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ARTICLE INFO ABSTRACT

Keywords: Glycyrrhiza uralensis is a traditional herbal medicine with significant bioactivity. This study
Glycyrrhiza uralensis investigated the effect of G. uralensis crude water extract (GU-CWE) on nitric oxide synthase 2
Myogenesis

(NOS2) expression during myogenesis. GU-CWE treatment increased myoblast differentiation by
downregulating NOS2 and upregulating myogenic regulatory factors (MYOD, MYOG, and MYH).
Notably, this effect was supported by an observed decrease in NOS2 expression in the gastroc-
nemius tissues of mice treated with GU-CWE. In addition, GU-CWE treatment and NOS2 knock-
down were associated with reductions in reactive oxygen species levels. We further elucidate the
role of the NOS2 gene in myoblast differentiation, demonstrating that its role was expression
dependent, being beneficial at low expression but detrimental at high expression. High NOS2
gene expression induced oxidative stress, whereas its low expression impaired myotube forma-
tion. These findings highlight that the modulation of NOS2 expression by G. uralensis can
potentially be use for managing muscle wasting disorders.

Nitric oxide synthase 2
Reactive oxygen species
Muscle wasting

1. Introduction

Skeletal muscle (SM) is consists of multinucleated myofibers that can regenerate and repair themselves after injury, but this ability
declines with age and reduces the ability to conduct daily activities. The regenerative potential of SM is primarily dependent on muscle
stem cells (MSCs), which are important for directing myofiber development. Myogenic transcription factors like Pax3, Pax7, MYOD,
and MYOG regulate MSC progression [1,2], and after injury, quiescent MSCs expressing Pax7* become activated and participate in the
activations of MYOD, Myf5, and MYOG, which lead to the formation of myotubes [3]. Differentiation of MSC is critical for SM
regeneration and is regulated by many signaling pathways and interactions between various extracellular matrix components and
MSCs [4-6]. Furthermore, loss of SM mass is a hallmark of diabetes, obesity, cancer, and aging. Over the years, our group has sought to
identify novel inhibitory peptides and small molecules with therapeutic potential in this area [7-14].

Muscle wasting is a pathological condition commonly encountered in the elderly caused by the combined effects of muscular
atrophy and myocyte death, which reduce SM mass and muscular strength [15] and leads to incapacitation and an enhanced risk of
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death. Inducible nitric oxide synthase (iNOS or NOS2) is an enzyme that produces nitric oxide (NO), which is associated with muscle
atrophy, and is produced by various cellular components, including muscle fibers, in response to TNF-a [16]. Furthermore, accu-
mulating evidence demonstrates that the iNOS/NO pathway is involved in the progression of sarcopenia and muscle wasting caused by
cachexia [16-18].

Glycyrrhiza uralensis (licorice) is a popular herbal medicine in Asia, southern Europe and Russia, where it is used to treat coughs,
spasms, pain, and inflammation and reduce immune reactions [19-21]. G. uralensis research has primarily focused on the pharma-
cological properties of its constituents, which include polysaccharides, saponins, and flavonoids. These constituents have been
extensively studied in animal models and cells for their anti-inflammatory, immunomodulatory, and anti-cancer properties [22,23].
Recently, we reported that G. uralensis extracts and three components, namely, licochalcone B, tetrahydroxymethoxychalcone, and
liquiritigenin, promote myogenesis [24]. This study aimed to evaluate the effect of G. uralensis crude water extract (GU-CWE) on NOS2
gene expression during myogenesis. Furthermore, the antioxidant characteristics of G. uralensis was also examined.

2. Materials and methods
2.1. Cell culture

Murine C2C12 myoblasts were acquired from the Korean Cell Line Bank (Seoul, South Korea) and cultured as previously described
[24].

2.2. Cell differentiation

The growth media, consisting of DMEM supplemented with 10 % fetal bovine serum (FBS) and 1 % penicillin/streptomycin (P/S),
was substituted with differentiation media. The differentiation media comprised DMEM supplemented with 2 % FBS and 1 % P/S. This
substitution occurred once the cells had reached complete confluency or 100 % coverage of the growth surface. Cells were grown in
differentiation media supplemented with 100 pg/ml of GU-CWE for 6 days.

2.3. Preparation of G. uralensis CWE

The desiccated roots of G. uralensis were acquired from the Kwangmyeong Herbal Store (KM Herb Co., Ltd., Busan, Korea). The
voucher specimens were preserved in an herbal bank at the KM Application Center of the Korea Institute of Oriental Medicine [24]. A
water extract was prepared from 50 g of these roots, as we previously described [24]. Briefly, 1000 ml of distilled water (DW) was
added to dried G. uralensis roots (50 g) and extraction was performed by heating at 115 °C for 3 h. The mixture was then filtered
through 150 pm standard sieves, and lyophilized. The lyophilized powder was dissolved in DW, chilled at 4 °C for 24 h, and centrifuged
at 5000xg for 5 min. Supernatant was stored at —20 °C.

2.4. DNA microarray

DNA hybridization was performed using An Agilent Technologies mouse GE 4 x 44 K (V2) chip (Agilent Technologies, Santa Clara,
CA, USA). Microarray analysis was performed on C2C12 cells treated with GU-CWE (100 pg/ml) for 4 days to identify differentially
expressed genes, as described previously [25]. Briefly, C2C12 cells were grown in a differentiation medium for four days before being
used to create cDNA probes using an Agilent Low RNA Input Linear Amplification kit.

2.5. Gene knockdown

C2C12 cells were cultured in growth media until 30 % confluent and then transfected using 1 ng of iNOS2 shRNA or a scrambled
vector containing green fluorescent protein gene with reagents and OPTIMEM media. Cells that had undergone transfection were
selected using a concentration of 2 pg/ml puromycin (Sigma Aldrich, St. Louis, MO, USA) for four days, and knockdown efficiencies
were confirmed by comparing iNOS2 mRNA levels in knocked-down cells with those in scrambled vector-transfected cells. Table S1
lists the shRNA sequence information.

2.6. Mouse experiment

C57BL/6 male mice (6 weeks old) were purchased from Hyochang Science (Daegu, Korea) and housed in a temperature-controlled
room at four mice per cage. Animal experiments were conducted per the guidelines issued by the Institutional Animal Care and Use
Committee of Yeungnam University (YU-IACUC-2022-013). Mice were given GU-CWE (100 mg/kg/daily) orally for 14 consecutive
days. Mice were then subjected to avertin anesthesia (Sigma Aldrich), and gastrocnemius muscle tissues were collected for analysis.

2.7. Real-time RT-PCR

Total RNA was isolated from cells using Trizol® reagent (Invitrogen), and Real-time RT-PCR was conducted as we previously
described [24]. Table S2 lists the primer information.
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2.8. Western Blot (WB) analysis

WB analysis was conducted using the method described earlier [24]. Briefly, electrophoresed proteins (40 pg-70 pg) were
transferred to PVDF membranes (Millipore, Billerica, MA, USA), which were then blocked with 3 % skim milk in tris buffer saline (TBS)
for 1 h and incubated with primary antibodies [iNOS2 (1:250), MYOD (1:400), MYH (1:400) MYOG (1:400), and p-actin (1:2000)] in
TBS overnight at 4 °C. Membranes were washed, then incubated with horseradish peroxidase (HRP)-conjugated secondary antibodies
for 2 h at room temperature (RT) and detected using Super Signal West Pico Chemiluminescent Substrate. An Azure 300 chemilu-
minescent imager (Azure biosystem, Dublin, CA, USA) was used to quantify band chemiluminescence.

2.9. Immunocytochemistry

Immunocytochemistry was conducted using antibodies against iNOS2, as previously described [12]. A Nikon Eclipse TE2000-U
inverted fluorescent phase-contrast microscope equipped with a Nikon Eclipse Ts2R objective (Nikon, Melville, NY, USA) and a
ProgRes C3 CCD Digital Microscope Camera operated by NIS System software was used for fluorescence imaging.

2.10. Immunohistochemistry

Paraffin-embedded gastrocnemius tissues were deparaffinized and hydrated using a xylene and ethanol series (Millipore, Billerica,
MA, USA). Endogenous peroxidase activity was inhibited with 0.3 % H»0y/methanol, which was then blocked with 1 % normal goat
serum. The sections were incubated with iNOS2 antibodies (1:250) overnight at 4 °C, and then with HRP-conjugated secondary
antibody (1:100) or stained with hematoxylin and eosin. Signals were visualized using diamino-benzidine and H2O5. A light micro-
scope (Leica, Wetzlar, Germany) was used to examine the stained sections.

2.11. Creatine Kinase (CK) activity assay

CK activity was assayed using a CK Activity Assay Kit (EnzyChrom). Briefly, 100 pL of reconstituted reagent was added to cell
samples (10 pL) in a 96-well microplate, which was incubated for 20 or 40 min at RT. Absorbance was subsequently quantified at a
wavelength of 340 nm using a microplate reader (SYNERGY HT, BioTek).

2.12. Determination of intracellular reactive oxygen species (ROS) levels during myogenesis

After removing the differentiation media, cells were rinsed twice with DMEM (a medium without serum). Then, cells were exposed
to 10 uM 2',7"-Dichlorodihydrofluorescein diacetate in DMEM for 30 min at 37 °C. Finally, the cells were washed twice with phosphate
buffer saline. Fluorescence intensities were then measured by a fluorescence microscope equipped with a digital camera (Nikon,
Japan) and fluorescence microplate reader (SYNERGY, BioTek) at excitation/emission wavelengths of 485/530 nm. The ROS levels in
NOS2;4 cells were also measured.

2.13. Statistical analysis

The significant gene expression differences versus mean normalized expressions were determined using Tukey’s Studentized Range
(HSD) test. Real-time RT-PCR, CK, and ROS levels were analyzed using one and two-way ANOVA in GraphPad Prism ver. 9.0, and
statistical significance was accepted for P values < 0.05.

3. Results
3.1. Expression of myogenic marker genes in C2C12 cells

Myogenic marker genes and protein expression were analyzed after differentiating cells for different times (0, 2, 4, and 6 days).
During differentiation, mononucleated myoblasts fuse to form elongated myotubes (Suppl. Fig. S1A). CK activity significantly
increased over time from DO to D6 (Suppl. Fig. S1B). mRNA and protein expression of myogenic markers were analyzed. MYOD and
MYOG were significantly expressed on D2 and D4 respectively, while MYH expression increased gradually with time and peaked on D6
(Suppl. Fig. S1C). Furthermore, the protein expression levels of these myogenic markers were consistent with the RT-PCR results
(Suppl. Fig. S1D).

3.2. Effect of G. uralensis on C2C12 cell differentiation

To study the effect of G. uralensis on C2C12 myoblast differentiation, cells were treated with 100 pg/ml of GU-CWE and cultured in
differentiation media. Cell differentiation, myotube formation, and CK activity were greater for GU-CWE-treated cells than for non-
treated cells (Fig. 1A and B). Further, GU-CWE increased the myogenic regulatory factors’” mRNA and protein expressions (Fig. 1C
and D). These observations show that GU-CWE promotes myoblast differentiation.
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Fig. 1. Effect of G. uralensis CWE on C2C12 cell differentiation. (A) Myotube formation of C2C12 cells cultured in differentiation media supple-
mented with 100 pg/ml GU-CWE for 6 days. (B) Cells were treated with 100 pg/ml of GU-CWE. Creatine Kinase activity in treated and untreated
(control) groups. (C) MYOD, MYOG, and MYH mRNA expression with 100 pg/ml of GU-CWE treated and non-treated control groups, as determined
by real-time RT-PCR. (D) MYOD, MYOG, and MYH protein expressions as analyzed by Western Blot. Cells were treated with 100 pg/ml of GU-CWE.
Day 0 sample was considered as control. Results shown are means + SD (n > 3). D = Day. ** p < 0.01, *** p < 0.001.
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Fig. 2. Expression of NOS2 in C2C12 cells. (A) C2C12 cells were cultured in differentiation media for 6 days. Myotube formation by C2C12 cells
incubated in differentiation media for different times (0, 2, 4 and 6 days). (B) NOS2 mRNA expression as assessed by real-time RT-PCR at these time
points. (C) NOS2 protein expression as analyzed by Western Blot. (D) NOS2 protein localization as determined by Immunocytochemistry. Day
0 samples were used as a control. Results shown are means + SD (n > 3). D = Day. *** p < 0.001.
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3.3. Microarray analysis of gene expressions after G. uralensis treatment

After treating C2C12 cells with GU-CWE for 4 days in differentiation media, microarray analysis revealed significant changes in
gene expression. Fifty-three genes were downregulated and 49 were upregulated when a 2-fold cutoff was applied, and 2 were
downregulated and 8 upregulated when a 4-fold cutoff was applied (Suppl. Fig. S2) (Suppl. Tables S3 and S4). Notably, the NOS2 gene
was among the top downregulated genes. Thus, we conducted an in vitro study to investigate the role played by the NOS2 gene in
myogenesis and to determine the effect of GU-CWE on NOS2 expression.

3.4. Expression of NOS2 gene during C2C12 cell differentiation

C2C12 cells were grown in differentiation media and the expression of NOS2 gene was analyzed at various time points. NOS2
mRNA and protein expressions peaked on D6 (Fig. 2A-2C). In addition, immunocytochemistry assessment of NOS2 protein localization
demonstrated a strong correlation with RT-PCR and WB results (Fig. 2D).

3.5. Effect of G. uralensis CWE on NOS2 expression

To examine the effect of GU-CWE on NOS2 expression, C2C12 cells were treated with GU-CWE and cultured for six days. GU-CWE
increased cell differentiation and myotube formation (Fig. 3A) and caused NOS2 mRNA and protein expression to decrease gradually
versus non-treated cells (Fig. 3B and C). In addition, immunocytochemistry showed that NOS2 protein expression concurred with RT-
PCR and WB results (Fig. 3D). Furthermore, consistent with our in vitro findings, GU-CWE reduced NOS2 expression in mouse
gastrocnemius tissues (Fig. 3E and F). Altogether, GU-CWE downregulated NOS2 expression during myoblast differentiation.
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Fig. 3. Effect of G. uralensis CWE on NOS2 gene expression. (A) Myotube formation by C2C12 cells treated or not with 100 pg/ml of GU-CWE for 6
days. (B) NOS2 mRNA expression in C2C12 cells treated or not with 100 pg/ml of GU-CWE as determined by real-time RT-PCR. (C) NOS2 protein
expression as determined by Western Blot in control and treated groups. (D) NOS2 protein localization by immunocytochemistry on differentiation
day 6. (E) NOS2 protein expression was determined by Western Blot. (F) NOS2 expression in muscle tissues was determined by immunohisto-
chemistry. Mouse were orally administered with GU-CWE (100 mg/kg) for fourteen days. Results shown are means + SD (n > 3). D = Day. *** p
< 0.001.
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Fig. 4. NOS2 knockdown performed in C2C12 cells. (A) NOS2 was knockdown in C2C12 cells, and cells were then cultured in differentiation media
for 6 days. Myotube morphologies of wildtype (Wt) and NOS2,4 cells are shown. (B) Creatine kinase activity in Wt and NOS2y4 cells. (C) MYOD,
MYOG, MYH, and NOS2 mRNA expressions in Wt and NOS2,4 cells as determined by real-time RT-PCR. (D) Myogenic markers and NOS2 protein
expressions as determined by Western blot. (E) NOS2 protein localization in Wt and NOS2y4 cells as determined by immunocytochemistry. Results
shown are mean + SD (n > 3). D = Day. *** p < 0.001.
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Fig. 5. ROS level in C2C12 cells. (A) ROS was assessed to investigate H,O, involvement using a fluorescence microscope in non-treated controls and
cells treated with GU-CWE. (B) ROS levels in cells were determined using a fluorescence microplate reader. (C) ROS levels were measured to
determine H,0, involvement using a fluorescence microscope in non-treated controls and NOS2y4 cells. (D) ROS level as determined using a
fluorescence microplate reader. Results shown are mean + SD (n > 3). D = Day. *p < 0.05, *** p < 0.001.
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3.6. Role of NOS2 in myoblast differentiation

To determine the role played by NOS2 during myoblast differentiation, NOS2 was knocked down in C2C12 cells, and then cells
were cultured in differentiation media for six days. Myotube formation and CK activity were significantly lower in NOS2y4 cells than in
wild-type (Wt) controls (Fig. 4A and B). Furthermore, MYOD, MYOG, and MYH and NOS2 mRNA and protein expressions were
downregulated in NOS2yq cells (Fig. 4C and D), and immunocytochemistry results for NOS2 protein in NOS2yq cells were consistent
with RT-PCR and WB findings (Fig. 4E). Thus, NOS2 knockdown was found to reduce myoblast differentiation.

3.7. Effect of G. uralensis CWE on ROS level in C2C12 cells

ROS levels in C2C12 cells were reduced by GU-CWE treatment, indicating G. uralensis has antioxidative properties (Fig. S5A and B).
In addition, ROS levels were lower in NOS2yq cells than in Wt controls (Fig. 5C and D). These findings suggest that GU-CWE treatment
and NOS2 knockdown reduce ROS levels.

4. Discussion

Skeletal muscle improves the quality of life by providing body movement, energy metabolism, and postural support, and declines in
SM-related functions are associated with aging, chronic diseases, metabolic problems, muscle atrophy, and reduced muscle mass and
strength [26]. Unfortunately, the mechanisms responsible for SM mass loss are poorly understood, and no effective pharmacological
intervention has yet been developed for muscle atrophy. An investigation of muscle tissue from young and old mice revealed
significantly higher levels of iNOS in the muscles of aged mice and associations between this increase and age-associated increases in
caspase-2 and JNK signaling activities, which suggested a link between increased iNOS expression and age-associated SM apoptosis
[18]. In addition, iNOS has been implicated in cytokine-stimulated cachexia [16,17,27]. Sarcopenia and cachexia are the most
common and deadly muscle loss-associated diseases. However, no approved treatment is available [28], although natural products,
such as polyphenols, terpenoids, flavonoids, alkaloids, and vitamin D, have been reported to have potential use for regulating SM
health and preventing muscle atrophy [29]. Therefore, the current study was conducted to determine whether GU-CWE can down-
regulate NOS2 and promote myogenesis.

Initially, we examined the expression level of key myogenic markers (MYOD, MYOG, and MYH) in C2C12 cells at various myogenic
time points during differentiation. Notably, MYOD expression was significantly increased on Day 2, whereas MYOG expression peaked
on Day 4. Furthermore, the expression of MYH increased gradually and peaked on Day 6. This preliminary analysis was conducted to
establish a baseline and standardize the experimental conditions before beginning the study on GU-CWE. Subsequent treatment with
GU-CWE enhanced the cell differentiation and myotube formation and increased CK activity. Thus, GU-CWE was found to promote
myoblast differentiation effectively. Furthermore, these findings were consistent with our recent study [24], and provided additional
support for the beneficial effects of GU-CWE on myoblast differentiation. This corroborating evidence enhanced our understanding of
the potential benefits of G. uralensis in the context of muscle health.

Analysis of gene expression profiles revealed GU-CWE treatment downregulated expression of the NOS2 gene. A series of in vitro
experiments were conducted to investigate the role played by NOS2 in myogenesis and the effect of GU-CWE on NOS2 expression.
NOS2 expression was assessed at the mRNA and protein levels at different time points and found to peak on Day 6. Interestingly, GU-
CWE gradually reduced NOS2 expression at the mRNA and protein levels, further supporting the downregulation of NOS2 by GU-CWE.
The consistency of these findings was reinforced by an assessment of NOS2 expression in the gastrocnemius tissues of mice treated with
GU-CWE. Notably, treating C57BL/6 mice with GU-CWE reduced NOS2 expression in gastrocnemius tissues. NOS2 plays a crucial role
in muscle-wasting diseases such as cachexia and sarcopenia [16], and its inhibition was reported to have promising muscle-protective
effects in cancer and cachectic models [30]. In another study, isoliquiritigenin obtained from G. uralensis exerted anti-inflammatory
effects by down-regulating iNOS/NOS2 in RAW 264.7 cells [31]. Our studies showed that GU-CWE downregulates NOS2 during
myoblast differentiation. These findings contribute to our understanding of the regulatory effects of GU-CWE on NOS2 and demon-
strate its therapeutic potential for combating muscle wasting-associated conditions.

Knockdown of NOS2 in C2C12 cells markedly decreased the myotube formation, indicating that NOS2 plays a critical role in
myoblast differentiation. NOS2 has been previously identified as an important player in mitochondrial elongation, a prerequisite for
myoblast differentiation [32]. On the other hand, studies have linked NOS2 to muscle wasting [16]. The involvement of NOS2 in
muscle wasting is probably associated with its ability to promote excessive NO synthesis and produce excessive ROS levels. During the
early differentiation stage, ROS are produced at low levels and serve as physiological intracellular signaling molecules, but at higher
concentrations ROS can be cytotoxic. As a result, the overexpression of NOS2 causes oxidative stress, whereas NOS2 deficiency impairs
myotube formation.

Increasing evidence supports the involvement of iNOS-stimulated oxidative stress in sarcopenic and cachectic muscle loss. Notably,
several studies have reported an age-related rise in protein nitration levels, which suggests increased NO and peroxynitrite productions
[30,33-35]. Interestingly, treatment with GU-CWE or NOS2 knockdown lowered intracellular ROS levels, indicating GU-CWE has
antioxidant effects. These findings highlight the potential of G. uralensis and NOS2 knockdown as antioxidant strategies in managing
muscle wasting conditions.

In a previous publication [24], we conducted a comprehensive analysis where we isolated ten individual compounds from the CWE
of G. uralensis. These compounds were then characterized using GC-MS and NMR, followed by evaluating their effects on myoblast
proliferation and differentiation. Specifically, liquiritigenin, one of the isolated compounds, has been previously reported to exhibit
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efficacy in reducing ROS activity [36]. These findings suggest a potential ROS relationship between liquiritigenin and NOS2 in the
context of GU-CWE treatment.

5. Conclusions

We investigated the effect of GU-CWE on NOS2 during myogenesis, and its potential antioxidant properties. GU-CWE increased
myoblast differentiation, and this was attributed to the downregulation of NOS2 and the upregulation of myogenic regulatory factors.
Our findings also shed light on the role of the NOS2 gene in myoblast differentiation by demonstrating that its role was expression
dependent, being beneficial at low expression but detrimental at high expression. Furthermore, the observations that GU-CWE
treatment and NOS2 knockdown reduced ROS levels suggest they may have antioxidative properties on muscle wasting conditions.

Ethics approval and consent to participate

This study did not involve any human samples. Animal experiments were conducted in accordance with the guidelines issued by the
Institutional Animal Care and Use Committee of Yeungnam University (YU-IACUC-2022-013).

Funding statement

This research was supported by the Basic Science Research Program through the National Research Foundation of Korea (NRF)-
funded by the Ministry of Education (2020R1A6A1A03044512) and a National Research Foundation of Korea (NRF) grant funded by
the Korean government (NRF-2021R1A2C2004177). In addition, the study was supported by the Forestry (IPET) through High Value-
added Food Technology Development Program of the Korea Institute of Planning and Evaluation for Technology in Food and Agri-
culture funded by the Ministry of Agriculture, Food, and Rural Affairs (MAFRA) (Grant nos. 321026-05 and 322008-5).

Consent for publication
Not applicable.
CRediT authorship contribution statement

Afsha Fatima Qadri: Writing — original draft, Investigation, Methodology, Data curation. Sibhghatulla Shaikh: Writing — review
& editing, Writing — original draft, Formal analysis. Ye Chan Hwang: Writing — review & editing. Khurshid Ahmad: Methodology,
Formal analysis. Inho Choi: Writing — review & editing, Funding acquisition, Formal analysis, Conceptualization. Eun Ju Lee: Writing
—review & editing, Funding acquisition, Formal analysis, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.heliyon.2024.e34747.

References

[1] H.M. Blau, B.D. Cosgrove, A.T. Ho, The central role of muscle stem cells in regenerative failure with aging, Nat. Med. 21 (2015) 854-862, https://doi.org/
10.1038/nm.3918.

[2] H. Yin, F. Price, M.A. Rudnicki, Satellite cells and the muscle stem cell niche, Physiol. Rev. 93 (2013) 23-67, https://doi.org/10.1152/physrev.00043.2011.

[3] Z.Yablonka-Reuveni, K. Day, A. Vine, G. Shefer, Defining the transcriptional signature of skeletal muscle stem cells, J. Anim. Sci. 86 (2008) E207-E216, https://
doi.org/10.2527 /jas.2007-0473.

[4] K. Thomas, A.J. Engler, G.A. Meyer, Extracellular matrix regulation in the muscle satellite cell niche, Connect. Tissue Res. 56 (2015) 1-8, https://doi.org/
10.3109/03008207.2014.947369.

[5] K. Ahmad, E.J. Lee, J.S. Moon, S.Y. Park, I. Choi, Multifaceted interweaving between extracellular matrix, insulin resistance, and skeletal muscle, Cells 7 (2018)
148, https://doi.org/10.3390/cells7100148.

[6] T.Kim, K. Ahmad, S. Shaikh, A.T. Jan, M.G. Seo, E.J. Lee, I. Choi, Dermatopontin in skeletal muscle extracellular matrix regulates myogenesis, Cells 8 (2019)
332, https://doi.org/10.3390/cells8040332.

[7] J.H.Lim, M.M.A. Beg, K. Ahmad, S. Shaikh, S.S. Ahmad, H.J. Chun, D. Choi, W.J. Lee, J.O. Jin, J. Kim, A.T. Jan, E.J. Lee, I. Choi, IgLONS5 regulates the adhesion

and differentiation of myoblasts, Cells 10 (2021) 417, https://doi.org/10.3390/cells10020417.

E.J. Lee, S. Shaikh, D. Choi, K. Ahmad, M.H. Baig, J.H. Lim, Y.H. Lee, S.J. Park, Y.W. Kim, S.Y. Park, I. Choi, Transthyretin maintains muscle homeostasis

through the novel shuttle pathway of thyroid hormones during myoblast differentiation, Cells 8 (2019) 1565, https://doi.org/10.3390/cells8121565.

[8

—


https://doi.org/10.1016/j.heliyon.2024.e34747
https://doi.org/10.1038/nm.3918
https://doi.org/10.1038/nm.3918
https://doi.org/10.1152/physrev.00043.2011
https://doi.org/10.2527/jas.2007-0473
https://doi.org/10.2527/jas.2007-0473
https://doi.org/10.3109/03008207.2014.947369
https://doi.org/10.3109/03008207.2014.947369
https://doi.org/10.3390/cells7100148
https://doi.org/10.3390/cells8040332
https://doi.org/10.3390/cells10020417
https://doi.org/10.3390/cells8121565

A. Fatima Qadri et al.

[9]

[10]
[11]
[12]
[13]

[14]

[15]
[16]

[17]

[18]

[19]
[20]
[21]
[22]
[23]
[24]

[25]

[26]
[27]
[28]
[29]

[30]

[31]

[32]
[33]
[34]

[35]
[36]

Heliyon 10 (2024) e34747

S. Shaikh, S. Ali, J.H. Lim, H.J. Chun, K. Ahmad, S.S. Ahmad, Y.C. Hwang, K.S. Han, N.R. Kim, E.J. Lee, 1. Choi, Dipeptidyl peptidase-4 inhibitory potentials of
Glycyrrhiza uralensis and its bioactive compounds licochalcone A and licochalcone B: an in silico and in vitro study, Front. Mol. Biosci. 9 (2022) 1024764,
https://doi.org/10.3389/fmolb.2022.1024764.

S. Ali, K. Ahmad, S. Shaikh, H.J. Chun, I. Choi, E.J. Lee, Mss51 protein inhibition serves as a novel target for type 2 diabetes: a molecular docking and simulation
study, J. Biomol. Struct. Dyn. 42 (2023) 4862-4869, https://doi.org/10.1080/07391102.2023.2223652.

S. Ali, K. Ahmad, S. Shaikh, J.H. Lim, H.J. Chun, S.S. Ahmad, E.J. Lee, 1. Choi, Identification and evaluation of traditional Chinese medicine natural compounds
as potential myostatin inhibitors: an in silico approach, Molecules 27 (2022) 4303, https://doi.org/10.3390/molecules27134303.

E.J. Lee, S. Shaikh, M.H. Baig, S.Y. Park, J.H. Lim, S.S. Ahmad, S. Ali, K. Ahmad, I. Choi, MIF1 and MIF2 myostatin peptide inhibitors as potent muscle mass
regulators, Int. J. Mol. Sci. 23 (2022) 4222, https://doi.org/10.3390/1jms23084222.

S.S. Ahmad, K. Ahmad, E.J. Lee, S. Shaikh, I. Choi, Computational identification of Dithymoquinone as a potential inhibitor of myostatin and regulator of muscle
mass, Molecules 26 (2021) 5407, https://doi.org/10.3390/molecules26175407.

M.H. Baig, A.T. Jan, G. Rabbani, K. Ahmad, J.M. Ashraf, T. Kim, H.S. Min, Y.H. Lee, W.K. Cho, J.Y. Ma, E.J. Lee, 1. Choi, Methylglyoxal and advanced glycation
end products: insight of the regulatory machinery affecting the myogenic program and of its modulation by natural compounds, Sci. Rep. 7 (2017) 5916,
https://doi.org/10.1038/5s41598-017-06067-5.

L. Larsson, H. Degens, M. Li, L. Salviati, Y.I. Lee, W. Thompson, J.L. Kirkland, M. Sandri, Sarcopenia: aging-related loss of muscle mass and function, Physiol.
Rev. 99 (2019) 427-511, https://doi.org/10.1152/physrev.00061.2017.

D.T. Hall, J.F. Ma, S.D. Marco, L.E. Gallouzi, Inducible nitric oxide synthase (iNOS) in muscle wasting syndrome, sarcopenia, and cachexia, Aging (Albany NY) 3
(2011) 702-715, https://doi.org/10.18632/aging.100358.

S. Di Marco, R. Mazroui, P. Dallaire, S. Chittur, S.A. Tenenbaum, D. Radzioch, A. Marette, I.E. Gallouzi, NF-kappa B-mediated MyoD decay during muscle
wasting requires nitric oxide synthase mRNA stabilization, HuR protein, and nitric oxide release, Mol. Cell Biol. 25 (2005) 6533-6545, https://doi.org/
10.1128/MCB.25.15.6533-6545.2005.

M. Braga, A.P. Sinha Hikim, S. Datta, M.G. Ferrini, D. Brown, E.L. Kovacheva, N.F. Gonzalez-Cadavid, I. Sinha-Hikim, Involvement of oxidative stress and
caspase 2-mediated intrinsic pathway signaling in age-related increase in muscle cell apoptosis in mice, Apoptosis 13 (2008) 822-832, https://doi.org/10.1007/
$10495-008-0216-7.

X. Wang, H. Zhang, L. Chen, L. Shan, G. Fan, X. Gao, Liquorice, a unique "guide drug" of traditional Chinese medicine: a review of its role in drug interactions,
J. Ethnopharmacol. 150 (2013) 781-790, https://doi.org/10.1016/j.jep.2013.09.055.

L. Yin, E. Guan, Y. Zhang, Z. Shu, B. Wang, X. Wu, J. Chen, J. Liu, X. Fu, W. Sun, M. Liu, Chemical profile and anti-inflammatory activity of total flavonoids from
Glycyrrhiza Uralensis Fisch, Iran. J. Pharm. Res. (IJPR) 17 (2018) 726-734.

A.N. Shikov, I.A. Narkevich, E.V. Flisyuk, V.G. Luzhanin, O.N. Pozharitskaya, Medicinal plants from the 14(th) edition of the Russian Pharmacopoeia, recent
updates, J. Ethnopharmacol. 268 (2021) 113685, https://doi.org/10.1016/j.jep.2020.113685.

R. He, T.T. Ma, M.X. Gong, K.L. Xie, Z.M. Wang, J. Li, The correlation between pharmacological activity and contents of eight constituents of Glycyrrhiza
uralensis Fisch, Heliyon 9 (2023) 14570, https://doi.org/10.1016/j.heliyon.2023.e14570.

H. Hosseinzadeh, M. Nassiri-Asl, Pharmacological effects of Glycyrrhiza spp. and its bioactive constituents: update and review, Phytother Res. 29 (2015)
1868-1886, https://doi.org/10.1002/ptr.5487.

E.J. Lee, S. Shaikh, K. Ahmad, S.S. Ahmad, J.H. Lim, S. Park, H.J. Yang, W.K. Cho, S.J. Park, Y.H. Lee, S.Y. Park, J.Y. Ma, I. Choi, Isolation and characterization
of compounds from Glycyrrhiza uralensis as therapeutic agents for the muscle disorders, Int. J. Mol. Sci. 22 (2021) 876, https://doi.org/10.3390/ijms22020876.
E.J. Lee, H.J. Lee, M.R. Kamli, S. Pokharel, A.R. Bhat, Y.H. Lee, B.H. Choi, T. Chun, S.W. Kang, Y.S. Lee, J.W. Kim, R.D. Schnabel, J.F. Taylor, I. Choi, Depot-
specific gene expression profiles during differentiation and transdifferentiation of bovine muscle satellite cells, and differentiation of preadipocytes, Genomics
100 (2012) 195-202, https://doi.org/10.1016/j.ygeno.2012.06.005.

L. Jun, M. Robinson, T. Geetha, T.L. Broderick, J.R. Babu, Prevalence and mechanisms of skeletal muscle atrophy in metabolic conditions, Int. J. Mol. Sci. 24
(2023) 2973, https://doi.org/10.3390/ijms24032973.

R.A. Frost, G.J. Nystrom, C.H. Lang, Endotoxin and interferon-gamma inhibit translation in skeletal muscle cells by stimulating nitric oxide synthase activity,
Shock 32 (2009) 416-426, https://doi.org/10.1097/SHK.0b013e3181a034d2.

T. Setiawan, L.N. Sari, Y.T. Wijaya, N.M. Julianto, J.A. Muhammad, H. Lee, J.H. Chae, H.Y. Kwon, Cancer cachexia: molecular mechanisms and treatment
strategies, J. Hematol. Oncol. 16 (2023) 54, https://doi.org/10.1186/513045-023-01454-0.

Z. Qu, S. Zhou, P. Li, C. Liu, B. Yuan, S. Zhang, A. Liu, Natural products and skeletal muscle health, J. Nutr. Biochem. 93 (2021) 108619, https://doi.org/
10.1016/j.jnutbio.2021.108619.

J. Sadek, D.T. Hall, B. Colalillo, A. Omer, A.K. Tremblay, V. Sanguin-Gendreau, W. Muller, S. Di Marco, M.E. Bianchi, I.E. Gallouzi, Pharmacological or genetic
inhibition of iNOS prevents cachexia-mediated muscle wasting and its associated metabolism defects, EMBO Mol. Med. 13 (2021) e13591, https://doi.org/
10.15252/emmm.202013591.

J.Y. Kim, S.J. Park, K.J. Yun, Y.W. Cho, H.J. Park, K.T. Lee, Isoliquiritigenin isolated from the roots of Glycyrrhiza uralensis inhibits LPS-induced iNOS and COX-
2 expression via the attenuation of NF-kappaB in RAW 264.7 macrophages, Eur. J. Pharmacol. 584 (2008) 175-184, https://doi.org/10.1016/j.
ejphar.2008.01.032.

C.H. Tengan, G.S. Rodrigues, R.O. Godinho, Nitric oxide in skeletal muscle: role on mitochondrial biogenesis and function, Int. J. Mol. Sci. 13 (2012)
17160-17184, https://doi.org/10.3390/ijms131217160.

J. Kanski, S.J. Hong, C. Schoneich, Proteomic analysis of protein nitration in aging skeletal muscle and identification of nitrotyrosine-containing sequences in
vivo by nanoelectrospray ionization tandem mass spectrometry, J. Biol. Chem. 280 (2005) 24261-24266, https://doi.org/10.1074/jbc.M501773200.

V. Haynes, N.J. Traaseth, S. Elfering, Y. Fujisawa, C. Giulivi, Nitration of specific tyrosines in FoF1 ATP synthase and activity loss in aging, Am. J. Physiol.
Endocrinol. Metab. 298 (2010) E978-E987, https://doi.org/10.1152/ajpendo.00739.2009.

M.F. Beal, Oxidatively modified proteins in aging and disease, Free Radic. Biol. Med. 32 (2002) 797-803, https://doi.org/10.1016/50891-5849(02)00780-3.
M. Zhang, J. Qi, Q. He, D. Ma, J. Li, X. Chu, S. Zuo, Y. Zhang, L. Li, L. Chu, Liquiritigenin protects against myocardial ischemic by inhibiting oxidative stress,
apoptosis, and L-type Ca2+ channels, Phytother Res. 36 (2022) 3619-3631, https://doi.org/10.1002/ptr.7528.


https://doi.org/10.3389/fmolb.2022.1024764
https://doi.org/10.1080/07391102.2023.2223652
https://doi.org/10.3390/molecules27134303
https://doi.org/10.3390/ijms23084222
https://doi.org/10.3390/molecules26175407
https://doi.org/10.1038/s41598-017-06067-5
https://doi.org/10.1152/physrev.00061.2017
https://doi.org/10.18632/aging.100358
https://doi.org/10.1128/MCB.25.15.6533-6545.2005
https://doi.org/10.1128/MCB.25.15.6533-6545.2005
https://doi.org/10.1007/s10495-008-0216-7
https://doi.org/10.1007/s10495-008-0216-7
https://doi.org/10.1016/j.jep.2013.09.055
http://refhub.elsevier.com/S2405-8440(24)10778-5/sref20
http://refhub.elsevier.com/S2405-8440(24)10778-5/sref20
https://doi.org/10.1016/j.jep.2020.113685
https://doi.org/10.1016/j.heliyon.2023.e14570
https://doi.org/10.1002/ptr.5487
https://doi.org/10.3390/ijms22020876
https://doi.org/10.1016/j.ygeno.2012.06.005
https://doi.org/10.3390/ijms24032973
https://doi.org/10.1097/SHK.0b013e3181a034d2
https://doi.org/10.1186/s13045-023-01454-0
https://doi.org/10.1016/j.jnutbio.2021.108619
https://doi.org/10.1016/j.jnutbio.2021.108619
https://doi.org/10.15252/emmm.202013591
https://doi.org/10.15252/emmm.202013591
https://doi.org/10.1016/j.ejphar.2008.01.032
https://doi.org/10.1016/j.ejphar.2008.01.032
https://doi.org/10.3390/ijms131217160
https://doi.org/10.1074/jbc.M501773200
https://doi.org/10.1152/ajpendo.00739.2009
https://doi.org/10.1016/s0891-5849(02)00780-3
https://doi.org/10.1002/ptr.7528

	Effect of Glycyrrhiza uralensis crude water extract on the expression of Nitric Oxide Synthase 2 gene during myogenesis
	1 Introduction
	2 Materials and methods
	2.1 Cell culture
	2.2 Cell differentiation
	2.3 Preparation of G. uralensis CWE
	2.4 DNA microarray
	2.5 Gene knockdown
	2.6 Mouse experiment
	2.7 Real-time RT-PCR
	2.8 Western Blot (WB) analysis
	2.9 Immunocytochemistry
	2.10 Immunohistochemistry
	2.11 Creatine Kinase (CK) activity assay
	2.12 Determination of intracellular reactive oxygen species (ROS) levels during myogenesis
	2.13 Statistical analysis

	3 Results
	3.1 Expression of myogenic marker genes in C2C12 cells
	3.2 Effect of G. uralensis on C2C12 cell differentiation
	3.3 Microarray analysis of gene expressions after G. uralensis treatment
	3.4 Expression of NOS2 gene during C2C12 ​cell differentiation
	3.5 Effect of G. uralensis CWE on NOS2 expression
	3.6 Role of NOS2 in myoblast differentiation
	3.7 Effect of G. uralensis CWE on ROS level in C2C12 ​cells

	4 Discussion
	5 Conclusions
	Ethics approval and consent to participate
	Funding statement
	Consent for publication
	CRediT authorship contribution statement
	Declaration of competing interest
	Appendix A Supplementary data
	References


