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Establishment of a mouse model of cancer cachexia with spleen
deficiency syndrome and the effects of atractylenolide I

Wan-li Zhang1’2, Na Li3, Qiang Shen', Men Fan?, Xiao-dong Guo®, Xiong-wen Zhangz, Zhou Zhang3 and Xuan Liu’

Cancer cachexia is a multifactorial metabolic syndrome that affects ~50%-80% of cancer patients, and no effective therapy for
cancer cachexia is presently available. In traditional Chinese medicine, a large portion of patients with cancer cachexia was
diagnosed as spleen deficiency syndrome and treated with tonifying TCMs that produce clinic benefits. In this study we established
a new animal model of spleen deficiency and cancer cachexia in mice and evaluated the therapeutic effects of atractylenolide I, an
active component of tonifying TCM BaiZhu, in the mouse model. Cancer cachexia was induced in male BALB/c mice by inoculation
of mouse C26 colon adenocarcinoma cells, whereas spleen deficiency syndrome was induced by treating the mice with spleen
deficiency-inducing factors, including limited feeding, fatigue, and purging. The mouse model was characterized by both cachexia
and spleen deficiency characteristics, including significant body weight loss, cancer growth, muscle atrophy, fat lipolysis, spleen,
and thymus atrophy as compared with healthy control mice, cancer cachexia mice, and spleen deficiency mice. Oral administration
of atractylenolide | (20 mg- kg™~ 'per day, for 30 days) significantly ameliorated the reduction in body weight and atrophy of muscle,
fat, spleen, and thymus in mice with spleen deficiency and cachexia. The established model of spleen deficiency and cancer
cachexia might be useful in the future for screening possible anticachexia TCMs and clarifying their mechanisms.
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INTRODUCTION

Cancer cachexia is a multifactorial metabolic syndrome that
affects ~50%-80% of cancer patients, depending on the tumor
type [1]. In 2011, an international consensus statement defined
cancer cachexia as “a multifactorial syndrome characterized by
ongoing loss of skeletal muscle mass (with or without loss of fat
mass) that cannot be fully reversed by conventional nutritional
support and leads to progressive functional impairment” [2]. The
primary clinical presentation of cancer cachexia is >5%
unintentional weight loss over 6 months, body mass index
<20kg/m? and >2% weight loss or an appendicular skeletal
muscle index consistent with sarcopenia and >2% weight loss
[2]. Cancer cachexia negatively affects the quality of life,
responsiveness to chemotherapy, and survival in advanced
cancer patients [3]. Unfortunately, the etiopathogenesis of
cancer cachexia is still not fully understood, although several
factors and biological pathways, such as the production of
cytokines and catabolic factors, abnormal metabolism, inflam-
mation, insulin resistance, and negative protein/energy balance,
have been reported to be involved [1, 4]. To date, no effective
medical intervention has completely reversed cachexia, and
there are no approved drug therapies for cancer cachexia [5].

Commonly used nutritional and anti-inflammatory strategies
alone have proven ineffective for the management of symptoms
of cancer cachexia [6]. Therefore, it is necessary and important
to further clarify the etiopathogenesis of cancer cachexia and
search for more options and candidates for cancer cachexia
therapy.

The study of cancer cachexia is highly dependent on the use of
suitable cancer cachexia animal models. A number of animal
models of cancer cachexia have been developed [7]. Generally, in
most animal models, tumor cells are implanted subcutaneously
into experimental animals (mice or rats) and allowed to grow until
the tumor burden induces cachexia symptoms [8]. The tumor cells
used to inoculate animals include mouse colon adenocarcinoma
C26 cells [9], mouse Lewis lung carcinoma (LLC) cells [10], human
MCF-7 breast adenocarcinoma cells [11], human ES-2 OC cells [12],
human gastric cancer-derived 85As2 cells [13], and Yoshida AH-
130 hepatoma cells [14]. Genetically engineered mouse models
such as adenomatous polyposis coli (Apc) Min/ + mice, inhibin a-
subunit knockout mice, and Pdx1-cre;LSL-KrasG12D;INK4a/arffl/fl
mice have also been used [15]. These animal models have
contributed greatly to the study of cancer cachexia. However, no
one model is ideal for mimicking the biological nuances of
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patients and all their complexities, including tumor characteristics,
host-tumor interactions, therapies, psychological stress, and
comorbidities.

The TCM (traditional Chinese medicine) therapy system,
including “Bian Zheng Lun Zhi", a treatment based on syndrome
differentiation, is an essential part of the healthcare system in
China. A TCM syndrome, in essence, is a characteristic profile of all
clinical manifestations in one patient, and it helps to guide the
design of individualized treatments [16]. Interestingly, most of the
patients with cancer cachexia in China have been diagnosed with
spleen deficiency syndrome [17-19]. In China, gastrointestinal
cancers, including gastric cancer, liver cancer, esophageal cancer,
and colorectal cancer, are major components of the national
cancer burden [20]. Notably, in the development of gastrointest-
inal cancers, which exhibit a high cachexia incidence [21, 22],
spleen deficiency syndrome is closely involved. In a clinical survey
of 767 patients with gastric cancer, 32.86% of patients exhibited a
syndrome of deficiency and cold in the spleen and stomach [23].
Spleen deficiency syndrome was also suggested to be pivotal to
the pathogenesis of colorectal cancer development [24]. It is
possible that cancer patients with spleen deficiency syndrome
might be prone to developing cachexia, and the tumor burden
might further exacerbate spleen deficiency syndrome. Therefore,
an animal model combining cancer cachexia and spleen
deficiency syndrome might be useful to mimic the clinical
characteristics of cancer cachexia patients with spleen deficiency
syndrome.

Among the presently available animal models of cancer
cachexia, a model of mice bearing C26 mouse colon adenocarci-
noma cells has been well accepted and widely used in both
studies of the etiopathogenesis of cancer cachexia [25-28] and
drug screening [29-32]. Additionally, mice with spleen deficiency
induced by a combination of three kinds of inducing factors, i.e.,
limited feeding, fatigue, and purging, is also well accepted [33-
35]. Therefore, in the present study, we tried to establish a mouse
model of spleen deficiency and cachexia by treating mice with
both spleen deficiency-inducing factors (limited feeding, fatigue,
and purging) to induce spleen deficiency syndrome and mouse
C26 colon adenocarcinoma cells to induce cancer cachexia. At the
same time, the spleen deficiency mouse model (mice treated with
only spleen deficiency-inducing factors) and the cancer cachexia
mouse model (mice subjected only to the inoculation of C26 cells)
were also induced and compared with the spleen deficiency and
cachexia mouse model. Furthermore, the potential benefits of
traditional medicines and natural compounds in the treatment of
cancer cachexia have attracted the interest of researchers [36-40].
Tonifying TCMs with the potency of “invigorating spleen and
replenishing qi” have exhibited clinical efficacy in cancer cachexia
therapy [41-43]. In the present study, the effects of atractylenolide
I, a bioactive component of the tonifying TCM BaiZhu, on
combined spleen deficiency and cachexia were observed to
investigate the possible use of the mouse model of spleen
deficiency and cachexia in drug screening of traditional medicines
and natural herbs for cancer cachexia therapy.

MATERIALS AND METHODS

Chemicals and materials

Atractylenolide | (CAS No. 73069-13-3) with purity >98% was
purchased from Nature-Standard Co. Ltd. (Shanghai, China).
Folium Sennae was purchased from Shanghai YuanYe Biotechnol-
ogy Co. Ltd (Shanghai, China). To prepare the water extract of
Folium Sennae, dried plant material was cut using an electric
shredder, and 100 g of powder was extracted twice with 1L of
distilled water for 30 min each time. The combined aqueous
extract solution was filtered and concentrated in a rotary
evaporator to 100 mL (equal to 1g of Folium Sennae in 1 mL
of extraction) and stored at —20°C before use. Other chemicals,

SPRINGERNATURE

except where specially noted, were purchased from Sigma-Aldrich
Chemical Co. (St. Louis, MO, USA).

Cell culture

The C26 mouse colon adenocarcinoma cell line was obtained from
the Shanghai Institute of Materia Medica, Chinese Academy of
Sciences. Cells were cultured in RPMI-1640 medium (HyClone, Los
Angeles, CA, USA) containing 10% FBS at 37 °C with 5% CO,.

Animals and grouping

A total of 40 male BALB/c mice (6-8 weeks old) were purchased
from Shanghai SLAC Laboratory Animal Co. Ltd. (Shanghai, China),
and the animal care and experimental protocols were approved
by the Institutional Animal Care and Use Committee of East China
Normal University. The mice were maintained on a 12:12h
light-dark cycle in a temperature-controlled (21-23°C) and
specific pathogen-free room. All animals were acclimatized for
1 week before beginning the study. The animals were randomly
grouped into five groups (eight mice in each group), ie. the
healthy control group (mice treated with natural saline for 30 days,
i.9.), cachexia group (mice treated with natural saline for 30 days
and at day 4 inoculated with C26 cells to induce cancer cachexia),
spleen deficiency group (mice treated with spleen deficiency-
inducing factors for 30 days), spleen deficiency and cachexia
group (mice treated with spleen deficiency-inducing factors for
30 days and at day 4 inoculated with C26 cells to induce cancer
cachexia), and spleen deficiency and cachexia + atractylenolide |
group (spleen deficiency and cachexia mice treated with
atractylenolide I, 20mg-kg™" per day for 30 days, i.p.). During
the course of the experiment, one animal in the spleen deficiency
group was found dead at day 27, and one animal in the spleen
deficiency and cachexia group was found dead at day 29. The
results for these two animals were not included in the analysis.

Induction of cancer cachexia in mice

Cancer cachexia was induced in mice as reported in our previous
study [44]. Briefly, 100 uL of C26 colon adenocarcinoma cells
(1.0 x 10° cells) were implanted subcutaneously in the right flanks
of the mice. Body weight, tumor volume, and food intake were
measured every other day. The shortest diameter (x) and longest
diameter (y) of the tumor were measured using calipers. Tumor
volume was calculated following the formula: V= xXx x Xy x 0.5.

Induction of spleen deficiency in mice

Spleen deficiency was induced in mice using three inducing
factors, limited feeding, fatigue, and purging, similar to previous
reports [33-35]. First, for limited feeding, food (standard rodent
chow) was provided to the mice only from 8 a.m. to 8 p.m. each
day, while water was available ad libitum. Second, to induce
fatigue, the mice were forced to swim until they reached
exhaustion once every day. Exhaustion of the mice was classified
as the loss of coordinated movements and the inability to rise to
the water surface within 10s. Third, to induce purging, the mice
were treated with the water extract of Folium Sennae (20 uL/mg
body weight every day from days 1 to 16 and 28 uL/mg body
weight every day from days 17 to 30).

Induction of spleen deficiency and cachexia and treatment with

atractylenolide |

Spleen deficiency and cachexia were induced by first treating the
mice with three spleen deficiency-inducing factors for 4 days and
then inoculating 1.0 x 10° C26 cells and letting the tumor grow for
26 days (treatment with spleen deficiency-inducing factors was
continued during these 26 days). In the spleen deficiency and
cachexia + atractylenolide | group, the mice were treated with
atractylenolide | (20mg-kg~' day, ip.) for 30 days (from the
beginning of the experiment to the end of the experiment) in
addition to the induction of spleen deficiency and cachexia.
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Monitoring the physiological parameters of the mice

During the course of the experiment, the body weight, food
intake, and tumor volume of each mouse were measured every
other day. At the end of the experiment, the mice were
euthanized by CO, inhalation. Tissues including tumor, gastro-
cnemius muscle, soleus muscle, epididymal white adipose tissue
(eWAT), thymus, and spleen tissue were isolated and weighed.
Furthermore, samples of the gastrocnemius muscle, eWAT, spleen,
and thymus tissues were fixed in 4% paraformaldehyde for 24 h.
Paraffin-embedded tissues were then cut into 10 um sections and
subjected to H&E staining by standard procedures. The samples
were observed under an Olympus IX70 fluorescence microscope.
Ten fields from each image were selected randomly for calculation
of myofiber cross-sectional area or cell diameter of adipocytes
using ImageJ software.

Western blotting assay

Western blotting assay was performed as described previously
[44]. Briefly, the tissues (gastrocnemius muscle or eWAT) were
homogenized in RIPA buffer plus a phosphatase protease inhibitor
by a tissue lyser (50 HZ, 15min) purchased from Qiagen. The
lysates were centrifuged at 13000 r/min for 30 min at 4°C.
The supernatant was quantified for protein concentration using
the BCA Protein Assay Kit (Beyotime, Shanghai, China). Equal
amounts of protein samples were separated by 10% SDS-PAGE gel
electrophoresis and transferred to a polyvinylidene fluoride
membrane. The polyvinylidene fluoride membranes were blocked
in 5% nonfat milk in phosphate-buffered saline containing 0.1%
Tween 20 (TPBS) for 1 h at room temperature and then incubated
with primary antibodies diluted in 5% BSA-TPBS at 4 °C overnight.
The primary antibodies used were as follows: mouse anti-MHC
monoclonal antibody (1:1000, DSHB, lowa City, IA, USA), rabbit
anti-MyoD polyclonal antibody (1:1000, Santa Cruz Biotechnology,
Dallas, TX, USA), rabbit anti-Myogenin polyclonal antibody (1:1000,
Cell Signaling Technology, Danvers, MA, USA), rabbit anti-MuRF-1
monoclonal antibody (1:1000, Abcam, Cambridge, MA, USA),
rabbit anti-HSL polyclonal antibody (1:1000, Cell Signaling
Technology), rabbit anti-p-HSL polyclonal antibody (1:1000, Cell
Signaling Technology), rabbit anti-Perilipin-1 polyclonal antibody
(1:1000, Cell Signaling Technology), rabbit anti-UCP1 monoclonal
antibody (1:1000, Cell Signaling Technology), and HRP-conjugated
anti-actin antibody (1:1000, Santa Cruz Biotechnology). An HRP-
conjugated goat anti-mouse secondary antibody (1:5000, Multi
Sciences, Hangzhou, China) and goat anti-rabbit secondary
antibody (1:5000, Multi Sciences) were incubated with the
membranes for 1h in 5% nonfat milk in TPBS. An ECL
Chemiluminescent Kit (Thermo Fisher, Waltham, MA, USA) was
used to visualize the antibody-antigen interaction, and chemical
luminescence of membranes was detected by Amersham Imager
600 (GE).

Immunohistochemical assay

Immunohistochemical assay was performed as described pre-
viously [45]. Briefly, spleen or thymus tissues from mice were
embedded in a paraffin block and subjected to immunohisto-
chemistry. After being deparaffinized and hydrated, the tissues
were permeabilized with 0.5% Triton X-100 in PBS for 10 min
and then hybridized with the rabbit anti-CD4 polyclonal
antibody (1:200; GB13064-2; Servicebio, Wuhan, China) or the
rabbit anti-CD8 polyclonal antibody (1:1000; GB11068; Service-
bio). An HRP-conjugated goat anti-rabbit antibody (1:200;
GB23303; Servicebio) was used as the secondary antibody.
Images were captured with a microscope (Olympus IX73, Tokyo,
Japan). Three images with the same background light were
taken randomly in each group, and the view was filled with
tissue when photographing. Image-Pro Plus software was used
to analyze the integrated optical density of the positive signal
and the area of the tissue. The average optical density was
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calculated with the formula (integrated optical density)/(area). A
high average optical density represented a high level of positive
signal.

Statistical analysis

Values were expressed as the mean + standard error of the mean
(SEM). All statistical analyses were performed using GraphPad
Prism 5.0 software, and comparisons between two groups were
analyzed using two-tailed Student’s t-test. A P value < 0.05 was
considered statistically significant.

RESULTS

Body weight loss in different groups of mice

The profiles of time-related change in body weight and tumor-free
body weight in different groups of mice are shown in Fig. 1a, b,
respectively. First, as shown in Fig. 1a, b, the body weight and the
tumor-free body weight of the cachexia group decreased
gradually after inoculation of C26 tumor cells at day 4. The results
were in accordance with previous reports of C26 cancer cachexia
model [27, 44] and confirmed the successful induction of cancer-
related cachexia in the mice. Second, the three groups with spleen
deficiency syndrome (spleen deficiency group, spleen deficiency
with cachexia group, and spleen deficiency with cachexia + Al
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group) exhibited relatively low body weight. The low body weight
in mice with spleen deficiency might result from treatment with
spleen deficiency-inducing factors (limited feeding, fatigue, and
purging). Inoculation of C26 tumor cells exacerbated the decrease
in body weight of mice with spleen deficiency syndrome. At day
20, the tumor-free body weight of mice with spleen deficiency and
cachexia became lower than that of the spleen deficiency mice. At
the end of the experiment (day 30), the difference between the
tumor-free body weight of the spleen deficiency with cachexia
group and that of spleen deficiency group was significant.
Notably, treatment with atractylenolide | (Al) ameliorated the
decrease in body weight of mice with spleen deficiency and
cachexia; thus, the tumor-free body weight of the spleen defi-
ciency with cachexia + Al group was significantly higher than that
of the spleen deficiency with cachexia group at day 30. As shown
in Fig. 1¢, calculations of the percentage of change in tumor-free
body weight from day 4 to day 30 also showed similar results. The
significant difference between the spleen deficiency with
cachexia + Al group and the spleen deficiency with cachexia
group suggested the efficacy of atractylenolide | treatment in
protecting mice with spleen deficiency and cachexia from an
extreme loss of body weight. The cumulative food intake of the
mice is shown in Fig. 1d. The inoculation of C26 tumors caused a
decrease in the food intake of mice in the cachexia group
compared with that of mice in the healthy control group. Because
food limitation is involved in the induction of spleen deficiency,
the food intake of mice in the spleen deficiency group and the
spleen deficiency with cachexia group was much lower than that
in the cachexia group. There was no difference in food intake
between the spleen deficiency group and the spleen deficiency
with cachexia group. Treatment with atractylenolide | did not
change the food intake of the mice.

Tumor growth in different groups of mice

The profiles of the time-related change in tumor volume for
different groups are shown in Fig. 2a. The photographs and
weights of the tumor tissues isolated at the end of the experiment
are shown in Fig. 2b, ¢, respectively. As shown in Fig. 2a-c, tumor
growth was slightly decreased in the spleen deficiency with
cachexia group compared with that in the cachexia group.
However, the difference in tumor volume and tumor weight
between the two groups was not significant. Atractylenolide |
treatment could not inhibit the growth of tumors in mice with
spleen deficiency and cachexia. These results indicated that the
ameliorating effects of atractylenolide | on body weight loss in
mice with spleen deficiency and cachexia might not result from
inhibition of tumor growth.

Muscle atrophy in different groups of mice

The results of weight and histological analysis of muscle tissues in
different groups are shown in Fig. 3. As shown in Fig. 3a—d, both
inoculation of C26 tumors and induction of spleen deficiency
could cause a decrease in muscle weight. The weights of muscle
tissues, including the gastrocnemius muscle (Fig. 3a, b) and soleus
muscle (Fig. 3¢, d), in both the cachexia group and spleen
deficiency group were significantly lower than those of the
healthy control group. Notably, the weights of muscles in the
spleen deficiency with cachexia group were even lower than
those in the cachexia or spleen deficiency group. The difference
in the weight of the gastrocnemius muscle between the spleen
deficiency with cachexia group and the cachexia group was
significant. These results suggested that muscle atrophy in the
spleen deficiency with cachexia group was evident and even
stronger than that in the cachexia group. Muscle atrophy caused a
decrease in the myofiber area of muscle tissues. As shown in
Fig. 3e (representative results) and Fig. 3f (quantitative results),
analysis of H&E-stained muscle sections also showed that the
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myofiber area in the spleen deficiency with cachexia group was
smaller than that of the cachexia group or spleen deficiency
group. Atractylenolide | treatment could significantly ameliorate
the decrease in muscle weight in mice with spleen deficiency and
cachexia. The weight values of both gastrocnemius muscle
(Fig. 3b) and soleus muscle (Fig. 3d) in the spleen deficiency with
cachexia + Al group were significantly higher than those in the
spleen deficiency with cachexia group. The decrease in the
myofiber area of mice with spleen deficiency and cachexia was
also ameliorated by treatment with atractylenolide | (Fig. 3e, f).

Fat lipolysis in different groups of mice

The results of weight and histological analysis of eWAT fat tissue in
different groups are shown in Fig. 4. As shown in Fig. 4, the
weights of eWAT in the cachexia group, spleen deficiency group,
and spleen deficiency with cachexia group were all significantly
lower than those of the healthy control group (Fig. 4a, b). The
weight values of eWAT in the spleen deficiency with cachexia
group were even significantly lower than those in the cachexia or
spleen deficiency group. Histological analysis of H&E-stained
eWAT sections (representative results in Fig. 4c and quantitative
results in Fig. 4d) also showed that the diameter of adipocytes in
the spleen deficiency with cachexia group was smaller than that in
the cachexia group or spleen deficiency group. These results
suggested that fat lipolysis in spleen deficiency with cachexia was
evident and even stronger than that in the cachexia group or
spleen deficiency group. Notably, atractylenolide | treatment
could significantly ameliorate the decrease in fat weight in mice
with spleen deficiency and cachexia. The weight values of eWAT in
the spleen deficiency with cachexia + Al group were significantly
higher than those in the spleen deficiency with cachexia group.
The decrease in the diameter of adipocytes in mice with spleen
deficiency and cachexia was also ameliorated by treatment with
atractylenolide | (Fig. 4c, d).
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Fig. 5 Amelioration of muscle atrophy and fat lipolysis under atractylenolide | treatment. a Results of a Western blot assay for MHC, Myogenin,
MyoD, and MuRF-1 in gastrocnemius muscle tissues. b Quantitative analysis of the results from a. ¢ Results of a Western blot assay for Perilipin,
p-HSL, HSL, and UCP1 in eWAT. d Quantitative analysis of the results from c. Data presented are the mean + SEM. *P < 0.05 versus healthy

control group; *P < 0.05 versus spleen deficiency with cachexia group

Amelioration of muscle atrophy and fat lipolysis under
atractylenolide | treatment

The results of Western blot assays for proteins related to muscle
atrophy or fat lipolysis in gastrocnemius muscle tissues and eWAT
are shown in Fig. 5. As shown in Fig. 5a, b, treatment with
atractylenolide | significantly ameliorated the decrease in the level
of the myosin heavy chain (MHC) and inhibited the decrease in the
myogenic regulatory factors Myogenin and MyoD in gastrocnemius
muscle tissues from mice with spleen deficiency and cachexia.
Atractylenolide | treatment also partly inhibited the increase in the
protein degradation factor MuRF-1 in gastrocnemius muscle tissues.
As shown in Fig. 5¢, d, treatment with atractylenolide | significantly
ameliorated the decrease in the level of the lipid droplet protein
perilipin-1 in eWAT from mice with spleen deficiency and cachexia.
Both the levels of HSL (hormone sensitive lipase) and p-HSL
increased in mice with spleen deficiency and cachexia compared
with those in the healthy control group. Atractylenolide | treatment
significantly inhibited the increase in HSL and partly decreased the
level of activated HSL (p-HSL) in eWAT. In eWAT from mice with
spleen deficiency and cachexia, a significant increase in the level of
uncoupling protein 1 (UCP1) was observed, and atractylenolide |
treatment could partly inhibit this increase in UCP1.
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Thymus and spleen weight in different groups of mice

The weights of the thymus and spleen tissues in the different
groups are shown in Fig. 6. As shown in Fig. 6a (thymus weight)
and Fig. 6b (thymus index, the ratio of thymus weight to body
weight), the weight of the thymus decreased in the cachexia
group, spleen deficiency group, and spleen deficiency with
cachexia group compared with that in the healthy control group.
The thymus index in the spleen-deficiency with cachexia group
was even lower than that in the cachexia group or spleen
deficiency group. Atractylenolide | treatment could significantly
ameliorate the decrease in thymus weight in mice with spleen
deficiency and cachexia. As to the change in spleen tissue (spleen
weight in Fig. 6¢c and spleen index in Fig. 6d), the weight of the
spleen decreased in the spleen deficiency group but increased in
the cachexia group. In the spleen deficiency with cachexia group,
the spleen weight was significantly lower than that in the healthy
control group, while the spleen index was similar to that in the
healthy control group. Atractylenolide | treatment could increase
the weight of the spleen; thus, both the spleen weight and the
spleen index in the spleen deficiency with cachexia + Al group
were significantly higher than those in the spleen deficiency with
cachexia group.
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Amelioration of thymus and spleen atrophy under atractylenolide
| treatment

The results of histological analysis of the spleen and thymus
tissues with or without atractylenolide | treatment are shown in
Fig. 7a. As shown in Fig. 7a, in healthy control mice, the spleen
tissue exhibited clearly identifiable regions of red and white pulp,
while the thymus tissue exhibited distinct areas of cortex and
medulla. In contrast, the typical textures of the spleen and thymus
were largely destroyed in mice with spleen deficiency and
cachexia. Atractylenolide | treatment attenuated the progression
of atrophy and partly inhibited the destruction of the architecture
of the spleen and thymus tissues in mice with spleen deficiency
and cachexia. Furthermore, as shown in Fig. 7b, ¢, in the spleens of
mice with spleen deficiency and cachexia, the number of CD4"
cells significantly decreased, while the number of CD8" cells
increased. Atractylenolide | treatment significantly inhibited both
the decrease in the number of CD4" cells and the increase in the
number of CD8™ cells. Similar results were observed in the analysis
of the thymus tissues. As shown in Fig. 7d, e, atractylenolide |
treatment also significantly inhibited the decrease in the number
of CD4%cells and the increase in the number of CD8" cells in
thymus tissues.

DISCUSSION

In the present study, an animal model of cancer cachexia with
spleen deficiency syndrome was established by combining
induction of spleen deficiency and induction of cancer cachexia
in mice. Previous reports correlated the molecular profile of spleen
deficiency syndrome with immunological dysfunction as well as
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abnormal energy metabolism [46]. Therefore, spleen deficiency
syndrome is frequently observed in cancer patients, especially
those suffering from cancer cachexia [17-19]. The mice with
spleen deficiency and cachexia established in the present study
exhibited both characteristics of cancer cachexia and character-
istics of spleen deficiency.

The mice with spleen deficiency and cachexia exhibited the
characteristics of cancer cachexia, i.e., weight loss, muscle atrophy,
and lipid lipolysis. Although the induction of spleen deficiency in
mice did not significantly affect the growth of tumors, it
exacerbated weight loss, muscle atrophy, and lipid lipolysis
caused by cancer cachexia. The mice with spleen deficiency and
cachexia decreased their initial body weight by ~20% after
30 days. Spleen deficiency alone or cancer cachexia alone also
caused a decrease in the body weight of mice. Notably, the tumor-
free body weight of mice with spleen deficiency and cachexia was
significantly lower than that of cancer cachexia mice or spleen
deficiency mice. As shown by the results of measuring the muscle
weight and fat weight of the mice, both a decrease in muscle
weight and a decrease in fat weight contribute to the loss of body
weight in mice with spleen deficiency and cachexia. The myofiber
area of mice with spleen deficiency and cachexia was smaller than
that of cancer cachexia mice or spleen deficiency mice. Similarly,
the diameter of adipocytes in mice with spleen deficiency and
cachexia was also smaller than that of cancer cachexia mice or
spleen deficiency mice. Overall, mice with spleen deficiency and
cachexia exhibited strong muscle atrophy and lipid lipolysis, which
are typical cachexia characteristics.

The mice with spleen deficiency and cachexia in the present
study also exhibited the characteristics of spleen deficiency, i.e.,
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atrophy in the spleen and thymus [47]. As shown in the present
study, spleen deficiency alone caused a significant decrease in
both spleen weight and thymus weight. In contrast, in cancer
cachexia mice inoculated with C26 cells, the weight of the thymus
decreased, but the weight of the spleen increased. A decrease in
thymus weight, called thymus atrophy, and an increase in spleen
weight, known as splenomegaly, are frequently observed in
tumor-bearing mice [48-50]. The thymus is the site of differentia-
tion of bone marrow-derived cells committed to the T lymphocyte
lineage. Cancer-related thymus atrophy might result from changes
in the levels of cytokines and growth factors, and arrest of thymic
differentiation in tumor-bearing mice [51]. The unique architecture
of the spleen allows for interactions among the circulatory,
reticuloendothelial, and immune systems [48, 52]. Therefore,
splenomegaly is considered a manifestation of hyperfunction,
including immune hyperplasia, extramedullary hematopoiesis, and
removal of defective red blood cells, and might also reflect portal
hypertension secondary to liver failure or venous obstruction and
benign or malignant infiltration in diseases such as metastatic
cancer [53]. The splenomegaly found in cancer cachexia mice in
the present study was also observed in previous reports using
mice inoculated with C26 tumor cells [9, 27]. In patients bearing
tumors, the increase in the weight of the spleen was not as
significant as that in animals with xenograft tumors [54]. In
particular, it has been reported that the immune function of
cancer patients with spleen deficiency syndrome is markedly
lower than that of normal persons [55]. Therefore, the atrophy of
both the thymus and spleen in the spleen deficiency with
cachexia mouse model might well mimic the characteristics of
cancer patients with spleen deficiency syndrome.

Furthermore, our results suggested that the spleen deficiency
with cachexia model established in the present study might be
used to evaluate the anticachexia efficacy of TCMs, especially
tonifying herbs. BaiZhu, Atractylodes macrocephala Koidz, is a
popular TCM with “invigorating spleen” activity [56-58]. Atracty-
lenolide | is a naturally sesquiterpene lactone and one of the main
active components of BaiZhu [59]. As a tonifying TCM, Baizhu
exhibited low toxicity. No toxicity was observed following
intraperitoneal injection of BaiZhu extracts, even at a maximum
dose of 100g/kg, in rats [60]. The reported highest doses of
atractylenolide | used in the treatment of patients or mice were
20mg/kg [61] and 75 mg/kg [62], respectively. Atractylenolide |
can be absorbed well and metabolized quickly. The main
pharmacokinetic parameters, such as T, and T,,, (the biological
half-time), after oral administration of atractylenolide | in rats were
~1-2 h, respectively [63, 64]. In the present study, atractylenolide |
at 20 mg/kg exhibited considerable anticachexia effects against
spleen deficiency with cachexia in mice. Treatment with
atractylenolide | significantly ameliorated the decreases in
tumor-free body weight, muscle weight, and fat weight in mice
with spleen deficiency and cachexia. Mice treated with atractyle-
nolide | exhibited improvement in the myofiber area of muscle
tissue and adipocyte diameter of fat tissue. Our results also
showed that atractylenolide | treatment significantly ameliorated
the decrease in the levels of MHC, Myogenin, and MyoD and partly
inhibited the increase in MuRF-1 in the gastrocnemius muscle
tissues of mice with spleen deficiency and cachexia. MHC, myosin
heavy chain protein, is the major structural protein in myotubes,
and its decrease is directly related to muscle atrophy [65].
Myogenin and MyoD are both myogenic regulatory factors
regulating the proliferation and differentiation of muscle cells
[66] and have been identified as positive regulators of muscle size
[67]. The inhibitory effects of atractylenolide | treatment on the
decrease in Myogenin and MyoD might contribute to its
protective effects against muscle atrophy in spleen deficiency
with cachexia. Muscle-specific E3 ubiquitin ligases such as MuRF-1
are also involved in muscle atrophy in cancer cachexia [68].
Although atractylenolide | treatment could not significantly inhibit
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the increase in MuRF-1 in spleen deficiency with cachexia, the
amelioration of MuRF-1-related protein degradation might partly
contribute to its protective effects on muscle tissues.

The results of the analysis of eWAT showed that atractylenolide |
treatment significantly ameliorated the decrease in the level of
perilipin-1, inhibited the upregulation of HSL, and partially
decreased the levels of p-HSL in mice with spleen deficiency
and cachexia. Perilipin-1 belongs to the family of perilipins, whose
relative expression is related to the balance of lipid storage and
utilization in adipocytes [69]. HSL is an enzyme with strong
diacylglycerol and cholesterol ester hydrolase activity, and weaker
triacylglycerol, monoacylglycerol, and retinyl ester hydrolase
activity in vitro. It is a rate-limiting enzyme that regulates
adipocyte lipolysis, and its activation is dependent on phosphor-
ylation [70]. The inhibitory effects of atractylenolide | treatment on
the increase in HSL and p-HSL levels might contribute to its ability
to protect fat tissues from fat lipolysis in spleen deficiency with
cachexia. Furthermore, a significant increase in UCP1 was
observed in eWAT from mice with spleen deficiency and cachexia.
UCP1, a protein expressed exclusively in brown fat adipose tissue,
is responsible for dissipating energy as heat instead of generating
ATP from the oxidation of free fatty acids [71]. The upregulated
expression of UCP1 in eWAT found in the present study suggested
white-to-brown transdifferentiation of WAT in spleen deficiency
with cachexia. Our results were in accordance with previous
reports that showed a switch from white-to-brown fat and
upregulated expression of UCP1 in cancer-associated cachexia
[72, 73]. Both WAT lipolysis and white-to-brown transdifferentia-
tion of WAT could contribute to adipose tissue loss in cancer
cachexia [74]. Atractylenolide | treatment partly inhibited the
increase in UCP1 in eWAT from mice with spleen deficiency and
cachexia. The inhibitory effects of atractylenolide | treatment on
UCP1 expression might also be involved in the amelioration of
adipose tissue loss in the atractylenolide I-treated group.

Treatment with atractylenolide | also ameliorated spleen
atrophy and thymus atrophy in mice with spleen deficiency and
cachexia. Both the weight of the spleen and the weight of the
thymus were significantly higher in the spleen deficiency with
cachexia + Al group than in the spleen deficiency with cachexia
group. Treatment with atractylenolide | ameliorated the destruc-
tion of the architecture of the spleen and thymus tissues.
Furthermore, the atractylenolide I-treated group showed a
significant increase in the number of CD4™ cells and a decrease
in the number of CD8" cells in spleen and thymus tissues
compared with those in the spleen deficiency with cachexia
group. The combination of spleen deficiency and tumor inocula-
tion induced complicated immune dysfunction in the mice. The
influence of atractylenolide | on the number of CD4* and CD8"
cells in the spleen and thymus might be attributed to the
amelioration of immune dysfunction in mice with spleen
deficiency and cachexia, although the mechanisms require further
study. Previous reports showed the immunomodulatory effects of
BaiZhu, Atractylodes macrocephala Koidz [56-58]. Furthermore,
atractylenolide | has been reported to exhibit antitumor activities
[59, 75]. The decrease in the number of CD8™" cells might be partly
due to the inhibitory effects of atractylenolide | on reactions
related to tumor growth, although the difference between the
tumor weight of the spleen deficiency with cachexia + Al group
and that of the spleen deficiency with cachexia group was not
significant. In a randomized pilot clinical study of atractylenolide |
in gastric cancer cachexia patients, atractylenolide | treatment
(1.32 g/day per person for 7 weeks) ameliorated the symptoms of
gastric cancer cachexia compared with the control group, which
received only nutritional supplementation [76]. Notably, TCM
complex prescriptions containing BaiZhu, such as SiJunZi Tang,
ShenLing BaiZhu San, and ShiQuanDaBu Tang, are popularly used
in China as supplementary therapy for cancer [58, 77-82]. These
TCMs could improve the immune functions and nutritional status
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of cancer patients [79, 82]. The spleen deficiency with cachexia
model might be useful for screening more TCMs with anti-
cachexia effects and studying the mechanisms of tonifying TCMs
such as BaiZhu in ameliorating cancer cachexia.

Overall, we tried to establish a spleen deficiency with cancer
cachexia mouse model in the present study. The aims
of establishing this model are to mimic cancer cachexia patients
with spleen deficiency syndrome and to screen possible
anti-cachexia tonifying TCMs. The results of the present study
suggested that the established spleen deficiency with cancer
cachexia model exhibited both cachexia and spleen deficiency
characteristics and could be used to evaluate the anti-cachexia
efficacy of atractylenolide I, a TCM component. Further study is
necessary in the future to clarify the pathological development of
spleen deficiency with cancer cachexia and the mechanisms of
anti-cachexia TCMs.
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