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Luteolin reduces cancer-induced skeletal and cardiac muscle
atrophy in a Lewis lung cancer mouse model
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Abstract. Luteolin was recently demonstrated to suppress
tumor growth by interfering with nuclear factor (NF)-kB acti-
vation. As the NF-«kB pathway plays a critical role in muscular
atrophy associated with cancer cachexia, we aimed to inves-
tigate the potential of luteolin to alleviate cancer-associated
cachexia in a Lewis lung cancer mouse model. C57BL/6 mice
were divided into three groups: A control group, a model group
and a luteolin group. Mice in the model and luteolin groups
received a subcutaneous injection of Lewis lung cancer cells,
while the control group received PBS. Subsequently, the tumor
mass, serum, gastrocnemius muscle and heart were collected
on day 21. The serum, gastrocnemius muscle and heart were
weighed and prepared for use in enzyme-linked immunosorbent
assay (ELISA), western blotting (WB) and quantitative reverse
transcription polymerase chain reaction (QRT-PCR) analyses.
The results revealed that the tumor-free body mass was signifi-
cantly reduced in tumor-bearing mice compared with that of
mice in the other groups. The gastrocnemius muscle mass
and heart mass were greater in the luteolin treatment group
than in the control group. Tumor necrosis factor (TNF)-a and
interleukin (IL)-6 levels were lower in the luteolin treatment
group than in the model group. In addition, according to the
results of the WB and qRT-PCR analyses, the expression of the
E3 ubiquitin ligase muscle RING finger-containing protein 1
(MuRF1) was downregulated in skeletal muscle and cardiac
muscle, whereas atrogin-1 was downregulated only in skeletal
muscle in the luteolin treatment group vs. the model group.
Furthermore, IxkB kinase § (IKKf) and phospho-p65 were
significantly downregulated in skeletal muscle and cardiac
tissue, whereas the expression of p-p38 was downregulated
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only in skeletal muscle in the luteolin treatment group when
compared with their expression levels in the model group,
as determined by the WB analysis. In conclusion, from the
current results, we conclude that luteolin is able to reduce
inflammatory burden, downregulate the expression of genes
associated with muscle protein breakdown, and protect skel-
etal and heart muscle from cancer-induced wasting and loss
in vivo. Therefore, luteolin has the potential to be developed
into a novel anti-cachetic agent.

Introduction

Cancer cachexia is a complex syndrome that is characterized
by an ongoing loss of skeletal muscle mass (1). If a decrease in
fat mass occurs, conventional nutritional support is insufficient
to overcome the loss. Cachexia induced by malignant diseases
can lead to severe consequences, including poor prognosis,
diminished quality of life, and decreased radiochemotherapy
efficacy (2-4). Cachexia occurs in up to 80% of patients with
advanced stage cancer, and ~50% of patients have cachexia at
the time of initial cancer diagnosis. Furthermore, cachexia is
responsible for more than 20% of cancer-associated deaths (2).
For these reasons, there is increasing focus on cancer cachexia
in the field of cancer therapy.

Currently, the underlying mechanisms of cachexia remain
largely unknown; correspondingly, therapeutic progress is
limited (5). Skeletal muscle loss is the prominent characteristic
of cachexia; however, at present, there are no effective stan-
dard measures of cancer cachexia as it is a complex clinical
syndrome with unclear underlying mechanisms. Therefore, the
focus of treatment is on the inhibition of skeletal muscle loss to
mitigate the associated adverse affects.

The molecular mechanisms of skeletal muscle
atrophy/hypertrophy are intricate and remain poorly defined;
however, an opportunity for downstream intervention has been
identified that may circumvent the variations and redundancy
in upstream mediators, and these findings may ultimately
translate into new targeted therapies. Specifically, a number
of studies (6-8) have indicated that two signaling mediators
are required to upregulate the expression of the key E3 ligases,
muscle RING finger-containing protein 1 (MuRF1) and muscle
atrophy F box protein (MAFbx, otherwise known as atrogin-1),
which predominantly mediate sarcomeric breakdown during
muscle loss. Tumor necrosis factor-like weak inducer of
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apoptosis (TWEAK) and, in particular, tumor necrosis factor
(TNF)-a induce MuRF]1 upregulation via NF-kB, resulting in
the degradation of myosin heavy chains (MyHC) (9).

The transcription factor NF-xB was first identified over
20 years ago and is a regulator of the expression of the kB light
chain in B cells. A study by Rhoads ez al (10) showed that there
was a 25% increase in p65 phosphorylation and a significant
decrease in the expression of IkBa in gastric cancer patients
when compared with the levels in controls, which suggest that
the activation of the classical NF-kB pathway in the muscle
tissue of patients accompanies cancer cachexia. Additionally,
a report by Wysong et al (11) suggested that NF-xB inhibition
via the IxkB complex is able to protect against cancer-associated
cardiac atrophy. According to these findings, it seems feasible
that skeletal muscle loss and cardiac atrophy could be inhib-
ited by disrupting the NF-kB pathway.

Compounds of natural origin can be used as new and
innovative therapeutic agents for the treatment of diseases.
Luteolin (3-5,7-tetrahydroxy flavone) is a natural flavonoid
present in several plants. A number of studies have reported its
potential anticancer activity and its inhibition of NF-xB acti-
vation in cancer; moreover, suppression of NF-xB by luteolin
can activate TNF-a-induced apoptosis (12). Luteolin decreases
NF-«kB activation at both the transcriptional and translational
levels and inhibits the production of the inflammatory media-
tors interleukin (IL)-6, IL-8, and vascular endothelial growth
factor (VEGF) by TNF-triggered human keratinocytes (13).

However, to the best of our knowledge, there are no reports
indicating that luteolin can inhibit skeletal and cardiac muscle
loss. Therefore, in the present study, we investigated whether
luteolin inhibits cancer-induced skeletal muscle and cardiac
atrophy by inhibiting the NF-kB pathway in vivo. Our results
suggest that luteolin is a promising candidate to be developed
into an effective therapeutic agent for the treatment of muscle
loss associated with cancer cachexia.

Materials and methods

Cell culture and natural drug preparation. Lewis lung cancer
(LLW) cells were purchased from Shanghai Institutes for
Biological Sciences (Shanghai, China) and were grown in
Dulbecco's modified Eagle's medium (DMEM) (Biosera,
Kansas City, MO, USA) supplemented with 10% fetal bovine
serum (FBS), 100 U/ml penicillin, and 100 xg/ml strepto-
mycin, in a humidified incubator at 37°C with 5% CO,.

Luteolin was purchased from Nantong Feiyu Biological
Technology Co., Ltd. (>98%; FY14650427) and diluted in PBS
for use in the present study. The structure of luteolin is shown
in Fig. 1.

In vivo model of cancer cachexia. Cachexia induced by LLC
is frequently used (14-16) as a preclinical and experimental
model as it resembles clinical cachexia, including the resulting
physiological and metabolic characteristics; hence, this in vivo
model has been used for many years and is an established
model of cancer-induced cachexia. Mice were obtained from
Shanghai S&P-Shall Kay Laboratory Animal Co.,Ltd. (specific
pathogen-free certificate numbers: SCXK Hu 2008-0016). The
30 male 4-to 6-week-old (18-22 g) C57BL/6 mice obtained
were housed in a uniform temperature room (26°C) under a
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12-h light/dark cycle (light from 08:00 to 20:00). They were
placed in closed cages and given free access to chow and water.
The feed used and protocols carried out in this study were in
accordance with the regulations of the Institutional Animal
Care and Use Committee (IACUC) of Jiangsu University
(Jiangsu, China). The experimental mice were randomly
divided into the following three groups (10 mice per group)
after 1 week of acclimation: A control group, a model group,
and a luteolin group. On the first day of the experiment, 200 u1
of PBS was injected subcutaneously into the right flank of
each mouse in the control group. Mice in the other two groups
were each injected subcutaneously at the same position with
~1x107 LLW cells in 200 gl of PBS. From day 7 to 24, mice in
the treatment group were treated with luteolin. Luteolin was
diluted in PBS and delivered via intragastric administration
(20 mg/kg/day, 0.3 ml). The control and model groups received
daily sham treatments of PBS alone (0.3 ml). Body weight was
measured for each group using an electronic scale at the begin-
ning and end of the experiment, and tumor-free body weight
was estimated by subtracting the weight of the excised tumor.
On day 24, blood samples were obtained from the orbital vein,
centrifuged at 3,000 rpm at 4°C for 20 min within 1 h, and
then stored at -80°C. Immediately after blood withdrawal,
the mice were sacrificed by cervical dislocation. The tumors,
hearts, bilateral gastrocnemius muscles and bilateral tibialis
anterior muscles were immediately harvested and weighed.
The muscle tissues were quickly frozen in liquid nitrogen and
stored at -80°C.

Detection of cytokines. Using commercially available
enzyme-linked immunosorbent assay (ELISA) kits, the serum
cytokines TNF-a and IL-6 were detected. The detection kits
contain pre-coated plates (mouse IL-6: DKW12-2060; mouse
TNF-a: DKW12-2,720; Dakewei Biotech. Co.,Ltd., Shenzheng,
China) and were used in accordance with the manufacturer's
protocols. Serum from each animal (50 ul) was assayed in
duplicate. Standard curves were created using recombinant
mouse IL-6 and TNF-a to allow quantitative calibration.

Western blot (WB) analysis. After muscle and cardiac tissues
were homogenized by adding a protein lysis buffer (Beyotime
Institute of Biotechnology, Haimen, Jiangsu, China), the
homogenates were centrifuged for 10 min at 12,000 rpm
at 4°C, and the supernatant was aspirated. A BCA Protein
Assay Kit (Thermo Fisher Scientific, Inc., Waltham, MA,
USA) was used according to the manufacturer's protocol to
determine the protein concentrations. The proteins were
separated by gel electrophoresis (Bio-Rad Laboratories, Inc.,
Hercules, CA, USA) and transferred onto polyvinylidene
fluoride (PVDF) membranes (Millipore Corp., Bedford,
PA, USA). The PVDF membranes were incubated with the
indicated primary antibodies overnight at 4°C with gentle
agitation (anti-atrogin-1: cat. no. ab74023, anti-MuRF1:
cat. no. ab172479, anti-phospho-p65: cat. no. ab86299,
anti-IKKf: cat. no. ab32135, anti-p38: cat. no. ab170099,
anti-p-p38: cat. no. ab195049; Abcam, Cambridge, MA,
USA) and with anti-NF-xB p65 (cat. no. 8242; Cell
Signaling Technology, Inc., Danvers, MA, USA). The diul-
tions for all antibodies was 1:1,000 except anti-atrogin-1
and anti-phospho-p65 with 1:500. Using an image scanning
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Figure 1. Chemical structure of luteolin (C,sH,,Og).

densitometer connected to a chemiluminescence system, anti-
body binding was detected after incubation with a horseradish
peroxidase-conjugated secondary antibody (Cell Signaling
Technology, Inc.). Quantitative analysis of protein expres-
sion levels was performed using ImageJ software (National
Institutes of Health, Bethesda, MD, USA). The protein expres-
sion levels were normalized to -actin expression.

Real-time quantitative reverse transcription PCR (qRT-PCR)
analysis. We measured the mRNA expression of MuRF1 and
atrogin-1 in the gastrocnemius muscles and cardiac muscles of
the three groups by qRT-PCR analysis, as described in detail
elsewhere. In brief, total RNA was extracted from the whole
gastrocnemius muscle and cardiac muscle using a RiboPure™
Kit (Life Technologies Japan Inc., Tokyo, Japan) according
to the manufacturer's instructions. First-strand cDNA was
generated by reverse transcription using a High-Capacity
RNA-to-cDNA Kit (Takara Bio Inc., Beijing, China), and
the resulting cDNA was stored at -20°C for later analysis.
qRT-PCR was performed using a TagMan Fast Universal PCR
Master Mix (Takara Bio Inc.) and a Thermal Cycler Dice Real-
Time System II (Takara Bio Inc.). The levels of mRNA were
determined using the primers shown in Table I. The expression
of the genes was normalized to the expression of 3-actin, and
the results are expressed as relative differences.

Statistical analysis. All data represent the means =+ standard
deviation (SD), and ANOVA with Tukey's post hoc compar-
ison was used to identify significant differences between the
groups. This analysis was performed with SPSS version 18.0
(SPSS, Inc., Chicago, IL, USA), and a two-sided P-value <0.05
was considered to indicate statistical significance.

Results
Effect of luteolin on tumor-free body weight and weight of

gastrocnemius muscles and heart. One of the main charac-
teristics of cancer cachexia is the loss of skeletal muscle. On
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Table I. List of primers used for PCR analysis.

Primer sequence (5'-3")

Atrogin-1 F: TCCAGTGAGGAGCAGTTCAG
R: CAGTGTGATTGGCATTTGGT

MuRF-1 F:ACGAGAAGAAGAGCGAGCTG
R: CAAAGTCAATGGCCCTCAAG

[B-actin F: TCAGTGCCGGCCTCGTCTCAT

R: TGACCAGGCGGCCAATACGG

F, forward; R, reverse.

day 21, the tumor-free body weights of tumor-bearing mice
were significantly lower than those of the control and model
mice. The masses of the heart muscle, gastrocnemius muscle,
and tibialis muscle were obviously reduced in the model group
compared with those of control mice; however, the masses
were significantly increased in model mice treated with lute-
olin compared with those in the model group. Unfortunately,
the masses in the luteolin group remained lower than those of
normal mice (Fig. 2).

Effect of luteolin on TNF-a and IL-6. Cytokines, especially
TNF-a and IL-6, are released at significantly increased
levels by tumors, and trigger and promote the progression of
cachexia (8,17,18). In the present study, we first detected TNF-a.
and IL-6 in the sera of mice using ELISAs. In the model mice,
these two cytokines were obviously elevated compared with
their levels in the control mice, while their levels were signifi-
cantly reduced by luteolin treatment compared with those in
the model mice. The level of TNF-a remained significantly
higher in the luteolin-treated mice than that in the control
mice (Fig. 3).

Effect of luteolin on atrogin-1 and MuRF-1 expression.
MuRF1 and atrogin-1 have been identified as important
markers of muscle degradation, and the upregulation of
these proteins has been reported during the degradation of
skeletal muscle protein (6,19,20). Therefore, we detected the
expression of MuRF1 and atrogin-1 at the protein and tran-
script levels by WB analysis and qRT-PCR, respectively, in
gastrocnemius muscle samples. The protein levels of MuRF1
and atrogin-1 were obviously upregulated in the model mice;
however, this upregulation was attenuated by luteolin treat-
ment (Fig. 4A and B). Correspondingly, the mRNA levels of
MuRF]1 and atrogin-1 were significantly elevated in the model
mice, and this elevation was inhibited by luteolin treatment
in the skeletal muscle (Fig. 4C). In addition, we detected
MuRF]1 and atrogin-1 expression in cardiac muscle to assess
their correlation with the reduction of heart mass. The levels
of MuRF1 and atrogin-1 were obviously upregulated in the
model mice, but only the increase in MuRF1 was significantly
inhibited by luteolin treatment (Fig. 4A-C).

Effectofluteolinon NF-xB signaling andp38 mitogen-activated
protein kinase (MAPK). In view of the established critical
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Figure 2. Effects of luteolin on the mass of the heart, gastrocnemius muscle and tibialis anterior muscle, and on tumor-free weight. All mice were divided into
a control group, a model group, and a luteolin group (10 mice/group). At the end of the experiment, the heart, gastrocnemius muscle, tibialis anterior muscle,
and tumor mass were collected. Tumor-free weight was determined as ‘total weight-tumor weight’. Each bar represents the mean + SD. Statistical significance
vs. the control group (AP<0.05); statistical significance vs. the model group (°P<0.05).
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Figure 3. Effects of luteolin on TNF-o and IL-6. TNF-a and IL-6 levels in the sera of the three groups were detected by ELISA. Statistical significance vs. the

control group (AP<0.05); statistical significance vs. the model group (°P<0.05).

relationship between increased cytokines in serum and NF-xB
signaling (11,21), we speculated that luteolin exerts therapeutic
effects by regulating NF-«xB signaling. Based on WB analysis,
IxB kinase p (IKKf) and p-p65 were observed to be signifi-
cantly upregulated in skeletal (Fig. SA and B) and cardiac
muscles (Fig. 5C and D) in the model mice, and the expression
levels of these proteins were suppressed by luteolin.

In addition, proinflammatory cytokines can activate
the NF-kB pathway and p38 MAPK. For this reason, we

assayed the levels of p38 and phospho (p)-p38. The levels
of p38 were approximately equivalent in all three groups
in the skeletal muscle (Fig. 5SA and B) and in the cardiac
muscle (Fig. 5C and D); however, there were obvious differ-
ences in the levels of p-p38. There was significant upregulation
of p-p38 in both skeletal muscle and cardiac muscle in the
model mice (Fig. SA-D), which was inhibited by luteolin treat-
ment in the skeletal muscle, while being unaffected by luteolin
treatment in the cardiac muscle.
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Figure 4. Effects of luteolin on atrogin-1 and MuRF1 expression. MuRF1 and atrogin-1 protein levels were detected by western blot (WB) analysis, and mRNA levels
were assessed by qRT-PCR. (A) The luteolin group had lower MuRF1 expression in skeletal muscle and cardiac muscle and lower atrogin-1 expression in skeletal
muscle. (B) The luteolin group showed significantly different band density for MuRF1 in skeletal muscle and cardiac muscle and significantly different atrogin-1
band density in skeletal muscle. (C) The luteolin group had significantly reduced MuRF1 mRNA expression in skeletal muscle and cardiac muscle and significantly
reduced atrogin-1 mRNA expression in skeletal muscle. Statistical significance vs. the control group (*P<0.05); statistical significance vs. the model group (°P<0.05).
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Figure 5. Effects of luteolin on NF-«xB signaling and the p38 MAP kinase pathway. NF-kB p65, phospho-p65, IKKf, p38, and phospho-p38 were detected
by western blot (WB) analysis as described in Materials and methods. (A) The luteolin group had lower phospho-p65, IKKf3, and phospho-P38 expression in
skeletal muscle and the same level of NF-xB, p65 and p38 expression compared with the model group. (B) The luteolin group had significantly different levels
of phospho-p65, IKKf, and phospho-p38 in skeletal muscle, but exhibited no difference in NF-xB p65 and p38 expression compared with the model group.

Discussion

The primary characteristic of tumor-associated cachexia is
muscle atrophy, and loss of skeletal muscle in cachexia results
from decreased protein synthesis combined with increased
protein degradation. The expression of the E3 ligase E3a-II
is also reported to be significantly induced at the onset and

during the progression of muscle wasting (20,22). Meanwhile,
E3a-II has been shown to be induced in myotubes by treat-
ment with TNF-a or IL-6 (17,23). Other studies confirm the
importance of the IKK[/NF«B pathway in the induction of the
ubiquitin-proteasome pathway (21).

Compounds of natural origin could be used as novel, inno-
vative therapeutic agents for the treatment of cancer. Previous
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Figure 5. Continued. (C) The luteolin group had lower phospho-p65 and IKKf expression in cardiac muscle compared with that in model mice, while the
expression of NF-«kB p65, p38, and phospho-p38 was similar between the model and luteolin groups. (D) The luteolin group had significantly different levels
of phospho-p65 and IKKf in cardiac muscle, but exhibited no difference in NF-xB p65, p38, and phospho-p38 expression compared with the model group.
Statistical significance vs. the control group (AP<0.05); statistical significance vs. the model group (°P<0.05).

studies have reported that a large number of phytochemical
compounds may represent new anticancer compounds. For
example, ginsenoside Rg3 has significant cancer-inhibitory
activity; its suggested mechanisms of action include the induc-
tion of apoptosis, the inhibition of proliferation, metastasis and
angiogenesis, and the promotion of immunity (24). As another
example, we also reported that baicalin alleviated anorexia
and inhibit skeletal muscle atrophy in experimental models of
cancer cachexia (25). No effective treatments currently exist

for the clinical treatment of cancer cachexia. Thus, inadequa-
cies remain in the clinical management of cachexia due to
the complex nature of the condition. However, as pathways
continue to be identified, there is increased potential for more
effective treatment of muscle wasting in cancer patients.

In the present study, we successfully replicated a cachexia
model by subcutaneously injecting LLW cells into C57BL/6
mice according to procedures outlined in the literature (14-16).
As muscle loss is the main characteristic of cachexia, which
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leads to insufficient muscle function, we first observed
variation in muscle weight. Significant reductions in the
gastrocnemius and heart muscle masses were observed in the
tumor-bearing group. Such muscle mass loss was diminished in
tumor-bearing mice that were administered luteolin; however,
their muscle mass remained lower than that in the normal
group. Moreover, the key markers of degradation in muscle,
MuRF1 and atrogin-1, were upregulated in tumor-bearing
mice, whereas this was suppressed by luteolin treatment.

In many cancers, TNF-a plays a paramount role in acti-
vating the NFkB pathway to induce a signaling cascade that
promotes the progression of tumorigenesis. We measured the
level of TNF-a in mouse serum, and the results confirmed
increased TNF-a expression in the model group. However,
TNF-a was restored to control group levels by luteolin inter-
vention.

In addition, IL-6 has been reported to have a regulatory role
in muscle wasting during cachexia (23); however, an increased
IL-6 level is not the most important activator of NF-xB. In
this study, IL-6 levels were high in the model mice, and were
reduced by luteolin treatment; however, the difference was not
significant.

The purpose of the present study was to determine
whether luteolin functions by targeting NF-«kB signaling
proteins and NF-kB transcription factors, which function
in cancer-induced muscle wasting. The existing literature
indicates the involvement of the NF-kB signaling protein,
IkBa, in LLC tumor-bearing mice, and the overexpression
of a super-repressor form of IxkBa in skeletal muscle was
found to be associated with a 50% inhibition of muscle fiber
atrophy (26). We detected the expression levels of MuRF1 and
atrogin-1 in skeletal tissue, and observed that their levels were
decreased by luteolin treatment, as compared with those in
tumor-bearing mice administered vehicle treatment. The inhi-
bition of classical NF-«xB signaling is sufficient to significantly
decrease tumor-induced muscle loss, at least in mice, in part
by inhibiting the upregulation of MuRF1. As one component
of the complex, it is generally accepted that the activation of
NF-«xB requires the activation of either IKKa or IKK (27);
and the activation of IKKf has been reported to cause
profound muscle wasting that resembles clinical cachexia (21).
For this reason, we also detected the expression of IKKf, and
identified that its expression matched that of NF-«xB.

It has been reported that MuRF1 activity is necessary
to induce cardiac atrophy, and the significant dexametha-
sone-induced atrophy induced in the heart tissues of wild-type
mice is essentially absent in MuRF1” mice (28). In addi-
tion, the present study observed that, in heart muscle tissue,
the expression of MuRF-1 was upregulated in model mice,
whereas this upregulation was attenuated in tumor-bearing
mice administered luteolin. Therefore, we speculate that lute-
olin can inhibit the expression of MuRF1 through inhibition of
classical NF-«B signaling based on the current findings.

Although the expression of atrogin-1 in skeletal muscle
tissue was also downregulated by luteolin treatment, its
expression in heart tissue was the same as that in the model
mice. Proinflammatory cytokines, such as TNF-a, TWEAK
and IL-1, stimulate two established pathways: the NF-xB and
the p38 MAPK pathways (29). Correspondingly, the expres-
sion levels of p38 and p-p38 were detected in skeletal muscle
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and heart muscle, and the results indicated that atrogin-1
expression was closely correlated with p38, which regulated
partly the atrogin-1 expression. Moreover, MuRF1 and
atrogin-1 are also regulated by other transcription factors and
pathways (30-32); therefore, it is possible that luteolin reduces
MuRF]1 and atrogin-1 by mechanisms other than influencing
NF-«B signaling in skeletal and heart muscle. Nonetheless, the
current study indicated that luteolin limits the loss of cardiac
and skeletal muscle and acts by inhibiting NF-«kB activation.

In conclusion, the present results clearly indicated that
the natural flavonoid luteolin inhibited the production of the
inflammatory mediators TNF-a and IL-6 in a cancer cachexia
model. To the best of our knowledge, this study is the first
to report that luteolin inhibits the expression of MuRF1 by
decreasing NF-«xB activation at both the transcriptional and
translational levels. In addition, luteolin may alleviate the
effects of atrogin-1 upregulation by reducing the expression
of p38. Therefore, luteolin has the potential to be developed
as a safe and effective alternative therapy for the treatment of
cancer cachexia.
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