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ARTICLE INFO ABSTRACT

Keywords: Background: Cancer cachexia—characterized by anorexia, body weight loss, skeletal muscle atrophy, and fat
Curcuma xanthorrhiza loss—affects nearly 80% of cancer patients and accounts for 20% of cancer deaths. Curcuma xanthorrhiza, known
Xanthorrhizol

as Java turmeric, and its active compound xanthorrhizol (XAN) exhibit anticancer, anti-inflammatory, and antiox-
idant properties. However, the ameliorative effects of C. xanthorrhiza extract (CXE) and XAN on cancer-associated
adipose atrophy remain unexplored. This study aimed to evaluate the therapeutic effects of CXE and XAN on can-
cer cachexia-induced adipose tissue wasting in CT26 tumor-bearing mice.

Methods: CT26 cells were injected subcutaneously into the right flank of BALB/c mice to establish a cancer
cachexia model. To evaluate the inhibitory effects of CXE and XAN on cancer cachexia, 50 and 100 mg/kg CXE
and 15 mg/kg XAN were administered orally every day for 1 week.

Results: CXE and XAN administration significantly attenuated the loss of body weight and epidydimal fat mass
by cancer cachexia. In epididymal adipose tissues, administration of CXE or XAN inhibited white adipose tis-
sue browning by repressing expression of the thermogenic genes. Simultaneously, CXE or XAN attenuated fat
catabolism through the downregulation of lipolytic genes. The administration of CXE or XAN induced the expres-
sion of genes associated with adipogenesis and lipogenesis-related genes. Moreover, CXE or XAN treatment was
associated with maintaining metabolic homeostasis; regulating the expression of adipokines and AMP-activated
protein kinase (AMPK).

Conclusions: CXE and XAN mitigate cancer-induced adipose tissue atrophy, primarily by modulating lipid
metabolism and WAT browning, indicating their therapeutic potential for cachectic cancer patients.

Cancer cachexia
Adipose wasting

1. Introduction dysregulated lipid metabolism and browning of white adipose tissue

(WAT) have been identified as key factors contributing to the progres-

Cancer cachexia, a multifactorial catabolic disease, is associated with
progressive weight loss, involving the depletion of adipose tissue and
skeletal muscle. Cancer cachexia is present in 50% to 80% of advanced
cancer patients and contributes to 20% of mortalities among cancer
patients.! While previous research has primarily focused on cancer-
induced skeletal muscle atrophy, recent studies are emphasizing the
significance of adipose tissue depletion in the progression of cancer
cachexia. Clinical studies have demonstrated a strong correlation be-
tween the loss of adipose tissue and increased mortality in cachectic
cancer patients.? Additionally, several studies have suggested that can-
cer patients with normal or low body mass index are at a greater risk of
mortality compared to obese patients.® The molecular mechanisms un-
derlying cancer-associated adipose atrophy have been elucidated, but

sion of cancer cachexia.*

Despite numerous studies and clinical trials, there are currently
no approved medications or established standard treatments for can-
cer cachexia. Recently, there has been significant interest in exploring
the potential of herbal medicines, natural products, and bioactive com-
pounds to act as treatments for cancer cachexia. As systemic inflamma-
tion and oxidative stress are considered crucial therapeutic targets for
cancer cachexia, natural products with anti-inflammation and antioxi-
dant properties could potentially alleviate cachectic symptoms.!

Curcuma xanthorrhiza Roxb., a member of the Zingiberaceae fam-
ily, is also known as Java turmeric or Temulawak and is mainly dis-
tributed in Indonesia, Malaysia, and Thailand.> Xanthorrhizol (XAN),
a natural sesquiterpenoid, is the major bioactive compound present in
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C. xanthorrhiza.® Both C. xanthorrhiza and xanthorrhizol have been re-
ported to exhibit anti-inflammatory and anti-oxidative effects in various
in vivo and in vitro models.®° Additionally, they have demonstrated an-
ticancer properties by inhibiting cancer cell proliferation and promoting
apoptosis in different cancer cell lines.'%: 1! Notably, xanthorrhizol has
shown a protective effect against cisplatin, a commonly used chemother-
apy agent, suggesting its potential to ameliorate both chemotherapy-
and cancer-induced cachexia.!? However, the effect of C. xanthorrhiza
extract (CXE) and XAN on cancer cachexia remains unexplored. This
study aimed to assess the therapeutic effect of CXE and XAN on cancer
cachexia-associated adipose atrophy and the underlying mechanisms in
CT26-bearing mice.

2. Methods
2.1. Chemical reagents and antibodies

Antibodies against HSL (# 4107S), phospho-HSL (# 4126S), ATGL
(# 2138S), AMPK (# 2532S), and phospho-AMPK (# 2531S) were pur-
chased from Cell Signaling Technology (Beverly, MA, USA). Anti-a-
tubulin (# D0921) primary antibodies were obtained from Santa Cruz
Biotechnology Inc. (Santa Cruz, CA, USA). Horseradish peroxidase-
linked secondary antibodies were obtained from Bethyl Laboratories,
Inc. (Montgomery, TX, USA). Enhanced chemiluminescence (ECL) so-
lution and NP-40 buffer were obtained from ELPIS Biotech (Daejeon,
Korea).

2.2. Preparation of CXE and XAN

Dried rhizomes of Curcuma xanthorrhiza weighing 200 g were ob-
tained from Phytomedi Inc. (Seoul, Korea) and subjected to extraction
using a supercritical carbon dioxide extraction process. The extraction
was carried out at a temperature of 50 °C and a pressure of 40 MPa for
a duration of 4 h. The resulting extract, referred to as CXE, had a yield
of 8.0% (w/w). The content of xanthorrhizol (XAN) in CXE was deter-
mined to be 30.0% (w/w). The isolation of XAN from the rhizomes of C.
xanthorrhiza followed a previously established method outlined in Kim
et al.®

2.3. Animal studies

Eight-week-old male BALB/c mice were obtained from Orient Bio
(Sungnam, Korea) and housed in the Yonsei Laboratory Animal Research
Center (YLARC; Seoul, Korea) under controlled conditions of tempera-
ture (23 + 2 °C) and humidity (55% + 5%) and a 12-h light-dark cycle.
The mice were acclimated for 1 week prior to the injection of CT26
cells. Following a week of acclimatization, mice were divided into five
distinct treatment groups. (i) CON: the healthy control and was treated
with saline; (ii) CC (cancer cachexia): injected with CT26 cells to induce
cancer cachexia and treated with saline; (iii) CXE50: injected with CT26
cells and received daily treatment of 50 mg/kg of CXE; (iv) CXE100: was
injected with CT26 cells and received daily treatment of 100 mg/kg of
CXE daily; (v) XAN15: injected with CT26 cells and received daily treat-
ment of 15 mg/kg/day of XAN. On day 0, 5 x 10° CT26 cells were
subcutaneously injected into the right flank of the mice. Tumor growth
became palpable 9 days after cell inoculation. Throughout the experi-
ment, the body weight of the mice was measured every other day. Treat-
ment with CXE and XAN began 14 days after tumor inoculation. CT26-
bearing mice were orally administered either 50 or 100 mg/kg of CXE
or 15 mg/kg of XAN for a period of 7 days. At the end of the experi-
ment, the mice were sacrificed under anesthesia by cardiac puncture.
The tumor and epididymal fat were collected and stored at —80 °C for
subsequent molecular and histological analysis. The experimental pro-
tocol was approved by the Institute of Animal Care and Use Committee
(IACUC) of Yonsei University (Seoul, Korea) (IACUC-202212-1592-02)
to ensure ethical treatment of the animals.
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Table 1
Sequences of forward and reverse primers for RT-PCR analysis.

Origin Gene Direction Sequence (5"-3")
Mouse UCP-1 Forward AAGAGCTGATGAAGTCCAGACAG
Reverse TTATTCGTGGTCTCCCAGCATAG
PGC-1a Forward GCTGAAGAGGCAAGAGACAGAA
Reverse TGGAAATGCTGCCATTTGAAGG
PPARy Forward CGAATTTTTCAAGGGTGCCAGT
Reverse CTTTTGAGGAACTCCCTGGTCA
C/EBPa Forward CTAGGAGATTCCGGTGTGGC
Reverse CCCGAGAGGAAGCAGGAATC
SREBP-1c Forward GCTGTTGGCATCCTGCTATCT
Reverse AGCCAATGACAAAGGTCCTCAA
LPL Forward AAGCCCCACAAGTGTAGTCG
Reverse ATAATGGGGATGCCGGTGAC
FAS Forward CAAGACGAAAATGATGCTTGGGT
Reverse ATAAGTATCAGAGCCTGAAGCCG
ACC Forward CTATAGGATCACACAGC CCAGTC
Reverse GTAAGACCTCATGGTACAGGCAA
Adiponectin Forward ATGAAAGATGTGAAGGTGAGCCT
Reverse TGTGTCGACTGTTCCATGATTCT
Leptin Forward CATTCTGTGGGGAGTTTTGTTCC
Reverse TTCCATCAAGTGTCCTCTCACTG
p-actin Forward AAGTACTCTGTGTGGATCGGTG
Reverse AAACGCAGCTCAGTAACAGTCC

2.4. Western blot analysis

Epididymal adipose tissues were homogenized in NP40 lysis buffer
containing a proteinase inhibitor cocktail. The resulting protein lysates
were clarified by centrifugation at 13,000 rpm for 10 min at 4 °C, and
the supernatants were used for western blot analysis. The protein con-
centration was determined using the Bradford assay (Bio-Rad Laborato-
ries Inc., Hercules, CA, USA), and the proteins were then separated by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).
The separated proteins in the gel were transferred onto 0.45-ym ni-
trocellulose membranes (GE Healthcare, Piscataway, NJ, USA), which
were subsequently blocked with 5% skimmed milk for at least 1 h at
room temperature. The membranes were incubated overnight at 4 °C
with primary antibodies against HSL, p-HSL, ATGL, AMPK, p-AMPK,
and a-tubulin (dilution 1:1000) under gentle agitation. Subsequently,
the membranes were incubated with secondary antibodies (dilution
1:5000) at 4 °C for 2 h. The target proteins were detected using an
enhanced chemiluminescence (ECL) solution and visualized using the
G:BOX imaging analysis system (Syngene, Cambridge, UK). The band
densities were quantified using ImageJ software (National Institutes of
Health, Bethesda, MD, USA).

2.5. Reverse transcription-polymerase chain reaction (RT-PCR)

Total RNA was extracted from epididymal adipose tissues using TRI-
zol reagent (Takara Bio, Otsu, Japan) following the manufacturer’s in-
structions. The concentration of isolated RNA was determined using
the NanoDrop Lite spectrophotometer (Thermo Fisher Scientific Inc.,
Waltham, MA, USA). Reverse transcription of RNA into complementary
DNA (cDNA) was performed using the RT-Premix (ELPIS Biotech) at
42 °C for 60 min, followed by a 5-min incubation at 95 °C. Quantita-
tive polymerase chain reaction (PCR) amplification was carried out us-
ing the synthesized cDNA with the SafeDry Taq PCR premix (CellSafe,
Gyeonggi, Korea) and primers (Bioneer, Daejeon, Korea) according to
the following protocol: initial enzyme activation at 95 °C for 5 min, de-
naturation at 95 °C for 30 s, annealing at 53-56 °C for 30 s, extension
at 72 °C for 45 s, and final extension at 72 °C for 5 min. The primer
sequences used for amplification are provided in Table 1. The final
PCR products were stained with Loading STAR dye (DyneBio) and sep-
arated by electrophoresis using a 2% agarose gel. The PCR bands were
visualized using the G:BOX imaging analysis system (Syngene), and
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Fig. 1. Effects of CXE and XAN on cachectic phenotypes in CT26-bearing mice. (A) Body weight was measured every other day for 3 weeks. On day 21 after CT26
inoculation, (B) tumor weight, (C) tumor-free body weight, and (D) epididymal adipose tissue weight were measured. Group differences were assessed using a
one-way analysis of variance (ANOVA), followed by Duncan’s multiple range test. ## p < 0.01 (CON group vs. CC group); * p < 0.05, ** p < 0.01 (CC group vs. CXE-

and XAN-treated groups); NS, not significant.

quantification was performed using ImageJ software (National Institutes
of Health).

2.6. Statistical analysis

All experimental data are presented as mean values + standard de-
viations and were analyzed using SPSS software (IBM Corp., Armonk,
NY, USA). Group differences were assessed using a one-way analysis of
variance (ANOVA), followed by Duncan’s multiple range test. Statistical
significance was considered when the p-value was less than 0.05.

3. Results

3.1. CXE and XAN ameliorated the cachectic phenotype in CT26-bearing
mice

The CXE and XAN treatments effectively ameliorated the body
weight loss in tumor-bearing mice; the body weight of the CC + CXE
(both low and high) and CC + XAN15 groups was significantly higher
than that of the CC group after 14 days (Fig. 1A). CXE administra-
tion slightly decreased tumor weight; however, there was no statisti-
cally significant difference between the CC group and CC + CXE5O0,
CC + CXE100, or CC + XAN15 group at the end of the experiment
(Fig. 1B). As shown in Fig. 1C, tumor-free body mass in the CC group
decreased by 24% compared to pre-inoculation weight, whereas the
tumor-free body weight of the CXE- and XAN-treated groups signifi-
cantly increased compared to the CC group (mean loss rate: CC + CXES50,
13.9%; CC + CXE100, 11.8%; CC + XAN15, 15.3%). The presence of
CT26 tumors led to a marked decrease in epididymal fat mass, indicating

adipose tissue wasting (Fig. 1D). Supplementation of 100 mg/kg CXE ef-
fectively protected against epididymal adipose tissue loss (p < 0.05). Al-
though administration of CXE at 50 mg/kg or XAN at 15 mg/kg slightly
attenuated fat loss in CT26-bearing mice, the difference in epididymal
fat weight between the CC + CXE50, CC + XAN15, and CC groups was
not significant (Fig. 1D).

3.2. CXE and XAN alleviated lipolysis and WAT browning in CT26-bearing
mice

As shown in Fig. 2A, western blot analysis of total lysates from epidy-
dimal tissue confirmed a dramatically elevated level of p-HSL and ATGL
in CT26-bearing mice. In contrast with the CC group, all groups admin-
istered CXE or XAN demonstrated a substantial reduction in the expres-
sion of metabolic lipases (Fig. 2A).

The mRNA levels of PGC-1a and UCP1 were significantly elevated in
the adipose tissue of CC mice, indicating increased thermogenesis and
energy expenditure in tumor-bearing mice (Fig. 2B). However, adminis-
tration of CXE or XAN resulted in a significant decrease in the expression
of PGC-1a and UCP1, suggesting a potential inhibition of WAT brown-
ing.

3.3. CXE and XAN enhanced lipogenesis and adipogenesis in CT26-bearing
mice

As shown in Fig. 3A, a significant decrease in the gene expression of
lipogenic factors was observed in the WAT of CC mice (p < 0.01). How-
ever, this downregulation was effectively reversed with the administra-
tion of CXE or XAN. Notably, groups administered CXE demonstrated a
dose-dependent increase in gene expression (Fig. 3A).
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Fig. 2. Effects of CXE and XAN on lipolysis and WAT browning in CT26-bearing mice. (A) p-HSL and ATGL protein expression was analyzed through western
blot analysis, with a-tubulin used as the housekeeping gene. (B) UCP-1 and PGC-1a mRNA expression was analyzed through reverse transcription-polymerase chain
reaction (RT-PCR), with g-actin used as the housekeeping gene. Group differences were assessed using a one-way analysis of variance (ANOVA), followed by Duncan’s
multiple range test. ## p < 0.01 (CON group vs. CC group); ** p < 0.01 (CC group vs. CXE- and XAN-treated groups).
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Fig. 3. Effects of CXE and XAN on lipogenesis and adipogenesis in CT26-bearing mice. (A) LPL, FAS, ACC, (B) PPARy, C/EBPa, and SREBP-1c mRNA expression was
analyzed through reverse transcription-polymerase chain reaction (RT-PCR), with p-actin used as the housekeeping gene. Group differences were assessed using a
one-way analysis of variance (ANOVA), followed by Duncan’s multiple range test. ## p < 0.01 (CON group vs. CC group); * p < 0.05, ** p < 0.01 (CC group vs. CXE-
and XAN-treated groups).



H. Kim, D.-W. Lee and J.-K. Hwang

CC+ CC+ CC+
CXE50 CXE100 XAN15

CON CC

Relative mRNA expression
(% of control)

Integrative Medicine Research 13 (2024) 101020

BCON 0OCC OCC+CXE50 @ECC+CXE100 M CC+XAN15
1800 - ## 120 - i
1
1500 A 100 A
¥k * %
1200 b *% 80 A * %
900 - w60 1
* %

600 - 40 A
300 - 20

0 - 0 -

Adiponectin Leptin

Fig. 4. Effects of CXE and XAN on adipokine production in CT26-bearing mice. Leptin and adiponectin mRNA expression was analyzed through reverse transcription-
polymerase chain reaction (RT-PCR), with f-actin used as the housekeeping gene. Group differences were assessed using a one-way analysis of variance (ANOVA),
followed by Duncan’s multiple range test. ## p < 0.01 (CON group vs. CC group); ** p < 0.01 (CC group vs. CXE- and XAN-treated groups).
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Fig. 5. Effects of CXE and XAN on AMPK expression in CT26-bearing mice. p-AMPK protein expression was analyzed through western blot analysis, with a-tubulin
used as the housekeeping gene. Group differences were assessed using a one-way analysis of variance (ANOVA), followed by Duncan’s multiple range test. ## p <
0.01 (CON group vs. CC group); ** p < 0.01 (CC group vs. CXE- and XAN-treated groups).

As depicted in Fig. 3B, the mRNA levels of PPARy, C/EBPa, and
SREBP-1c in the CC group significantly diminished by 93.6% (p < 0.01),
84.3% (p < 0.01), and 88.1% (p < 0.01), respectively. In contrast, the
administration of CXE or XAN resulted in a significant recovery of the
expression of PPARy, C/EBP «, and SREBP-1c (Fig. 3B).

3.4. CXE and XAN modulated adipokine production in CT26-bearing mice

In the epididymal adipose tissue of the CC group, a significant de-
crease in leptin mRNA levels (p < 0.01) and a substantial increase in
adiponectin expression (14.9-fold, p < 0.01) were observed compared
to expression patterns of the control group (Fig. 4). The administration
of CXE resulted in a significant and dose-dependent increase in sup-
pressed leptin levels. Specifically, the CC + CXE50, CC + CXE100, and
CC + XAN15 groups showed 5.6-fold, 5.8-fold, and 5.1-fold enhance-
ment in leptin mRNA levels, respectively, compared to the CC group. In
contrast, both CXE and XAN administration resulted in significant down-
regulation (p < 0.01) of adiponectin mRNA expression in the CT26-
bearing mice (Fig. 4).

3.5. CXE and XAN modulated AMPK expression in CT26-bearing mice

As shown in Fig. 5, the phosphorylation level of AMPK in WAT of the
CC group was significantly elevated, indicating a key mechanism in the
pathogenesis of cachexia. The observed upregulation was considerably
diminished following a consistent 7-day oral administration of CXE or
XAN (Fig. 5).

4, Discussion

The main feature of cancer cachexia is extensive loss of skeletal
muscle and adipose tissue, leading to progressive weight loss.! In this

study, the CT26 colon cancer model was established to evaluate the
attenuative effects of CXE and XAN on cancer-associated adipose atro-
phy. The cachectic phenotypes adipose tissue mass, tumor weight, and
body weight were measured to evaluate the progression of cachexia.
These phenotypes deteriorated in the CT26-bearing mice compared to
the healthy ones, indicating that the cancer cachexia model was suc-
cessfully established. In addition, CXE and XAN significantly improved
body weight while ameliorating tumor-free body weight loss and epi-
didymal adipose loss without affecting tumor burden (Fig. 1A, 1C, 1D).
As shown in Fig. 1D, the 100 mg/kg CXE administered group effectively
restored epididymal fat weight, whereas the effect of fat recovery in
the XAN15 group was not statistically significant. In this study, the 7-
day administration with CXE and XAN post-tumor inoculation might not
have been insufficient for observing significant adipose tissue restora-
tion, suggesting the potential benefits of extended treatment periods to
reveal the efficacy of XAN in adipose recovery. This study demonstrated
the influence of CXE and XAN on molecular pathways, such as lipoly-
sis, WAT browning, lipogenesis, adipokine production, and adipocyte
differentiation, underscoring the importance of further investigations
into how varying durations of administration or concentrations might
impact these processes. Therefore, future studies should be conducted
to evaluate the effects of extended treatment durations of XAN to de-
termine its optimal administration period for adipose tissue recovery.
The present study provided insights into the preventive effects of CXE
and XAN by evaluating key cachectic symptoms such as body weight,
tumor-free weight, and epididymal adipose tissue weight. However, one
limitation was the absence of detailed histological data on adipose tis-
sue, which would have provided a more comprehensive understanding
of the effects of CXE and XAN at the cellular level. Therefore, future stud-
ies should investigate histological analyses of adipose tissue, specifically
focusing on the size of the fat droplets and markers of fat browning in
adipose tissue, such as mitochondria in adipocytes. This approach aims
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to explore deeper into the cellular mechanisms influenced by CXE and
XAN, providing a more comprehensive understanding of their effects on
adipose tissue.

Although previous studies have revealed the antitumor activities of
CXE and XAN,!! no statistical difference in tumor mass was observed
among CXE- and XAN-treated groups in this study (Fig. 1B). Since phar-
macokinetics and pharmacodynamics are critically affected by the ad-
ministration route,'® the method of supplementation might underly this
inconsistency. Choi et al.'* reported that the intraperitoneal (IP) ad-
ministration of xanthorrhizol produced antitumor and anti-metastasis
effects in B16BL6/CT26 tumor-bearing mice. In the present study, CT26-
bearing mice were orally administered CXE and XAN, and administra-
tion had no inhibitory effect on cancer progression. IP administration
was associated with almost 6-fold higher drug bioavailability and 4-fold
shorter time to achieving peak plasma concentration compared to oral
administration.'® These promising results suggest that CXE and XAN at-
tenuated cancer cachexia-induced adipose tissue loss without affecting
tumor growth.

Although previous research has predominantly focused on skele-
tal muscle loss, recent studies have begun to emphasize the signifi-
cance of adipose tissue wasting in the progression of cancer cachexia.
Cancer-induced adipose depletion is primarily driven by altered lipid
metabolism and adipose tissue browning.* Both clinical and preclinical
studies have reported the activation of lipolysis as a key characteristic
of cancer cachexia, driven by the sequential actions of the rate-limiting
lipases ATGL and HSL. The upregulated lipolytic pathway, indicated by
elevated protein expression of phosphorylated HSL and ATGL, has been
observed in the WAT of cachectic cancer patients and tumor-bearing
mice, leading to the depletion of fat mass.'>~!” Further, inhibiting lipoly-
tic pathways via genetic ablation of HSL and ATGL genes has been
proven to preserve adipose tissue mass in tumor-bearing mice.'® Con-
sistent with previous studies, this study also demonstrated an increase
in phosphorylated HSL and ATGL levels in tumor-bearing mice, while
CXE and XAN administration significantly suppressed lipolysis-related
enzyme expression (Fig. 2A).

In addition to lipolysis, the progression of cancer cachexia is also
associated with WAT browning, characterized by the overexpression of
the thermogenic genes UCP1 and PGC-1a. This browning process sig-
nificantly augments energy expenditure and thermogenesis within adi-
pose tissue.'” In a preclinical study conducted on LLC- and CT26-bearing
mice, upregulated expression of UCP1 and PGC-1a induced browning in
WAT.?° Further, a subsequent clinical trial demonstrated that cachec-
tic cancer patients showed increased UCP1 staining, indicative of en-
hanced thermogenesis in WAT.?? In this study, a substantial increase
in UCP1 and PGC-1a mRNA expression was triggered by the CT26 tu-
mor, promoting thermogenesis within adipose tissue. However, upon
administration of CXE or XAN, the expression of browning-related genes
markedly declined, suggesting that both CXE and XAN have the poten-
tial to suppress the pathological browning of adipose tissue (Fig. 2B).
Overall, these results revealed that supplementation with CXE or XAN
considerably suppressed lipolysis and WAT browning in cachectic
mice.

Besides lipolysis and WAT browning, adipose atrophy in cancer
cachexia also involves impaired de novo lipogenesis and adipogene-
sis, leading to a reduction in lipid deposition and synthesis within
adipocytes.?! This impairment, characterized by decreased expression
of lipogenic and adipogenic transcription factors, has been associated
with diminished adipocyte size and fat mass in various cancer cachexia
models.* A previous study showed significant downregulation of the key
lipogenic enzyme LPL and adipogenic factors like PPARy, C/EBPa, and
SREBP-1c in the subcutaneous tissue of S180-bearing mice.?? In colorec-
tal cancer patients, peritumoral adipose tissue exhibited significantly
reduced mRNA expression and activity of LPL and FAS,%® indicating
that stimulating de novo lipogenesis and adipogenic function could be a
potential therapeutic strategy for mitigating adipose wasting in cancer
cachexia. Consistent with other studies, this study observed a signifi-
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cant decrease in the expression of lipogenic enzymes and adipogenesis-
related factors in CT26-bearing mice. However, administration of CXE or
XAN led to the recovery of the expression of LPL, FAS, and ACC, as well
as the adipogenic factors PPARy, C/EBPa, and SREBP-1c in epididymal
fat tissue (Fig. 3). These findings highlight the therapeutic potential of
CXE and XAN in preserving adipose tissue, primarily through enhancing
the functions of lipogenesis and adipogenesis.

Cancer cachexia prompts the impairment of adipokine synthesis and
secretion, including that of leptin and adiponectin.'® While the exact
role of adipokines in cancer cachexia remains elusive, their significance
in regulating metabolic processes, inflammation, and immune responses
suggests that their dysregulation could contribute to the development
of cachexia. Several studies have reported altered circulating levels
of adipokines in cachectic cancer patients and animal models. Specif-
ically, Smiechowska et al.>* found elevated serum adiponectin and re-
duced leptin levels among cachectic cancer patients in comparison to
healthy subjects, and a preclinical study revealed a pronounced reduc-
tion in leptin mRNA expression in the epididymal fat tissue of MAC16-
bearing mice.?*> 25 Consistent with previous studies, this study observed
a significant reduction in leptin mRNA levels and a notable increase in
adiponectin expression in tumor-bearing mice compared to the control
group (Fig. 4), indicating dysregulation of adipokine synthesis. How-
ever, the administration of CXE or XAN effectively attenuated these
changes by modulating adipokine expression (Fig. 4). Overall, these re-
sults suggest that CXE and XAN have the potential to restore disrupted
adipokine production in CT26-bearing mice.

AMPK is a central metabolic regulator, maintaining cellular en-
ergy homeostasis in adipose tissue through the modulation of lipid
metabolism, mitochondrial biogenesis, and adipokine expression. Un-
der cachectic conditions, the hyperactivation of AMPK disrupts the bal-
ance of energy production and consumption, accelerating the progres-
sion of adipose tissue wasting and subsequent weight loss.?° Specifically,
in cachectic mice, activation of the AMPK pathway triggers enhanced
lipolysis and thermogenesis within WAT.2%> %7 Liu et al.?® reported that
inactivating AMPK with Coix seed oil suppressed lipolysis by decreas-
ing levels of phosphorylated HSL. Similarly, Lu et al.?’ demonstrated
that carnosol mitigated tumor-induced lipolysis and lipid mobilization
by suppressing the AMPK signaling pathway. Since lipolysis and the
browning of WAT are essential pathogenic factors in cancer cachexia,
therapeutic strategies focused on AMPK inactivation could be crucial
in preserving adipose tissue. In this study, the protein expression of
phosphorylated AMPK was markedly elevated in the cachexia model,
and both CXE- and XAN-treated mice showed significant inhibition of
AMPK expression (Fig. 5). These results suggest that the therapeutic po-
tential of CXE and XAN in mitigating lipolysis and WAT browning may
be derived from their inhibitory effect on the AMPK pathway. The NF-xB
signaling pathway emerges as a crucial regulator of lipolysis.? Notably,
the presence of an NF-«B inhibitor has demonstrated a significant reduc-
tion in TNF-a-mediated lipolysis.> Given the pivotal role of the NF-«xB
pathway in regulating lipolysis, it is essential to conduct a comprehen-
sive examination in future studies. Although this study predominantly
focused on the AMPK pathway and key factors in lipolysis and lipid
utilization pathways, the molecular mechanisms of NF-«B need to be
elucidated by assessing the expression of its downstream elements, like
p65. Therefore, future research should investigate the NF-xB pathway
to determine its potential influence on cancer-associated lipolysis, espe-
cially in the context of the effects of CXE and XAN.

Overall, these findings suggest that CXE and XAN could have thera-
peutic potential for use in treatments against cancer-associated adipose
atrophy.
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