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• Scutellarein is identified as a potent 
JAK inhibitor that counteracts
cachexia by inhibiting JAK2/STAT3
signaling pathway.

• Scutellarein prevents muscle wasting 
and enhances mitochondrial function 
in both cell and animal models.

• Three hydroxyl groups of scutellarein 
interact with the binding pocket of
JAK2, effectively inhibiting its
activity.
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Introduction: Cancer cachexia is a multifaceted metabolic syndrome characterized by severe loss of skele-
tal muscle and adipose tissue, diminishing both quality of life and survival in cancer patients. Despite its
prevalence, effective treatments for cancer cachexia remain limited. The JAK/STAT signaling pathway has
been identified as a key driver of muscle atrophy in cachexia.
Objectives: This study aimed to investigate the therapeutic potential of scutellarein, a natural compound, 
as a JAK kinase inhibitor to prevent and mitigate cancer cachexia-induced muscle atrophy.
Methods: In vitro experiments were conducted using the mouse myoblast cell line C2C12 and human 
induced pluripotent stem cell (hiPSC)-derived skeletal muscle cells. Myotube atrophy was induced using
IFN-c/TNF-a and cancer cell-conditioned media. Two independent mouse models of cancer cachexia
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Janus kinase 
Signal transducers and activators of
transcription
Skeletal muscle 
were utilized for in vivo analysis. Muscle tissues were examined through transcriptomic and molecular 
analyses, including RNA sequencing, PCR, and immunoblotting. Structure-activity relationship studies
and molecular docking analyses were performed to investigate the binding interaction of scutellarein
with JAK kinases.
Results: Through a chemical library screen, we identified scutellarein as a potent JAK kinase inhibitor. 
Scutellarein effectively mitigated myotube atrophy by inhibiting protein degradation and promoting pro-
tein synthesis in C2C12 and hiPSC-derived muscle cells. In two distinct mouse models of cancer cachexia, 
scutellarein treatment significantly reduced muscle wasting, improved muscle strength and function, and
countered fat depletion. Transcriptomic and molecular analyses of muscle tissues further demonstrated
that scutellarein inhibited activation of JAK/STAT pathways and restored suppression of myogenesis and
mitochondrial biogenesis. Structure-activity relationship analyses further revealed critical hydroxyl
group positions essential for JAK binding.
Conclusion: Collectively, our findings suggest scutellarein as a promising candidate for the prevention 
and treatment of cancer cachexia, providing a novel therapeutic approach to address this critical unmet
need in cancer care.
© 2025 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access art icle

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction 

Cancer cachexia is a multifaceted metabolic syndrome charac-
terized by significant weight loss in both skeletal muscle and adi-
pose tissue [1,2]. Recently, muscle mass depletion has become 
recognized as the primary characteristic of the condition [3]. This 
condition is distinct from other forms of muscle loss, such as those 
caused by starvation, aging, depression, or malabsorption. About
50% of cancer patients suffer from cachexia, leading to diminished
quality of life and shortened survival times [4]. Notably, even a 
weight loss of 2% has been associated with marked decrease in
quality of life [5]. Therefore, understanding and effectively manag-
ing cachexia is crucial for improving outcomes and extending sur-
vival of patients [4]. Despite its widespread impact, there is 
currently no standardized treatment available to prevent or treat 
cachexia. This underscores the need to discover new therapeutics
to address this fatal syndrome.

To combat muscle atrophy in cancer cachexia, it is imperative to 
target the key signaling pathways that drive its pathogenesis. 
Unlike muscle atrophy caused by starvation or physical inactivity,
muscle wasting seen in cachectic patients cannot be reversed
through nutritional supplementation [6]. The primary molecular 
mechanisms underlying cachexia involve decreased protein syn-
thesis and increased protein degradation, where signaling path-
ways activated by pro-inflammatory cytokines such as TNF-a,
IFN-c, and IL-6 play a key role in driving this condition [7–9]. These 
cytokines increase in serum of patients suffering from cachexia as
well as cachectic mouse models [10,11]. Among several down-
stream signaling pathways triggered by them, activation of JAK/ 
STAT3 in skeletal muscle was identified to play a significant role
in cancer-induced muscle atrophy through systemic inflammatory
response [9,12]. Several studies identified that inhibition of JAK/ 
STAT3 pathway attenuates cachexia-associated muscle and adi-
pose wasting [13,14]. Therefore, therapeutic targeting of JAK pre-
sents a potential strategy for modulating cancer cachexia.

Natural compounds have long been a significant source of b ioac-
tive leads in drug discovery [15]. Given their importance, we sought 
to identify a natural compound capable of inhibiting JAK for potential 
application in the treatment of cachexia. In this study, we screened 
684 natural compounds for their inhibitory effects on JAK activity 
and identified scutellarein as a top candidate. Scutellarein, a flavo-
noid monomer found in herbs like Scutellaria baicalensis and Erigeron
breviscapus, has been reported for its anti-inflammatory, antioxidant,
and anti-diabetic properties [16–18]. Despite its therapeutic poten-
tial, scutellarein’s effects on cancer cachexia andmuscle atrophy have 
not been previously studied and remain unexplored. Therefore, we 
demonstrated potent inhibitory effects o f scutellarein across all JAK
1084
kinases (JAK1, JAK2, JAK3, and TYK2), with further analysis revealing 
direct molecular inhibition against JAK2. By targeting JAK2, scutel-
larein effectively attenuated and preve nted cancer cachexia in both
cellular and animal models.

Materials and methods

Reagents 

Scutellarein was obtained from Selleck Chemicals LLC (Houston, 
TX, USA) and ChemFaces Biochemical Co., Ltd. (Wuhan, China), and 
dimethyl sulfoxide (DMSO) was purchased from TCI Chemicals 
(Tokyo, Japan). Recombinant murine IFN-c and TNF-a were pur-
chased from PeproTech (Cranbury, NJ, USA). Baicalein and apigenin 
were acquired from Cayman Chemical (Ann Arbor, MI, USA), while 
chrysin and 4′,6-dihydroxyflavone were sourced from Sigma-
Aldrich (St. Louis, MO, USA). 4′,7-dihydroxyflavone and 4′,5-
dihydroxyflavone were obtained from MedChemExpress (MCE) 
(Monmouth Junction, NJ, USA). Additionall y, 5,6-dihydroxyflavone
was supplied by Alfa Aesar (Ward Hill, MA, USA), and 6,7-
dihydroxyflavone was acquired from Biosynth (Staad, Switzerland).

Details regarding antibodies used are given in the Supplemental
Materials and Methods.

Kinase and binding assays

Multiple kinase assays were performed to evaluate the kinase 
activity of JAK kinases and assess the binding affinity between 
scutellarei n and JAK kinases. Details regarding kinase and binding
assays are given in the Supplemental Materials and Methods.

Molecular docking 

Molecular docking was conducted using AutoDock Vina to pre-
dict the binding pose of scutellarein with JAK2 protein [19]. Details 
regarding molecular docking are given in the Supplemental Mate-
rials and Methods.

Cell culture 

Details regarding cell culture are given in the Supplemental
Materials and Methods.

CT26 conditioned medium (CCM) preparation

The CT26 cell line, a murine colon carcinoma derived from 
BALB/c mice, was utilized to model the progression of colorectal
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cancer. These cells were obtained from the Korean Cell Line Bank 
(Seoul, Republic of Korea) and cultured to simulate cachexia 
observed in cancer. For the preparation of conditioned medium, 
CT26 cells were grown in standard growth medium until they 
reached approximately 80% confluence. Subsequently, the medium 
was switched to serum-free DMEM to initiate the conditioning
phase. After 48 hours, the medium was harvested and centrifuged
to eliminate any cellular debris, followed by sterile filtration using
a 0.2 lm syringe filter to ensure the removal of all particulate
matter.

Cell viability assays

Details regarding cell viability assays are given in the Supple-
mental Materials and Methods.

Immunoblotting 

Details regarding immunoblotting are given in the Supplemen-
tal Materials and Methods.

Immunofluorescence 

Details regarding immunofluorescence are given in the Supple-
mental Materials and Methods.

Quantitative real-time polymerase chain reaction

Details regarding quantitative real-time polymerase chain reac-
tion (qRT-PCR) are given in the Supplemental Materials and
Methods.

Surface sensing of translation (SUnSET) assay

The SUnSET assay, a nonradioactive technique, was employed to 
monitor changes in protein synthesis by tracking the incorporation
of puromycin into nascent peptide chains in mammalian cells [20]. 
In this protocol, C2C12 murine myoblasts were treated with vary-
ing concentrations of scutellarein. During the final hour of treat-
ment, puromycin was added at a concentration of 1 l M to
facilitate its incorporation into newly synthesized proteins. The
extent of puromycin incorporation was then analyzed via western
blotting to quantify the rate of protein synthesis.

Immunocytochemical staining 

Details regarding immunocytochemical staining are given in 
the Supplemental Materials and Methods.

Measurement of mitochondrial oxygen consumption rate (OCR)

Mitochondrial respiration was assessed by measuring the OCR 
using the XF96 Extracellular Flux Analyzer (Seahorse Bioscience, 
MA, USA). Details regarding its measurement are given in the Sup-
plemental Materials and Methods.

Mouse studies and behavioral tests

Details regarding mouse studies and behavioral are given in the
Supplemental Materials and Methods.

Histopathological analysis 

To evaluate the histological features of the mouse gastrocne-
mius muscle, Hematoxylin and Eosin (H&E) staining was per-
formed, following methods adapted from previous [21]. The 
1085
muscle tissue was preserved in 4% paraformaldehyde, then sec-
tioned at a thickness of 7 lm. Each section was stained using com-
mercially available Harris Hematoxylin and Eosin solutions. 
Following staining, the tissue sections were examined under an
Olympus CKX53 microscope to ensure quality and consistency.
The cross-sectional area (CSA) of the muscle fibers was precisely
quantified using ImageJ software.

RNA sequencing (RNA-seq) and analysis

Details regarding RNA sequencing (RNA-seq) and analysis are 
given in the Supplemental Materials and Methods.

Statistical analysis 

Experimental data are presented as mean ± standard deviation 
(SD) for in vitro studies and as mean ± standard error of the mean 
(SEM) for in vivo studies. Details regarding statistical tests used for 
datasets are given in Supplemental Material and Methods. All sta-
tistical analyses were conducted using GraphPad Prism software,
version 8.0.1 (GraphPad Software, La Jolla, CA, USA). Values of
p < 0.05 were considered statistically significant.
Results 

Identification of scutellarein as an inhibitor against JAK kinases

To identify compounds with inhibitory activity against JAK1, we 
performed a library screening of 684 natural compounds (Fig. 1A). 
The top 1% of compounds showing the highest inhibitory activity in 
the kinase assay were selected as hits. The hit compounds were 
subsequently screened against JAK1, JAK2, JAK3, and TYK2 activity,
and cytotoxicity assays were conducted. Compounds lacking ther-
apeutic applicability or novelty were excluded and scutellarein
was chosen for further investigation (Fig. 1B, C). To examine the 
detailed relationship between scutellarein and JAK kinases, IC50 

values were determined. Scutellarein effectively reduced the activ-
ity of JAK2, JAK3, and TYK2 in vitro, without exerting any cytotoxic
effects (Fig. 1D, Supplementary Fig. 1). The JH1 domain is the 
kinase domain, responsible for phosphoryla ting downstream sub-
strates such as STAT3 [22]. To further explore the interaction of 
scutellarein with JAK kinases, a binding assay was used to assess 
scutellarein’s binding affinity to the JH1 domain of various JAK pro-
teins. The results show potent binding affinity to JAK kinases as
indicated by the Kd values (Fig. 1E). Furthermore, to validate its 
specificity, the effects of scutellarein on four additional kinases –
EGFR, IGF1R, p38a, and ERK1 – were evaluated (Fig. 1F). The first 
two are receptor tyrosine kinases (RTKs), while p38a and ERK1 
are part of the mitogen-activated protein kinase (MAPK) family. 
In comparison to JAK2, scutellarein exhibited minimal inhibitory
activity against these kinases, further confirming its specificity
for JAK kinases. These findings collectively suggest that scutellarein
is a potent inhibitor of JAK kinases.

Scutellarein protects against IFN-c/TNF-a-induced myotube atrophy in
C2C12 cells

In cancer cachexia, tumor-secreted pro-inflammatory cytoki-
nes, such as IFN-c and TNF-a, induce muscle wasting [23]. These 
cytokines synergistically induce myotube atrophy by activating 
the JAK2/STAT3 pathway, which enhances protein degradation 
and suppresses muscle differentiation factors [8,9,24,25]. First, 
we examined whether scutellarein could attenuate the IFN-c/ 
TNF-a-induced JAK2/STAT3 pathway in cells. We observed signifi-
cant activation of the pathway in response to IFN-c/TNF-a. Nota-
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Fig. 1. Identification of scutellarein as a JAK kinase inhibitor and in vitro validation. (A) Schematic representation of the screening process. A library of 684 natural compounds 
was screened for inhibitory activity against JAK kinases. Hits were validated and further confirmed through in vitro assays. (B) Inhibitory activity of 684 natural compounds 
against JAK1 was measured using the ADP-GloTM kinase assay. (C) Chemical structure of scutellarein. (D) Dose-response curves for scutellarein’s inhibition of all four JAK 
kinases (JAK1, JAK2, JAK3, and TYK2) are presented, as measured by kinase assays. IC50 values were calculated using GraphPad Prism software, version 8.0.1. (E) Eurofins
binding assay results showing the binding affinity (Kd values) of scutellarein for the JH1 domain of the JAK kinases. (F) Inhibitory effects of scutellarein on EGFR, IGF1R, p38a,
and ERK1 assessed using kinase assays. Scutellarein was tested at concentrations of 3.3 lM and 10 lM.
bly, scutellarein effectively inhibited the activation of both JAK2
and STAT3 (Fig. 2A and B). This suppression of the JAK2/STAT3 
pathway suggests that scutellarein can directly target this signal-
ing pathway in cells. Since scutellarein inhibits JAK kinases, we fur-
ther examined its impact on other downstream factors of JAK
signaling. Specifically, we analyzed STAT5, a known downstream
target of JAK2 [26]. Treatment with pro-inflammatory cytokines 
resulted in STAT5 phosphorylation; however, the addition of
1086
scutellarein effectively inhibited this phosphorylation, confirming 
that scutellarein suppresses JAK activity and, consequently, its
downstream signaling (Fig. 2B). To assess the specificity of this 
inhibition, we examined other signaling pathways, including JNK, 
p38, NF-jB and TAK. Their phosphorylated forms increased due 
to treatment of IFN-c/TNF-a, but remain unchanged after treat-
ment with scutellarein, suggesting that scutellarein selectively tar-
gets the JAK2/STAT axis (Fig. 2C, Supplementary Fig. 2A). Next, to
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Fig. 2. Scutellarein protects against IFN-c/TNF-a-induced myotube atrophy in C2C12 cells. Myotubes were treated with indicated concentrations of scutellarein and 
inflammatory cytokines, IFN-c (20 ng/mL) and TNF-a (20 ng/mL). (A-C) Expression levels of phosphorylated and total JAK2 (A), STAT3, STAT5 (B), JNK, and p38 (C) were 
analyzed by immunoblotting. (D) Representative immunofluorescence images of MHC (green), Hoechst (blue), and merged images are shown, and (E) fusion index was 
quantified using ImageJ software. Scale bar: 200 lm. (F) Protein expression levels of MHC analyzed by immunoblotting. (G) mRNA expression of MyoD and myogenin was 
evaluated by qRT-PCR. (H) Protein synthesis following 24-hour treatment of scutellarein and IFN-c/TNF-a was assessed using the SUnSET assay, with puromycin
incorporation visualized by immunoblotting. GAPDH was used as a loading control. The data are presented as mean ± SD (n = 4–5). Statistical significance was determined by
one-way ANOVA followed by Dunnett’s multiple comparisons test. ## p < 0.01 vs. control group; * p < 0.05, ** p < 0.01, and ***p < 0.001 vs. IFN-c/TNF-a group. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
investigate the protective effects of scutellarein against muscle 
atrophy associated with cachexia, we performed a series of exper-
iments using C2C12 myotubes treated with IFN-c and TNF-a. 
C2C12 myoblasts were fully differentiated into myotubes prior to 
treatment with scutellarein. To model cachexia-induced muscle 
atrophy, cells were exposed to cytokines, and the impact of scutel-
larein on IFN-c/TNF-a-induced myotube atrophy was subse-
quently assessed. The morphological changes associated with
myosin heavy chain (MHC) expression were assessed through
immunofluorescence microscopy. Myotubes exhibited significant
1087
shrinkage upon cytokine treatment, whereas co-treatment with 
scutellarein effectively prevented this atrophy, demonstrating its
effect in muscle preservation (Fig. 2D). We evaluated the fusion 
index, a widely used metric in muscle cell culture assays to esti-
mate myocyte fusion [27]. Results demonstrate that treatment 
with scutellarein effectively prevented the IFN-c/TNF-a-mediated 
repression of myocyte fusion in a dose-dependent manner and
increased MHC protein expression (Fig. 2E and F). In addition, the 
mRNA expression levels of MyoD and myogenin, two critical regu-
lators of myoblast differentiation, were examined [28,29]. IFN-c/
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TNF-a-induced suppression of MyoD and myogenin was restored
by scutellarein treatment (Fig. 2G). This restoration of differentia-
tion markers suggests that scutellarein preserves muscle structure 
and myogenic potential. Consistently, treatment with JAK family
inhibitors, ruxolitinib and tofacitinib, also upregulated the expres-
sion of MyoD, myogenin, and MHC (Supplementary Fig. 2B, C). To 
further elucidate the effects of scutellarein on protein synthesis, 
the SUnSET assay was conducted. Scutellarein attenuated the sup-
pression of protein synthesis mediated by IFN-c/TNF-a treatment
(Fig. 2H), indicating its role in maintaining protein synthesis in 
muscle cells under inflammatory stress. Collectively, these findings 
indicate that scutellarein not only preserves myocyte fusion and
differentiation but also protects against protein synthesis suppres-
sion and myotube atrophy by inhibiting the JAK2/STAT3 signaling
pathway.

Scutellarein prevents cancer cell-conditioned medium-induced 
myotube atrophy in C2C12 cells

Following our investigation of myotube atrophy induced by 
IFN-c and TNF-a, we next examined the effects of scutellarein on 
myotube atrophy induced by conditioned medium from cancer 
cells. C2C12 myoblast cells were exposed to CT26 colon carcinoma 
cell-conditioned medium (CT26-CM) to mimic the cancer cachexia
microenvironment, and the impact of scutellarein on CT26-CM-
induced myotube atrophy was assessed. Scutellarein significantly
ameliorated CT26-CM-induced myotube atrophy, as evidenced by
an increased fusion index and higher protein expression levels of
MHC (Fig. 3A–C). These findings suggest that scutellarein exerts a 
protective effect on muscle structure in the cancer cachexia model, 
promoting muscle cell differentiation and fiber integrity. Addition-
ally, scutellarein reduced the expression of the muscle-specific
ubiquitin ligases MAFbx and MuRF1, which were markedly upreg-
ulated in response to CT26-CM treatment (Fig. 3D). These ligases 
are key regulators of protein degradation in muscle cells [30]. 
Indeed, scutellarein prevented CT-26-CM-mediated suppression 
of protein synthesis (Fig. 3E). Furthermore, it suppressed the ele-
vated phosphorylation levels of JAK2 and STAT3, demonstrating 
its ability to inhibit the JAK2/STAT3 signaling pathway in the
CT26-CM environment (Fig. 3F). Previous research has demon-
strated that inhibition of the JAK/STAT3 signaling pathway sup-
presses the expression of MAFbx and MuRF1, while elevating
MHC content in denervated tibialis anterior muscles [31]. In line 
with this, our data suggest that scutellarein exerts a protective 
effect against CT26-CM-mediated myotube atrophy in C2C12 myo-
blast cells by modulating the JAK2/STAT3 pathway.

Scutellarein prevents cancer cachexia in a CT26 tumor model

Following our cellular experiments, we evaluated the effects of 
scutellarein on cancer cachexia in a CT26-induced cachexia model 
using BALB/c mice. The mice were given ad libitum access to either 
a standard diet or a standard diet supplemented with scutellarein 
(24 mg/kg) for 10 weeks. To induce cancer cachexia, CT26 colon
carcinoma cells were subcutaneously injected into the right flank
during the last two weeks of treatment. Mice were euthanized at
the end of the study for analysis (Fig. 4A). Behavioral experiments 
demonstrated reduced muscle strength and exercise performance 
in cancer cachexia-induced mice. However, the scutellarein-
treated group exhibited significantly greater running distance
and time (Fig. 4B). The decline in Kondziela test hanging time 
and grip strength was also effectively prevented by scutellarein
treatment, suggesting recovery of muscle function (Fig. 4C and 
D). Muscle mass significantly decreased in cancer cachexia-
induced mice, while scutellarein-treated mice maintained muscle
weight comparable to that of tumor-free controls, as examined in
1088
triceps, quadriceps, tibialis anterior (TA), extensor digitorum 
longus (EDL), gastrocnemius, and soleus muscles (Fig. 4E–K). How-
ever, tumor mass between the two tumor-bearing groups showed 
no significant difference, indicating that scutellarein’s effects were
specific to muscle preservation (Fig. 4L). Furthermore, the mass of 
inguinal white adipose tissue (iWAT) was also restored in
scutellarein-treated mice (Fig. 4M). Therefore, tumor-free body 
weight increased compared to cancer cachexia-induced mice, and 
scutellarein did not significantly affect the weights of the liver
and heart. (Supplementary Fig. 3A–C). Hematoxylin and eosin 
(H&E) staining of the gastrocnemius muscles revealed a reduction 
in muscle fiber cross-sectional area (CSA) and an increased fre-
quency of smaller fibers in response to cachexia development
(Fig. 4N–P). Notably, scutellarein prevented these atrophic changes
in muscle fibers.

Protein expression analysis of quadricep muscles revealed 
increased phosphorylation of STAT3, whereas scutellarein con-
sumption led to a reduction in STAT3 ph osphorylation levels
(Fig. 4Q, Supplementary Fig. 3D). In quadricep muscles, elevated 
levels of muscle atrophy markers MAFbx and MuRF1 were 
observed, along with decreased MHC expression from CT26-
injected mice. These detrimental effects were significantly miti-
gated by scutellarein treatment (Fig. 4R, Supplementary Fig. 3E). 
We also examined the downstream regulators of the mTORC1 sig-
naling pathway, which plays a crucial role in muscle protein syn-
thesis and cell growth [32,33]. Phosphorylation levels of 
downstream effector molecules of mTORC1, p70S6K and 4E-BP1, 
were suppressed in cancer cachectic muscles but were restored fol-
lowing scutellarein treatment, indicating a recovery of the prot ein
synthesis signaling pathway (Fig. 4S an d Supplementary Fig. 3F). 
Similarly, markers of mitochondrial biogenesis, such as AMPK, 
Sirt1, PGC1a, and PPARd were elevated in scutellarein-treated 
mice, suggesting improved mitochondrial function (Fig. 4T an d
Supplementary Fig. 3G) [34,35]. Additionally, the expression of 
four ubiquitin ligase genes, including Mafbx, Trim63, Musa1, Fbx-
o31, was upregulated in cachectic muscles and significantly 
reduced by scutellarein (Fig. 4U) [36,37]. To further confirm the 
effect of scutellarein on mitochondrial biogenesis, we conducted 
additional experiments using C2C12 myoblasts. Scutellarein treat-
ment reversed the IFN-c/TNF-a-mediated downregulation of key 
mitochondrial regulators, including PGC-1a, Sir t1, Opa1, Mfn2,
ATP5a1, and UQCRC1 (Supplementary Fig. 4A). Additionally, Mito-
Tracker staining revealed that conditioned medium from CT26 
cells (CT26-CM) markedly reduced mitochondrial content in 
C2C12 myotubes, which was substantially rescued b y scutellarein
treatment (Supplementary Fig. 4B). Seahorse XF analysis showed 
that IFN-c/TNF-a treatment significantly reduced the oxygen con-
sumption rate (OCR) in C2C12 myotubes, indicating a marked sup-
pression of basal and maximal respiration. However, co-treatment 
with scutellarein (2.5, 5, and 10 lM) dose-dependently restored 
OCR values toward control levels, effectively rescuing the m ito-
chondrial dysfunction induced by the cytokines (Supplementary 
Fig. 4C and D). In cancer cachexia, lipolysis is also significantly 
upregulated by the JAK/STAT3 pathway, leading to rapid adipo se
tissue depletion [38]. This continuous fat breakdown severely 
impacts patient health. Previous research demonstrates that JAK 
inhibitors can effectively suppress cachexia-associa ted adipose
wasting [14]. In our findings, STAT3 was activated in the iWAT of 
cachectic mice, and treatment with scutellarein significantly 
reduced STAT3 phosphorylation (Fig. 4V an d Supplementary 
Fig. 3H). UCP1, a key protein involved in mitochondrial heat pro-
duction and fatty acid oxidation, was also upregulated by cachexia 
and restored by scutellarein (Fig. 4V an d Supplementary Fig. 3H) 
[39]. These results suggest that scutellarein counteracts adipose 
wasting in cancer cachexia by inhibiting the JAK2/STAT3 pathway. 
Overall, scutellarein helps prevent cancer cachexia by preserving
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Fig. 3. Scutellarein attenuates CT26-CM-induced myotube atrophy in C2C12 cells. Myotubes were treated with indicated concentrations of scutellarein and CT26-CM. (A) 
Representative immunofluorescence images of MHC (green), DAPI (blue), and merged images are shown, and (B) fusion index was quantified using ImageJ software. Scale bar: 
50 lm. Protein expression levels of (C) MHC, (D) MAFbx and MuRF1, (E) puromycin, and (F) phosphorylated and total JAK2 and STAT3 were analyzed by immunoblotting. 
GAPDH was used as a loading control. The data are presented as mean ± SD (n = 4–5). Statistical significance was determined by one-way ANOVA followed by Dunnett’s
multiple comparisons test. ### p < 0.001 vs. control group; ** p < 0.01, and ***p < 0.001 vs. CCM group. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
muscle and adipose tissue, improving muscle strength and perfor-
mance, and enhancing both protein synthesis and mitochondrial
biogenesis.

Scutellarein attenuates cancer cachexia in a Lewis lung carcinoma
model

To further investigate the effects of scutellarein on established 
cancer cachexia, we employed a second animal model with Lewis 
lung carcinoma (LLC)-induced cachexia in C57BL/6 mice. LLC cells 
were subcutaneously injected into the right flank, and scutellarein 
was orally administered three times a week (24 mg/kg), beginning
four days after tumor implantation, when visible tumors had
formed. The experiment continued for a total of 18 days, with end-
point analyses performed at the conclusion of this period (Fig. 5A). 
Consistent with the CT26-induced model, LLC-induced cachexia 
led to reductions in physical strength, muscle mass, and regulatory 
protein expressions. Behavioral tests, including treadmill perfor-
mance, hanging time, and grip strength, were diminished but sig-
nificantly improved following scutellarein treatment (Fig. 5B–D). 
This demonstrates that scutellarein administration restores muscle 
strength and function even when introduced after tumor develop-
ment. Upon sacrifice, triceps, quadriceps, TA, EDL, gastrocnemius,
soleus muscles and white adipose tissue weights were significantly
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higher in scutellarein-treated mice compared to the cachexia 
group, while tumor mass remained unaffected (Fig. 5E–M). Exclud-
ing the tumor, body weight was significantly increased in the 
scutellarein-treated group compared to the cachexia group (Sup-
plementary Fig. 5Supplementary Fig. 5A). Additionally, scutellarein 
treatment did not affect the weights of the liver and heart (Supple-
mentary Fig. 5B and C). Improvements in muscle mass and func-
tion were further confirmed through histological analysis. H&E 
staining revealed an increase in muscle fiber cross-sectional area
(CSA) in scutellarein-treated mice compared to their cachectic
mice counterpart (Fig. 5N). Quantitative analysis showed a higher 
frequency of large CSA fibers and an increase in average CSA in
response to scutellarein treatment (Fig. 5O and P). Protein expres-
sion analysis of quadricep muscles showed elevated STAT3 phos-
phorylation in LLC-injected mice, which was reduced by
scutellarein (Fig. 5Q and Supplementary Fig. 5D). Additionally, 
the expression of ubiquitin ligases MAFbx and MuRF1 increased, 
while MHC expression decreased in LLC-injected mice. These
effects were mitigated by scutellarein (Fig. 5R and Supplementary 
Fig. 5E). The expression of ubiquitin ligases, which was elevated in
cachexia, was also suppressed by scutellarein (Fig. 5S). In iWAT, 
STAT3 phosphorylation was markedly reduced by scutellarein
treatment (Fig. 5T and Supplementary Fig. 5F). In conclusion, our 
findings suggest that scutellarein has the capacity to both prevent
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Fig. 4. Scutellarein prevents CT26-induced cancer cachexia in BALB/c mice. (A) Experimental schematic of the CT26-induced cancer cachexia model. BALB/c mice were 
supplemented with the AIN-93G diet containing scutellarein (24 mg/kg) for 10 weeks. In the final 2 weeks, CT26 colon carcinoma cells (1 × 10⁶) were subcutaneously injected 
to induce cancer. Mice were euthanized at the end of the 10-week period for analysis. (B-D) Behavioral test results: (B) Treadmill test showing running distance and time, (C) 
hanging time in Kondziela’s inverted screen test, and (D) weekly grip strength measurements. (E) Representative images of skeletal muscles and adipose tissues. (F-M) 
Quantification of tissue weights: (F) triceps, (G) quadriceps, (H) tibialis anterior (TA), (I) extensor digitorum longus (EDL), (J) gastrocnemius, (K) soleus muscles, (L) tumor and 
(M) inguinal white adipose tissue (iWAT). (N) Representative H&E staining images of muscle cross-sectional area (CSA). Scale bar: 100 lm. (O) Frequency distribution of
muscle fiber CSA. (P) Average muscle fiber CSA (lm2). (Q-T) Immunoblot analysis of protein expressions in quadriceps muscles: (Q) p-STAT3/STAT3, (R) MHC, MAFbx, MuRF1,
(S) p-p70S6K/p70S6K, p-4E-BP1/4E-BP1, and (T) PGC1a, SIRT1, p-AMPK/AMPK, PPARd. GAPDH was used as a loading control. (U) mRNA expression levels of Mafbx, Trim63,
Musa1, and Fbxo31 in quadriceps muscles analyzed by qRT-PCR. (V) Immunoblot analysis of p-STAT3/STAT3 and UCP1 in iWAT. a-tubulin was used as a loading control. Data
are presented as mean ± SEM (n ≥ 7). Statistical significance was determined by original one-way ANOVA or Kruskal-Wallis test followed by Dunnett’s multiple comparisons
test. ns, not significant; # p < 0.05, ## p < 0.01, and ### p < 0.001 vs. control group; * p < 0.05, ** p < 0.01, and *** p < 0.001 vs. CT26 group.
and treat cancer cachexia. In the CT26 model, scutellarein func-
tioned as a preventive agent, maintaining muscle mass and func-
tion before cachexia fully developed. In contrast, in the LLC 
model, scutellarein exhibited therapeutic effects, ameliorating 
established cachexia by restoring muscle strength, mass, and func-
tion. This dual action highlights the potential of scutellarein as a
versatile therapeutic strategy for addressing cancer cachexia both
prophylactically and after onset.
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Transcriptomic analysis reveals JAK/STAT pathway inhibition i n
cachectic muscle by scutellarein

Using the LLC-induced cancer cachexia mouse model, we per-
formed transcriptome profiling in quadricep muscles using RNA 
sequencing to investigate the transcriptional effects of scutellarein. 
Principal Component Analysis (PCA) and heatmap clustering 
revealed distinct segregation of gene expression profiles, with
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Fig. 5. Scutellarein ameliorates LLC-induced cancer cachexia in C57BL/6 mice. (A) Experimental schematic for the LLC-induced cancer cachexia model. C57BL/6  mice  were  inoculated  
with 1 × 10⁶ LLC lung carcinoma cells, which were subcutaneously injected into the right flank. Scutellarein was orally administered three times per week, starting four days after 
inoculation, when visible tumors appeared. (B-D) Behavioral test results: (B) Treadmill test showing running distance and time, (C) hanging time in Kondziela’s inverted screen test, 
and (D) weekly grip strength measurements. (E) Representative images of skeletal muscles and adipose tissues. (F-M) Quantification of tissue weights:  (F)  triceps,  (G)  quadriceps,  (H)  
tibialis anterior (TA), (I) extensor digitorum longus (EDL), (J) gastrocnemius, (K) soleus muscles, (L) tumor and (M) inguinal white adipose tissue (iWAT). (N) Representative H&E 
staining images of muscle cross-sectional area (CSA). Scale bar: 100 lm. (O) Frequency distribution of muscle fiber CSA. (P) Average muscle fiber CSA (lm2 ). (Q-R) Immunoblot 
analysis of protein expression in quadriceps muscles: (Q) p-STAT3/STAT3 and (R) MHC, MAFbx, and MuRF1. GAPDH was used as a loading control. (S) mRNA expression levels of 
Mafbx, Trim63, Musa1,  and  Fbxo31 in quadriceps muscles analyzed by qRT-PCR. (V) Immunoblot analysis of p-STAT3/STAT3 in iWAT. Vinculin was used as a loading control. Data are
presented as mean ± SEM (n ≥ 7). Statistical significance was determined by original one-way ANOVA, Brown-Forsythe and Welch ANOVA, or Kruskal-Wallis test followed by
Dunnett’s multiple comparisons test. ns, not significant; # p < 0.05, ## p < 0.01, and ### p < 0.001 vs. control group; * p < 0.05, ** p < 0.01, and *** p < 0.001 vs. LLC group.
cachectic group clustering separately from the control group, indi-
cating significant transcriptomic alterations (Fig. 6A and B). Impor-
tantly, scutellarein treatment reversed the overall gene expression 
patterns in the muscle, resulting in a pr ofile similar to the control
group (Fig. 6A and B). To identify significantly enriched signaling 
and hallmark pathways affected by cachexia and scutellarein treat-
ment, Gene Set Enrichment Analysis (GSEA) was conducted (Fig. 6C). 
Consistent with previous studies, a marked enrichment in pathways 
associated muscle atrophy were observed in cachectic muscles, 
including apoptosis, hypoxia, and proteasome activation [7,40]. 
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Additionally, cancer-induced inflammatory pathways that cause 
muscle atrophy were significantly activated in cachectic muscle 
but suppressed by scutellarein treatment. Conversely, genes upreg-
ulated by scutellarein were predominantly associated with myoge-
nesis, suggesting a potential protective or regenerative role. 
Among inflammatory pathways, the JAK/STAT3 pathway was signif-
icantly enriched in cachectic muscles. Specifically, the LLC group 
exhibited a significant upregulation of this pathway co mpared to
the control group, as indicated by the positive running enrichment
score (NES > 1.5, P < 0.01) (Fig. 6D). In contrast, the scutellarein-
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Fig. 6. The effect of scutellarein on cachexia-induced transcriptomic profiles in LLC-injected mice. To evaluate the impact of scutellarein on the transcriptomic profile of cachectic 
muscle, quadriceps muscles from LLC-induced cancer cachexia mice were subjected to RNA sequencing and analysis. (A) PCA plot visualizes the distribution of groups based on 
the first two principal components (PC1 and PC2), which together explain the majority of variance in the dataset. (B) Heatmap representation of differentially expressed genes 
(DEGs) between experimental groups, illustrating distinct clustering patterns. (C) Gene Set Enrichment Analysis (GSEA) was performed on the DEGs to identify significantly 
enriched hallmark and KEGG pathways among different groups (NES > 1, p-value < 0.05). (D,E) GSEA plot for JAK/STAT3 signaling pathway was illustrated for genes from (D) LLC
group in comparison of control group, and (E) scutellarein group in comparison of LLC group, with statistical validation provided by both NES and p-values.
treated group showed significant downregulation of the JAK/STAT3 
pathway, as reflected by the negative running enrichment sco res
(NES < −1.5, P < 0.01) (Fig. 6E). Transcriptomic profiling of cachectic 
muscles confirms that scutellarein effectively suppresses JAK/STAT3 
signaling and counteracts cancer cachexia-associated muscle wast-
ing, highlighting its pot ential as a therapeutic intervention.

Scutellarein protects human iPSC-derived skeletal muscle cells from 
IFN-c/TNF-a-induced myotube atrophy

To further validate the efficacy of scutellarein in human muscle, 
the therapeutic effect of scutellarein was examined in human
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induced pluripotent stem cell (hiPSC)-derived skeletal muscle cells 
under inflammatory cachexia conditions. The hiPSC cells were dif-
ferentiated into skeletal muscle cells for evaluation of scutellarein. 
Cells treated with pro-inflammatory cytokines IFN-c and TNF-a
exhibited significant thinning of myotubes and a marked reduction
in the number of skeletal muscle cells, indicating myotube atrophy
and degradation of myotube structure under inflammatory stress
(Fig. 7A–C). However, treatment with scutellarein prior to inducing 
inflammatory stress preserved myotube diameter and increased
the percentage of MHC-positive cells (Fig. 7A–C). This result was 
further confirmed through protein expression analysis of MHC
(Fig. 7D). Furthermore, Titin expression was visibly higher in
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scutellarein-treated cells compared to the atrophy-induced group, 
suggesting improved structural integrity and sarcomeric organiza-
tion within the muscle fibers (Fig. 7E). Treatment with scutellarein 
did not display any observable cytotoxic ity in hiPSC-derived skele-
tal muscle cells (Supplementary Fig. 6). JAK2 and STAT3 were acti-
vated in human skeletal muscle cells by inflammatory cytokines,
then decreased by treatment with scutellarein (Fig. 7F). Together, 
these results indicate that scutellarein effectively counteracts 
IFN-c/TNF-a-induced myotube atrophy in hiPSC-derived skeletal
muscle cells by inhibiting the JAK2/STAT3 pathway and preserving
myotube structure.

Hydroxyl group positioning in flavones determines inhibitory activity
against JAK2

Scutellarein, also known as 4′,5,6,7-tetrahydroxyflavone, is a 
flavone characterized by four hydroxyl groups. To understand the 
structure–activity relationship of this compound, we prepared 
eight flavones that are structurally similar to scutellarein. Each of
these flavones varies from scutellarein and from one another, con-
taining either three or two of the hydroxyl groups found in scutel-
larein (Fig. 8A). Among these flavones, only baicalein exhibited 
similar inhibitory activity to scutellarein against JAK2 while the
other flavones did not demonstrate significant activity towards
JAK2 (Fig. 8B). Interestingly, scutellarein and baicalein were also 
found to effectively inhibit the downregulation of Myod , Myogenin,
and Pgc1a, mediated by IFN-c and TNF-a (Fig. 8C and D). Addition-
ally, apigenin demonstrated similar effectiveness, consistent with 
previous studies that have shown apigenin’s ability to enhance
the expression of these genes through Prmt7 [41]. Furthermore, 
scutellarein and baicalein significantly inhibited the activation of 
STAT3, further supporting their role in suppressing JAK2 activity
(Fig. 8E). Based on these results, it was inferred that the hydroxyl 
groups at carbons 5, 6, and 7 are critical for inhibiting JAK2.

To validate this conjecture, molecular docking was performed 
to explore the binding mechanism of scutellarein with JAK2. Sev-
eral potential hydrogen bonds (indicated by do tted lines) were
observed between scutellarein and JAK2 (Fig. 8F). To further con-
firm the predicted binding pose, we compared it with the exper-
imental binding pose reported in the co-c rystal structure of a
known JAK2 imidazopyrrolopyridine inhibitor (Supplementary 
Fig. 7). The predicted pose of scutellarein overlayed well with 
the known compound. For the imidazopyrrolopyridine inhibitor, 
the two nitrogen atoms in the 1H-pyrrolo[2,3-b]pyridine ring 
formed bonds with the backbone carbonyl and amine groups of 
Glu930 and Leu932 in the hinge region of the kinase, respec-
tively. Additionally, the delocalized p-electrons of the ring 
formed a CH-p interaction with Leu983 on the ‘‘floor” of the
binding pocket. These typical kinase interactions were all repli-
cated in the predicted binding pose of scutellarein (Fig. 8F  a  nd
Supplementary Fig. 7), suggesting that the prediction is plausi-
ble. Based on the predicted binding pose, it can be observed that 
the hydroxyl group at position R4 extended outward from the 
binding pocket, failing to form any reliable interaction with 
key residues inside the pocket. This is consistent with the similar 
potency of scutellarein and baicalein, i ndicating that the absence
of the hydroxyl group at R4 does not negatively affect the com-
pound’s potency (Fig. 8B). In contrast, the hydroxyl group at R1 
is likely to form a hydrogen bond network with Gly993 and 
Asp994 via a water molecule observed from the co-crystal struc-
ture of 4F09, represented as a red sphere, suggesting its critical
role in binding with the kinase (Fig. 8F). The absence of the 
hydroxyl at R1 significantly reduced inhibition, as observed
when comparing baicalein to 5,6-dihydroxyflavone (Fig. 8B). Fur-
thermore, potential hydrogen bonds were identified between the
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carbonyl group of Glu930 and the hydroxyl groups at R3 and R2, 
with the R3 hydroxyl group forming a potentially stronger 
hydrogen bond (2.9 Å) with the kinase, while the R2 hydroxyl
group formed a weaker bond (3.5 Å) (Fig. 8F). This is in accor-
dance with the inhibitory activity observed in previous experi-
ments. Consequently, these results altogether suggest that the 
specific structure of scutellare in plays a key role in inhibiting
JAK2, thereby preventing JAK2/STAT3 activation and mitigating
muscle atrophy.

Discussion 

The JAK2/STAT3 axis is activated by pro-inflammatory cytoki-
nes such as IL-6, IFN-c, and TNF-a, which are elevated in cancer 
cachexia patients and contribute to muscle wasting by disrupting
the balance between skeletal muscle protein synthesis and degra-
dation [9,13,42]. Our findings demonstrate that scutellarein effec-
tively inhibits JAK2 activity, preventing the downstream 
activation of STAT3. By blocking this pathway, scutellarein attenu-
ates muscle wasting associated with cancer cachexia. These results 
suggest that scutellarein may serve as a novel therapeutic option in
the treatment of cachexia, addressing a critical unmet need in the
management of cancer-related morbidity.

Beyond its anti-cachectic effect, scutellarein has been reported 
to exert anti-inflammatory, antioxidant, and anti-cancer properties
[17,18,43–48]. While these pleiotropic effects might be considered 
off-target in some therapeutic contexts, they may be advantageous 
in cancer cachexia, a complex systemic syndrome involving skele-
tal muscle atrophy, widespread inflammation, metabolic disrup-
tion, and adipose tissue depletion. In such multifactorial 
conditions, agents capable of modulating multiple pathogenic 
pathways simultaneously may offer therapeutic advantages over 
narrowly targeted drugs. For instance, in our study, scutellarein 
enhanced mitochondrial activity in muscle, consistent with its pre-
viously reported diverse beneficial effects. This observation is fur-
ther supported by previous studies on the relationship between
JAK/STAT pathway and mitochondrial function and biogenesis.
STAT3 knockdown alleviates mitochondrial dysfunction and oxida-
tive stress, while STAT3 suppresses PGC-1a expression and dimin-
ishes electron transport chain efficacy [49–51]. These findings 
support the mechanistic plausibility that inhibition of JAK2/STAT3 
signaling by scutellarein contributes to improved mitochondrial 
function and energy metabolism in muscle. Collectively, these
multiple therapeutic effects of scutellarein may offer substantial
benefit in the management of cancer cachexia.

Despite the availability of several clinically approved JAK2 inhi-
bitors, the identification of scutellarein introduces a novel candi-
date with distinct properties, particularly rele vant to cancer
cachexia [52]. While most existing JAK2 inhibitors were developed 
for hematologic malignancies and autoimmune disorders, scutel-
larein offers unique advantages in cachexia, its natural origin, 
pleiotropic activity, and favorable preclinical safety profile [53]. 
In our study, scutellarein demonstrated efficacy in both preventive 
and therapeutic cachexia models without detectable toxicity, sup-
porting its potential suitability for long-term administration in vul-
nerable cancer patients. Unlike synthetic JAK inhibitors, which are 
often optimized for maximal potency but may present narrow 
therapeutic indices and off-target effects such as anemia, thrombo-
cytopenia, or immunosuppression, scutellarein’s moderate potency 
combined with its simultaneous actions on inflammation, mito-
chondrial biogenesis, and muscle protein homeostasis may offer 
a b roader and safer therapeutic window well-suited for this multi-
factorial syndrome [54]. Also, the development of multiple inhibi-
tors targeting the same molecule is a well-established drug 
development strategy, since it allows clinicians to tailor treatment
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Fig. 7. Protective effects of scutellarein on human induced pluripotent stem cell (hiPSC)-derived skeletal muscle cells against IFN-c/TNF-a-induced atrophy and 
inflammatory stress. hiPSC-derived skeletal muscle cells were treated with indicated concentrations of scutellarein and inflammatory cytokines, IFN-c (100 ng/mL) and TNF-
a (100 ng/mL). (A) Representative immunofluorescence images showing MHC (red), DAPI (blue), and merged images. Scale bar: 40 lm. (B-C) Quantification of (B) myotube 
diameter and (C) distribution based on MHC-stained images, analyzed using ImageJ software. (D) Immunoblot analysis of MHC protein expression levels. (E) Representative 
immunofluorescence images of Titin (red), DAPI (blue), and merged images. Scale bar: 40 lm. (F) Immunoblot analysis of phosphorylated and total JAK2 and STAT3. b-actin
was used as a loading control. The data are presented as mean ± SD (n = 3). Statistical significance was determined by Kruskal-Wallis test followed by Dunnett’s multiple
comparisons test. ## p < 0.01 and ### p < 0.001 vs. control group; ***p < 0.001 vs. IFN-c/TNF-a group. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
based on patient-specific needs, as exemplified by EGFR and JAK
inhibitor classes [52,55–57]. In this context, identification of natu-
ral compounds such as scutellarein expands the therapeutic land-
scape and may serve as a foundation for further optimization.
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Furthermore, our study is the first to demonstrate the direct 
inhibitory activity of scutellarein against JAK and to define its 
unique structural basis for target engagement. Previous studies 
have examined scutellarin, a glycosylated derivative of scutel-
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larein, reporting modulation of JAK/STAT signaling; however, these 
effects were inconsistent, context-dependent, and typically 
required high concentrations, with no direct biochemical evidence
of JAK inhibition [58–61]. In addition, glycosylation and subtle 
structural modifications are known to significantly alter bioactiv-
ity, pharmacokinetics, and target interactions. In contrast, our data 
show that scutellarein directly inhibits JAK kinase activity, as 
demonstrated by in vitro kinase assays, Kd determination, molecu-
lar docking, and suppression of JAK2/STAT3 phosphorylation in 
both in vitro and in vivo models. Such structure –activity relation-
ship analysis further differentiates scutellarein from related flavo-
noids by identifying key hydroxylation patterns necessary for JAK2
binding. Collectively, these findings establish scutellarein as a
novel direct JAK inhibitor with therapeutic relevance for cancer
cachexia, a condition for which no JAK-targeted therapy has been
optimized to date.

These findings also have important translational implications, 
highlighting the potential of scutellarein for clinical application. 
By inhibiting the JAK/STAT pathway, scutellarein may help pre-
serve muscle mass, improve quality of life, and enhance survival 
rates in cancer patients suffering from cachexia. In our study, 
scutellarein demonstrated efficacy in two animal models and
exhibited positive effects in human muscle cells, further support-
ing its translational potential. Additionally, as a natural compound,
scutellarein holds appeal for long-term administration in patients
and offers additional potential for development into medical or
functional food products [62]. However, to advance these findings 
toward clinical application, further studies are needed to deter-
mine the optimal dosage, administration routes, and long-term 
safety. Comprehens ive toxicity studies and pharmacokinetic/phar
macodynamic profiling will be essential to fully characterize its
in vivo behavior and safety profile.

Conclusions 

In conclusion, our study identifies a natural compound scutel-
larein as a JAK inhibitor that counteracts cancer cachexia by 
inhibiting the JAK2/STAT3 pathway. Scutellarein preserves muscle
structure, enhances mitochondrial function, and prevents muscle
wasting in cell and animal models, offering a potential therapeutic
strategy.
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