quantitative analysis results of diameters of C2C12 myotubes induced by (C) CM of C26 tumor cells, (D) CM of
LLC tumor cells, (E) CM of HT-1080 tumor cells, (F) CM of PANC-1 tumor cells, (G) CM of MIA PaCa-2 tumor cells, (H) recombinant
TNF-a, or (I) recombinant IL-6 respectively. Scale bar, 20 or 50 um. The data represent mean + standard error of the mean;
**P < 0.001, *P < 0.01, *P < 0.05. CM, conditioned medium; IL-6, interleukin 6; TNF-a, tumor necrosis factor o.

example, the lipid content of C26 CM-induced adipocytes,
dropped to 61.35% of the control, while that of Z526-treated
adipocytes restored to 62.77%, 67.14%, 85.81%, and 92.34%
of the control at various concentrations, respectively
(Fig. 2B). As shown in Figure 2G and H, 7526, as well, dose-
dependently ameliorated adipocyte lipolysis induced by re-
combinant TNF-o. or IL-6. Correspondingly, 7526 also
reversed an increase in released free glycerol and a decrease
in intracellular triglyceride accumulation of 3T3-L1 adipo-
cytes, treated with C26 CM, TNF-a, or IL-6 (Fig. S2). It is
worth noting that 7526 did not affect the lipid content of

untreated adipocytes or non-cachectic MC38 CM-induced
adipocytes (Fig. S1C, D). These results demonstrated that
2526 ameliorated 3T3-L1 adipocyte lipolysis induced by
simulated cancer cachexia injuries.

2526 exhibits anti-cachexia efficacy in tumor-
bearing mice

To validate the anti-CAC effect of Z526 in vivo models, we
established C26 and LLC tumor-bearing mouse models by
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2526’s effects on 3T3-L1 adipocyte lipolysis induced by simulated cachectic injuries in vitro. 3T3-L1 adipocytes were

treated with CMs of cachectic tumor cells or pro-cachectic inflammatory cytokines in the presence or absence of Z526 at various
concentrations for 48 h. (A) Z526’s effects on cell viability of 3T3-L1 adipocytes. (B—H) Representative images and quantitative
analysis results of lipid content of 3T3-L1 adipocytes treated with (B) CM of C26 tumor cells, (C) CM of LLC tumor cells, (D) CM of HT-
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respectively. Scale bar, 20 or 50 um. The data represent mean + standard error of the mean; ***P < 0.001, **P < 0.01, *P < 0.05.
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subcutaneously implanting tumor cells into the right flanks
of mice. The mice then were randomly divided into healthy
control groups (without tumors), model groups (with tu-
mors), and treatment groups (with tumors). Compared with
healthy mice, tumor-bearing mice lost weight rapidly, while
7526 treatment could attenuate and delay the cachectic
symptoms.

In C26 tumor-bearing mice, intraperitoneal injection of
2526 could reduce weight loss in a dose-dependent manner
without affecting tumor growth (Fig. 3A, B). Moreover, C26
tumor-bearing mice exhibited lower grip force than healthy

mice, which could be improved by 7526 treatment
(Fig. 3C).

To assess the effectiveness of oral 2526, 5 mg/kg of 2526
was given to C26 tumor-bearing mice through intragastric
administration. The following results confirmed that 7526
was orally available for anti-CAC without the influence of
C26 tumor growth (Fig. 3D—F; Fig. S3A, B). Z526 slightly
improved the food intake and body temperature of C26
tumor-bearing mice (Fig. S3C, D).

For comparing the anti-CAC effects between 7526 and
anamorelin, C26 tumor-bearing mice were orally
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Figure 3 7526 attenuates the cachectic symptoms of tumor-bearing mice in vivo. (A—C) C26 tumor-bearing mice were intra-

peritoneally administered with Z526 and monitored for (A) tumor volume, (B) tumor-free body weight, and (C) grip force. (D—F)
C26 tumor-bearing mice were orally administered with Z526 and monitored for (D) tumor volume, (E) tumor-free body weight, and
(F) grip force. (G—1) C26 tumor-bearing mice were orally administered Z526 or anamorelin and monitored for (G) tumor volume, (H)
tumor-free body weight, and (I) grip force. (J—M) LLC tumor-bearing mice were orally administered and monitored for (J) tumor
volume, (K) tumor-free body weight, (L) survival rate, and (M) grip force. The data represent mean + standard error of the mean;

n = 8; **P < 0.001, **P < 0.01, *P < 0.05.

administered with either Z526 or anamorelin. The results
showed that Z526 at a dose of 5 mg/kg exhibited similar
efficacy as anamorelin at a dose of 30 mg/kg (Fig. 3H; Fig.
S3E, F). Notably, Z526 was found to restore the impaired
grip force of C26 tumor-bearing mice, even better than
anamorelin (Fig. 3I).

Additionally, Z526 was found to be able to ameliorate
marked weight loss in LLC tumor-bearing mice without
affecting tumor growth (Fig. 3J—M; Fig. S3I, J). Likely,

oral treatment of Z526 could restore the impaired grip
force of mice bearing LLC tumors (Fig. 3M). Of note, oral
7526 treatment significantly prolonged the survival time
of LLC tumor-bearing mice (Fig. 3L). Likely, 2526 slightly
improved the food intake and body temperature of LLC
tumor-bearing mice (Fig. S3K, L). Collectively, these
findings supply evidence that 7526 could attenuate
cachectic symptoms of various tumor-bearing mouse CAC
models.
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2526 reduces muscle and fat loss in C26 tumor-
bearing mice

Since muscle and fat loss are the two main distinct features
of CAC, we checked whether 2526 could reduce muscle and
fat wasting in the C26 tumor-bearing mouse model of CAC.
After 16 days of Z526’s oral treatment, C26 tumor-bearing
mice were executed to dissect tissues of interest. C26
tumor burden led to a remarkable reduction of GA and
eWAT weight, which could be significantly reversed by 7526
treatment (Fig. 4A—C). The cross-sectional area of GA
myofibers was much smaller in C26 tumor-bearing mice
than in healthy mice, while Z526 treatment could amelio-
rate this reduction (Fig. 4B). Similarly, Z526 attenuated the
decrease of eWAT adipocytes’ cross-sectional area
(Fig. 4D). 7526 treatment significantly alleviated the
decrease of glycerol and triglycerides in the serum of C26
tumor-bearing mice (Fig. 4E, F). In addition, elevated TNF-
o and IL-6 levels in the serum of C26 tumor-bearing mice
were observed, which could be down-regulated to near-
normal levels by 7526 (Fig. 4G, H). These findings provided
sufficient evidence that 72526 could reduce cachectic mus-
cle and fat loss.

2526 inhibits NF-«B signaling in cachectic muscle
and fat

As active NF-«kB is phosphorylated and translocated into
nuclei to perform its function as a transcription factor, we
investigated whether Z526 could affect the activation of NF-
kB by evaluating the nuclear translocation, phosphorylation
levels, and transcriptional activity of NF-«B in cachectic
muscle and fat. To achieve this, C2C12 myotubes or 3T3-L1
adipocytes were treated with C26 CM or TNF-« in the pres-
ence or absence of 7526, after which NF-kB location was
determined by a confocal microscope. It was found that NF-
kB was localized within the nucleus following induction with
C26 CM or TNF-a,, which was inhibited by 7526 (Fig. 5A—D).
Interestingly, C26 CM or TNF-a-induced up-regulation of p65
phosphorylation was significantly reduced by 7526 in C2C12
myotubes and 3T3-L1 adipocytes (Fig. 5B, C, E, F).

HEK-293T cells containing NF-kB luciferase reporter
constructs were used to assess NF-«kB transcriptional ac-
tivity. The results showed that 7526 diminished NF-«B
transcriptional activity, which was enhanced by TNF-a or
CMs of cachectic tumor cells (Fig. 5G, H).

Consistently, elevated p65 phosphorylation in muscle
and fat tissues dissected from C26 tumor-bearing mice
could notably be reversed after 2526 treatment (Fig. 51, J).
These results above demonstrated that 7526 inhibited NF-
kB signaling in cachectic muscle and fat.

2526 reduces ROS levels in cachectic muscle and
fat

Through testing ROS levels in C2C12 myotubes induced by
CMs of cachectic tumor cells (Fig. 1), we observed that ROS
levels had a negative correlation with myotube diameters
(Fig. 6A). Similarly, there was also a negative correlation
between ROS levels and cellular lipid content in cachectic
tumor cells’ CM-induced 3T3-L1 adipocytes (Fig. 2, 6C). As

expected, ROS levels in both C2C12 myotubes and 3T3-L1
adipocytes were remarkably elevated by CMs of cachectic
tumor cells (C26, LLC, HT-1080, PANC-1, MIA PaCa-2),
compared with non-cachectic tumor cell (MC38), which
could be reversed by 7526 (Fig. 6B—D). Furthermore, the
increased ROS levels in C2C12 myotubes treated with C26
CM or cachectic pro-inflammatory cytokines (TNF-o, IL-6)
were observed to be abolished dose-dependently by 7526
treatment (Fig. 6F, G). Similar results were found in 3T3-L1
adipocytes (Fig. 6J—L). Representative fluorescence images
are presented in Figure 6E—I.

Compared with the healthy mice, both muscle and fat
tissues from C26 tumor-bearing mice demonstrated inten-
sified protein nitrosylation levels but significantly reduced
after 7526 treatment (Fig. 6M, N). Furthermore, we
observed a significant increase in mRNA and protein
expression of NADPH oxidases of C26 CM-induced myotubes
and adipocytes, which were reversed by 7526 treatment
(Fig. 60, P). These findings indicated that 2526 reduced the
excessive ROS levels in cachectic muscle and fat.

2526 regulates metabolic signaling pathways
mediated by NF-kB or ROS

To identify molecular mechanisms by which 7526 alleviates
CAC, we detected associated NF-kB or ROS-mediated
metabolic signaling pathways in C2C12 myotubes and 3T3-
L1 adipocytes by western blotting assay. The results of
signaling proteins involved in muscle atrophy in myotubes
are shown in Figure 7A—C. C26 CM, TNF-a, or IL-6 induced a
significant decrease in MHC and MyoD expression, which
was indicative of myotube formation and differentiation.
7526 could reverse the decrease in a dose-dependent
manner to ameliorate muscle atrophy. MAFbx, as a muscle-
specific E3 ubiquitin ligase participating in protein degra-
dation, showed a significant increase in C2C12 myotubes
treated with C26 CM, TNF-a, or IL-6, which could be
reversed by 7Z526. Additionally, Z526 alleviated the inhibi-
tion of AKT signaling, which controls protein synthesis in
C26 CM-induced C2C12 myotubes. Either TNF-a-activated
p38 or IL-6-activated STAT3 in C2C12 myotubes could
enhance the activity of the ubiquitin-proteasome system,
promoting protein degradation. The activation could be
suppressed by 7526.

The results of key proteins participating in lipid loss in
adipocytes are displayed in Figure 7D—F. C26 CM, TNF-a, or
IL-6 increased phosphorylation of HSL, which accelerated
lipolysis. 7526 could inhibit this activation in a dose-
dependent manner to ameliorate lipolysis, while the mRNA
and protein levels of HSL were not found to change
(Fig. S4A). This activation could be reduced by 7526 dose-
dependently. Uncoupling protein 1, a key component of the
browning response, was observed to be elevated in 3T3-L1
adipocytes treated with C26 CM or IL-6, increasing energy
expenditure, which could be reduced by Z526. Further-
more, either TNF-a-activated p38 or IL-6-activated AMPKa.
could enhance the activity of HSL, promoting lipid loss.
7526 could inhibit this activation. The elevated mRNA
levels of zinc a2-glycoprotein in C26 CM-induced 3T3-L1
adipocytes, a fat-wasting marker, were reduced by 7526
(Fig. S4B).
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Figure 4 7526 reduces loss of muscle and fat and inflammatory cytokines in C26 tumor-bearing mice. At the endpoint of the
experiment, C26 tumor-bearing mice were executed and tissues of interest were dissected for further analysis. (A) Representative
images of GA and weight analysis and (B) CSA of myofibers in GA tissues and quantitative statistics. (C) Representative images of
eWAT and weight analysis and (D) CSA of adipocytes in eWAT tissues and quantitative statistics. (E) Glycerol and (F) triglyceride
levels in mice serum. (G) TNF-a levels and (H) IL-6 levels in mice serum. The data represent mean + standard error of the mean;
n = 8; **P < 0.001, *P < 0.01, *P < 0.05. CSA, cross-sectional area; eWAT, epididymal white fat; GA, gastrocnemius muscle; IL-6,
interleukin 6; TNF-o, tumor necrosis factor o.



10 X. Gu et al.

A C2C12 myotubes B C2C12 myotubes C C2C12 myotubes
C26CM - + + + + + TNF-a (100 ng/mL) ~ - + + + + +

Z526 (uM) 0 O 5 10 20 40 Z526(MM) 0 0 5 10 20 40
P-pssrm‘d P-p65|~“’..|

CT C26 CM TNF-a
BACH) ——— B-Actin [ A———— |
C2C12 myotubes C2C12 myotubes
20y L =
10 pm 10 pm 10 pm ] =

w0 w0
<15 Q9 2
2 1.0 2
cT+ C26 CM+ TNF-a+ & 4
7526 (40 uM)  Z526 (40 uM) 2526 (40 uM) o5
T BEEERE TNF-a (100ng/mlL) - + + + + +
Z526 (uM) 0 0 5 1020 40 Z526 (M) 0 0 5 1020 40
3T3-L1 adipocytes 3T3-L1 adipocytes F 3T3-L1 adipocytes
C26CM - + + + + + TNF-a (100 ng/mL) - + + + + +
2526 (uM) 0 0 12.5 25 50 100 Z526 (M) 0 0 12.5 25 50 100

P-pss Poos| -]
PS: | m— PSS | S—
BAC em— B-ACHN | ————

3T3-L1 adipocytes 3T3-L1 adipocytes
3.0 ey x 25, He—gt—
w wn
@ ©20
220 =
S 815
CT+ C26 CM+ TNF-a+ ‘&1 o 210 .
Z526 (100 uM)  Z526 (100 pM)  Z526 (100 M) ot 0.5

0.0
TNF-a (100 ng/mL) - + + + + +

0.0.
C26CM - + + + + + 7526 (UM) 0 012525 50 100

Z526 (MM) 0 0 12525 50 100

G HEK293T/NRE cells treated with 2526 H HEK293T/NRE cells treated with Z526
% g 1400 . g 9
8 . 1200 8 5. 250m T,
2:£ 1000 gE - CT
QF 80 i i Qg2 = MC38 CM
¥ @ 600 - ¥
Lo 200 531 = C26CM
<8 <8 = LICCM
2 100 2o = HT-1080 CM
%.g %‘g == PANC-1 CM
= = = MIA PaCa-2 CM
TNF-a (20 ng/mL) - - * £ # 526 (5 p?VI) -+ -
2526 (M) 0 5 0 25 5
I GA tissues 25 GA tissues J eWAT tissues eWAT tissues
Healthy control  G26 model 26 model ’ . €26 model

+7526 (5 mglkg) 20 Healthy control C26 model +Z526 (5 malkg)

-
@«

R
e
T ——

P-p65/ p65
o

o
o

0.0
» > -
O, 2" @
S e
RTINS
S R %@

i o
£

Figure 5 7526 inhibits nuclear translocation, phosphorylation and transcription activity of NF-kB in the cachectic setting. C2C12
myotubes and 3T3-L1 adipocytes were incubated with C26 CM or TNF-« in the presence or absence of Z526. (A) Representative
florescent images of myotubes stained with antibodies against p65 (red) and counterstained with DAPI (blue). (B, C) Western
blotting analysis for phosphorylation levels of p65 in myotubes. (D) Representative florescent images of adipocytes stained with
antibodies against p65 (red) and counterstained with DAPI (blue). (E, F) Western blotting analysis for phosphorylation levels of p65
in adipocytes. (G, H) Transcription activities of NF-xB induced by TNF-a or CMs of multiple cachectic tumor cells, in the presence or
absence of 7526. (I) Western blotting analysis for phosphorylation levels of p65 in GA tissues of C26 tumor-bearing
mice. (J) Western blotting analysis for phosphorylation levels of p65 in eWAT tissues of C26 tumor-bearing mice. Scale bar, 10 um.
Arrows indicate nuclear localization of NF-kB. The data represent the mean + SEM, ***P < 0.001, **P < 0.01, *P < 0.05. CM,
conditioned medium; NF-«B, nuclear factor-kappa B; TNF-a, tumor necrosis factor «; GA, gastrocnemius muscle; eWAT, epididymal
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Figure 6 7526 reduces ROS levels in cachectic muscle and fat. C2C12 myotubes and 3T3-L1 adipocytes were incubated with CMs
of tumor cells or pro-cachectic inflammatory cytokines in the presence or absence of Z526. DCFH-DA (2’,7'-dichlorofluorescin
diacetate) was used as a fluorescent probe to detect ROS levels. (A) Correlation analysis between myotube diameters and ROS
levels in C2C12 myotubes. (B) ROS levels in C2C12 myotubes treated with CMs in the presence or absence of Z526. (C) Correlation



12

X. Gu et al.

To validate these alterations in a mouse model, the
signal proteins of GA and eWAT tissues harvested from C26
tumor-bearing mice were analyzed by western blotting
assay. The functional proteins involved in protein synthesis
(MHC, MyoD, AKT) were decreased or inhibited and the
functional proteins involved in protein degradation (MAFbx,
p38) were increased or activated in GA tissues of C26
tumor-bearing mice, and 7526 treatment reversed these
changes (Fig. 8A). The functional proteins (AMPKea, HSL,
p38) involved in lipolysis and uncoupling protein 1 involved
in energy expenditure were overexpressed in eWAT tissues
of C26 tumor-bearing mice, and were reversed by 7526
treatment (Fig. 8B). Overall, these results suggested that
7526 preserved the mass of muscle and fat by regulating
the signaling pathways involved in metabolism.

The preclinical safety assessment of Z526

2526 did not inhibit human ether-a-go-go (hERG) related
gene potassium channel (ICso = 31.558 uM), suggesting a
low risk for cardiotoxicity (Fig. 9A). The continuous
administration of Z526 at various doses (25, 50, 100 mg/kg)
did not affect ICR mice’s body weight, which suggested that
oral treatment of Z526 in mice at doses up to 100 mg/kg
was well tolerated (Fig. 9B, C). Further histopathological
examination of harvested major organ tissues (heart, lung,
liver, spleen, and kidney) revealed no evidence of tissue
toxicity after 7526 treatment at doses of 25, 50, and
100 mg/kg (Fig. 9D, E). The relative weights of tissues
(tissue weight/body weight) are shown in Figure S5. These
results indicated that Z526 had a favorable preclinical
safety profile and was well tolerated at a high dose.

Discussion

In recent years, CAC has attracted much more attention, on
account of its contribution to poor quality of life and high
mortality for cancer patients. So far, no therapeutic agent
targeting CAC has been approved by the FDA in the clinic. In
this study, we developed a novel anti-CAC candidate com-
pound — Z526. Through systematic evaluation in multiple
in vitro and in vivo models of CAC, Z526’s efficacy of
intervening in both NF-«B signaling and oxidative stress to
combat CAC has been demonstrated.

In our previous study, we found that pyrrolidine dithio-
carbamate exhibited potent anti-CAC activity.”* Neverthe-
less, it is not suitable for pyrrolidine dithiocarbamate to be
developed into a new drug for the treatment of CAC,

considering its poor membrane permeability, ineffective
oral administration, neurotoxicity, high-dose administra-
tion, lack of intellectual property, etc.?*"%° Based on the
skeleton of dithiocarbamates, we have designed and syn-
thesized a series of novel dithiocarbamate-like compounds.
Through drug screening, 2526 was selected for a follow-up
pharmacological study, owing to its favorable anti-CAC
activity.

To comprehensively evaluate the anti-CAC efficacy of
2526, we used a variety of in vitro and in vivo models. In
vitro, 2526 effectively alleviated C2C12 myotube atrophy
and 3T3-L1 adipocyte lipolysis induced by CMs of multiple
cachectic tumor cells or pro-cachectic inflammatory cyto-
kines. In vivo, 7526 treatment attenuated cachectic
symptoms of tumor-bearing mice by reducing muscle and
fat loss and improving grip force via intraperitoneal or oral
administration. Results of comparing the anti-CAC efficacy
between 7526 and anamorelin (the only anti-CAC specific
drug) showed that 7526 at 5 mg/kg displayed comparable
anti-CAC efficacy to anamorelin at 30 mg/kg, and 7526
could preserve the grip force of mice better than anamor-
elin. Of note, 2526 significantly prolonged the survival time
of LLC tumor-bearing mice. These studies fully demon-
strated the anti-CAC potency of 7526.

Consistent with results in other studies, we also
found activated NF-kB signaling and increased oxidative
stress in cachectic muscle and fat of the CAC models. Our
study supplied sufficient evidence that Z526 could inter-
vene in NF-kB signaling and oxidative stress in cachectic
muscle and fat. Since the pathogenic mechanisms of CAC
are complex and multifactorial, a multiple-intervention
therapeutic strategy may be more promising to achieve
desired outcomes. NF-«B signaling and oxidative stress are
extensively involved in metabolic signaling in muscle and
fat. As the major resource of ROS, NADPH oxidases play
roles in cancer-associated cachexia. Dasgupta et al found
that NADPH oxidase 4, which was mediated by NF-«B,
contributed to pancreatic cancer-induced cachexia.”® In
our study, 2526 was found to reduce both mRNA and protein
levels of NADPH oxidases in C26 CM-induced myotubes and
adipocytes. Blockade of protein synthesis and increase in
protein degradation, as shown by abnormal activation of
the ubiquitin-proteasome system, are the main causes of
muscle loss in CAC.? AKT regulates protein synthesis and
cell differentiation through the mTOR signaling pathway,
while the phosphorylation of AKT is inhibited in the process
of muscle atrophy, leading to down-regulation of MyoD and
MHC (two markers of myofiber formation and differentia-
tion) and arrested protein synthesis.?’ Our study showed

16,19,27

analysis of lipid content and ROS levels in 3T3-L1 adipocytes. (D) ROS levels in 3T3-L1 adipocytes treated with CMs in the presence
or absence of Z526. (E) Representative fluorescent images (scale bar, 50 um) of C2C12 myotubes treated with C26 CM in the
presence or absence of Z526, demonstrating ROS levels. (F—H) Quantitative analysis of ROS in C2C12 myotubes treated with C26
CM, TNF-a, or IL-6 in the presence or absence of Z526. (I) Representative fluorescent images (scale bar = 50 um) of 3T3-L1 ad-
ipocytes treated with C26 CM in the presence or absence of Z526, demonstrating ROS levels. (J—L) Quantitative analysis of ROS in
3T3-L1 adipocytes incubated with C26 CM, TNF-q, or IL-6 in the presence or absence of Z526. After oral treatment of Z526, GA, and
eWAT tissues were dissected from executed C26 tumor-bearing mice. (M, N) Western blotting analysis for nitrotyrosine levels in GA
and eWAT tissues of C26 tumor-bearing mice. (O, P) Relative mRNA and protein levels of NADPH oxidases (NOXs) in C2C12 myotubes
and 3T3-L1 adipocytes treated with C26 CM in the presence or absence of Z526. The data represent mean =+ standard error of the
mean; ***P < 0.001, **P < 0.01, *P < 0.05. CM, conditioned medium; eWAT, epididymal white fat; GA, gastrocnemius muscle; IL-6,
interleukin 6; ROS, reactive oxygen species; TNF-o, tumor necrosis factor o.
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Figure 7 7526 regulates metabolic signaling pathways in myotubes and adipocytes induced by cachectic injuries. (A—C) Western
blotting analysis for signal proteins of C2C12 myotubes incubated with (A) C26 CM, (B) recombinant TNF-a, and (C) recombinant IL-6, in
the presence or absence of Z526. (D—F) Western blotting analysis for signal proteins of 3T3-L1 adipocytes incubated with (D) C26 CM,
(E) recombinant TNF-q, and (F) recombinant IL-6, in the presence or absence of Z526. The data represent mean =+ standard error of the
mean; ***P < 0.001, **P < 0.01, *P < 0.05. CM, conditioned medium; IL-6, interleukin 6; TNF-a, tumor necrosis factor .
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2526 regulates metabolic signaling pathways in cachectic muscle and fat. After oral treatment of 2526, GA, and eWAT

tissues were dissected from executed C26 tumor-bearing mice. (A, B) Western blotting analysis for signal proteins of GA tissues (A)
and eWAT tissues (B). The data represent mean + standard error of the mean; ***P < 0.001, **P < 0.01, *P < 0.05. eWAT, epididymal

white fat; GA, gastrocnemius muscle.

that Z526 could activate the AKT signaling pathway to in-
crease the expression of MyoD and MHC in C2C12 myotubes
and GA tissues. Since ROS is found to be able to suppress
AKT via AMPK signaling,*® we speculated that Z526 could
activate AKT signaling to promote protein synthesis by
reducing excessive ROS. Moreover, activation of the ubig-
uitin-proteasome system is the main way of skeletal protein
degradation. The activity of STAT3 and MAPK, which could
be activated by ROS,"*? were up-regulated in cachectic
myotubes, triggering activation of the ubiquitin-protea-
some system and resulting in protein degradation.®* This
up-regulation of the ubiquitin-proteasome system could be
decreased by 72526, characterized by a reduction of MAFbx,
an E3 ubiquitin ligase involved in protein degradation.
Similar results were also observed in muscle tissues of C26
tumor-bearing mice. Z526 might likely achieve this by
reducing ROS-triggered activation. Mulder et al found that
JNK signaling contributed to muscle wasting in pancreatic
cancer cachexia and many studies also demonstrated that
ROS could activate the JNK signaling pathway.>*>> During
the progression of CAC, fat loss occurs earlier and faster

than muscle. Our study found that Z526 also alleviated
lipolysis of 3T3-L1 adipocytes, increased accumulative tri-
glycerides in adipocytes, and decreased decomposed free
glycerol. mRNA levels of zinc a2-glycoprotein, as a fat-
wasting marker, were reversed in Z526-treated cachectic
adipocytes. During adipocyte lipolysis, elevated cAMP in
cells resulted in activation of AMP-dependent AMPKa, a
mediator in energy metabolism.>*® Activated AMPK signaling
pathway elevated the phosphorylation of HSL, promoting
lipolysis.>” Also, AMPK could up-regulate uncoupling protein
1 expression, facilitating the browning of white adipose and
energy expenditure.*® AMPK was reported to be activated
by ROS,*® which provided the possibility for Z526’s regula-
tion of lipolysis. In consistence with the results observed in
myotubes, NF-kB and p38 MAPK in adipocytes were also
excessively activated, leading to activation of HSL to
facilitate lipolysis.'>>° Z526 was found to inhibit the acti-
vation of p38 MAPK to decrease the activity of HSL in 3T3-L1
induced by C26 CM or TNF-a, likely via reducing ROS
signaling. Taken together, 7526 might regulate metabolic
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Evaluation of Z526’s preclinical safety. ICR mice were orally administered with Z526 once daily, and their body weight

and change rate of body weight were monitored. Paraffin sections of organs (heart, liver, spleen, lung, and kidney) dissected from
executed mice after 14-day treatment were subjected to hematoxylin-eosin staining. (A) Z526’s inhibitory effects on hERG po-
tassium channels. (B) Body weight. (C) Change rate of body weight. (D) Representative images of mouse organs. (E) Representative
images of tissue sections. Scale bar, 50 or 200 um. The data represent mean + standard error of the mean; n = 6.

signaling pathways in muscle and fat to combat CAC via
suppressing NF-kB and reducing ROS.

Evaluation of preclinical safety is essential for the
development of drugs to treat CAC. In our findings, the
hERG potassium channel blockade assay suggested that

2526 did not exhibit cardiotoxicity. Additionally, high doses
of 7526 were well tolerated in mice. Further histopatho-
logical examination of harvested mouse major organ tissues
also indicated that Z526 did not show tissue toxicity.
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Figure 10

Schematic illustration of Z526’s effects on cancer-associated cachexia. In cancer-associated cachexia, elevated TNF-a

and IL-6 exacerbate muscle and fat loss by regulating multiple metabolic signaling pathways, which could be ameliorated by 7526’s
suppression of NF-kB signaling and oxidative stress. In cachectic muscle, Z526 alleviates muscle atrophy by promoting protein
synthesis via AKT/mTOR signaling and reducing protein degradation via STAT-3/MAFbx, NF-kB/MAFbx, and MAPK/MAFbx; in
cachectic fat, 2526 mitigates fat loss by suppressing MAPK/HSL and NF-kB/HSL to reduce adipose degradation and inhibiting
AMPKa./UCP1 to decrease adipose browning. AKT, protein kinase B; AMPKa., catalytic alpha (o) subunit of serine/threonine kinase
adenosine monophosphate-activated protein kinase; HSL, hormone-sensitive lipase; IL-6, interleukin 6; MAFbx, muscle atrophy F-
box; MAPK, mitogen-activated protein kinase; mTOR, mammalian target of rapamycin; NF-«kB, nuclear factor-kappa B; STAT-3,
signal transducer and activator of transcription 3; TNF-o, tumor necrosis factor «; UCP1, uncoupling protein 1.

Overall, Z526 has a favorable preclinical safety and is well
tolerated at high doses.

The systemic inflammatory response, mediated by a
signal network of cytokines, plays a dominant role in CAC, in
which TNF-« and IL-6 are of particular concern.** We found
that 72526 treatment significantly reduced TNF-o and IL-6,
suggesting that Z526 might be involved in the regulation of
cachectic inflammation. Our further studies would focus on
the effects of 2526 on the cachectic inflammatory response
triggered by tumor cells and immune cells.

In this study, we identified Z526’s potent anti-CAC effects
in multiple experimental models of CAC in vitro and in vivo
and its favorable preclinical safety profile. We also demon-
strated that 7526 might regulate metabolic signaling in
muscle and fat to combat CAC by intervening in multiple
pathogenic mechanisms (NF-kB signaling and oxidative
stress), as illustrated in Figure 10. Our study offers a prom-
ising candidate drug for CAC treatment and might also pro-
vide new insight into therapeutic strategies of multiple
interventions.
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