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Abstract: 20-Hydroxyecdysone (20E) is an arthropod steroid hormone that possesses a number
of beneficial pharmacological activities in humans, including anabolic, antioxidant, hypoglycemic,
cardioprotective, hepatoprotective, neuroprotective, and antineoplastic properties, etc. While several
studies have explored the anabolic activity of 20E in muscle cells, they have concentrated on its effects
on myofibril size, protein biosynthesis intensity, and myostatin expression, without assessing energy
metabolism. In this research, we have demonstrated that 20E boosts both catabolism and anabolism,
coupling energy-producing and biosynthetic metabolic processes in mouse myoblasts and fibroblasts
in the same way. Using a transcriptomic approach, we identified the 20E-mediated up-regulation of
genes involved in different metabolic processes. Further experiments revealed that 20E increased the
levels of enzymes involved in glycolysis and one-carbon metabolism. It also increased the uptake
of glucose, glycolysis, respiration, the production of ATP, and global protein biosynthesis in mouse
myoblasts and fibroblasts. This phenomenon involves the PI3K/AKT/mTOR signaling pathway.
Taken together, the observed 20E-dependent upregulation of energy metabolism may be the main
reason for 20E’s well-known anabolic activity.

Keywords: 20-hydroxyecdysone (ecdysterone); glycolysis; oxidative phosphorylation; one-carbon
metabolism; ATP production; C2C12; c-Myc; ATE3; reactive oxygen species

1. Introduction

20-hydroxyecdysone (ecdysterone, 20E) is one of the main hormones that controls the
moulting and metamorphosis of arthropods. It is also synthesized by a number of plant
species, apparently for protection against feeding by insects [1,2].

Importantly, 20E displays multiple beneficial pharmacological activities in humans,
including anabolic, antioxidant, hypoglycemic, cardioprotective, hepatoprotective, neuro-
protective, and other properties [3—6]. According to its pharmacological classification, 20E
can be referred to as an adaptogenic substance that can increase “nonspecific” resistance to
adverse environmental influences on the body, as well as the body’s resistance to stress,
similar to ginsenosides from Panax sp. or biologically active compounds derived from
Eleutherococcus senticosus, Schisandra chinensis, and Rhodiola rosea [7-11].

20E has been studied in a number of clinical trials to treat numerous disorders (sum-
marized in [3]). Additionally, 20E has been utilized in multiple clinical trials by the French
company “BioPhytis” to treat Dushen’s myodystrophy, Alzheimer’s disease, sarcope-
nia, and the severe distress syndrome that developed following the COVID-19 outbreak
(https:/ /www.biophytis.com/ (accessed on 22 March 2024)) [12]. According to the results

Antioxidants 2024, 13, 1349. https:/ /doi.org/10.3390/antiox13111349

https://www.mdpi.com/journal /antioxidants


https://doi.org/10.3390/antiox13111349
https://doi.org/10.3390/antiox13111349
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/antioxidants
https://www.mdpi.com
https://orcid.org/0000-0002-8352-5683
https://orcid.org/0000-0002-8505-9428
https://orcid.org/0000-0003-0495-1244
https://orcid.org/0000-0001-5536-3595
https://orcid.org/0000-0002-6493-8378
https://orcid.org/0000-0001-7111-2446
https://www.biophytis.com/
https://doi.org/10.3390/antiox13111349
https://www.mdpi.com/journal/antioxidants
https://www.mdpi.com/article/10.3390/antiox13111349?type=check_update&version=1

Antioxidants 2024, 13, 1349

2 of 20

of a randomized, placebo-controlled, phase 2/3 trial, 20E significantly reduced the risk of
death or respiratory failure in adults hospitalized with severe respiratory symptoms due to
COVID-19 [13].

20E is regarded as a compound that is non-toxic to mammals, with an LD50 in mice
of approximately 9 g/kg of weight [3,14]. Moreover, Leuzea cartamoides, the traditional
medicinal plant of the Altai area of Russia, contains a significant amount of 20E and has
been utilized there for centuries as an adaptogenic substance [15]. Furthermore, clinical
trials with 20E have demonstrated that this compound has a safe profile [3].

Worldwide, different manufacturers sell 20E as dietary supplements in the form of
plant extracts of varying purity. However, the majority of 20E-containing supplements are
derived from the Chinese plant Cyanotis sp., the safety of which remains in question [16].

A number of in vitro and in vivo studies have demonstrated the 20E-mediated im-
provement of lipid and glucose metabolism in the liver and the heart [17-21]. Moreover,
20E is best known for its mild, natural anabolic activity that does not affect androgen
receptors [3,4]. Regarding muscle cells, the studies were limited in monitoring the effects
of 20E on the size of myotubes, intensity of protein biosynthesis, and myostatin expres-
sion [4,22-24]. Notably, none of these reports investigated the effects of 20E on energy
metabolism in muscle cells with respect to the analysis of glycolysis and respiration.

In the present study, we have combined transcriptomic analysis with a SeaHorse
energy profiling approach to study the impact of 20E on the energy metabolism of 20E-
responsive mouse C2C12 myoblasts. In parallel, another mouse mesodermal non-transformed
cell line, NIH/3T3 fibroblasts, was used. We uncovered a number of 20E-responsive
genes involved in metabolism and their respective transcriptional regulators. Furthermore,
the functional consequences of the 20E-mediated effect on these cells included the up-
regulation of glycolysis and respiration, enhanced glucose uptake, and ATP production.
Moreover, the observed phenomena included the 20E-dependent increase in global protein
biosynthesis, which was depended on the PI3K/AKT/mTOR signaling pathway. These
results correspond well with the literature data.

2. Materials and Methods
2.1. Cell Lines and Reagents

Mouse myoblasts C2C12 and embryonic fibroblasts NIH/3T3 were purchased from
ATCC. They were cultured in DMEM medium, supplemented with 10% FBS, 100 pug/mL
gentamycin, and 2 mM L-glutamine at 37 °C in a 5% CO, atmosphere.

20-hydroxyecdysone (20E, 3-ecdysterone) (European Pharmacopoeia (EP) Reference
Standard, Sigma, St. Louis, MO, USA, 98% purity) was dissolved in DMSO. All experiments
with 20E used DMSO as a control.

2.2. RNA-Seq Analysis

For RNA-seq analysis, C2C12 myoblasts were treated with 1 uM of 20E for 24 h. A
DMSO treatment was applied to the control cells. For every sample, six biological replicates
were employed. Using a MagINA Pure Compact instrument (Roche, Basel, Switzerland),
total RNA was extracted using the MagNA Pure Compact RNA Isolation Kit (Roche,
Switzerland). A Qubit 4 fluorometer (Thermo Fisher Scientific, Waltham, MA, USA) was
used to determine the concentration of RNA, and an Agilent 2100 Bioanalyzer (Agilent
Technologies, Santa Clara, CA, USA) was used to evaluate the quality of the RNA. The
extracted RNA had an RNA integrity number (RIN) of at least 9.5.

Following the manufacturer’s recommendations, 1 ug of total RNA was used to
construct cDNA libraries using the TruSeq Stranded mRNA Library Prep Kit (Illumina,
San Diego, CA, USA). On an Illumina NextSeq 2000 System, libraries were sequenced in
single-read mode (51 bp). For every sample, at least 20 million readings were produced.

Trimmed reads were mapped to the mouse genome GRCm39 (Ensembl release 110)
with STAR 2.7.2b [25]. The 5'-to-3’ transcript coverage profiles (3'-bias) were analyzed with
the geneBody_coverage script from the RSeQC 3.0.1 toolkit [26]. Read counts per gene were
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calculated with featureCounts [27], RSEM 1.3.0 [28], and Salmon [29]. Differential expres-
sion and downstream analyses were performed with the edgeR 3.36.0 [30], clusterProfiler
4.2.2, topGO 2.46.0, and pathview 1.34 R packages [31], the STRINGdb database [32], and
proprietary tools.

We observed a strong correlation (Spearman r = —0.42) between the log2 transcript
length (LogTL) and the log2 expression fold change (LogFC) when comparing the E20-
treated samples to the controls. This situation usually occurs in the case of RNA degradation
and the consequent differences in 3'-bias profiles between the comparison groups. However,
(1) 3'-bias differences were completely absent between any samples; and (2) the RIN values
for all samples were 9 or higher. We recalculated the data using RSEM and Salmon with
all enabled bias corrections, as well as by 3'-tail transcript regions (500 bp) as described
in [33], but this did not eliminate the dependence between the LogFC and LogTL. Thus,
the reasons for this dependence remain unclear and may be associated with a natural
biological effect derived from exposure to 20E. However, being unsure of this, we decided
to proceed cautiously, as follows: we eliminated the dependence between LogFC and LogTL
by subtracting the approximate straight line from the linear regression. Then, we took the
minimum absolute value of the initial LogFC and the corrected LogFC. We considered the
LogFC to be zero if their signs differed.

We considered differentially expressed genes with FDR < 0.05 and LogFC > 0.1.

2.3. Relative Real-Time PCR

Total RNA was extracted using a TRIzol-based reagent (Evrogen, Moscow, Russia)
following the manufacturer’s instructions. The RevertAid First-Strand cDNA Synthesis
Kit (Evrogen, Moscow, Russia) was utilized to initiate reverse transcription with oligo
d(T) primer on three micrograms of total RNA. Using a CFX 1000 PCR machine (BioRad,
Hercules, CA, USA) and SYBR green mix (Evrogen, Moscow, Russia), real-time PCR was
performed in triplicate. The software CEX Manager (Version 3.1) was used to analyze
the results. The reference gene selected was B-actin. The 2722t technique was used to
calculate the relative expression. Table S1 provides a list of primer sequences.

2.4. Western Blot

Cells were lysed in RIPA buffer (150 mM NaCl; 50 mM Tris-HCl pH 7.5; 0.3% Triton-
X100; 1 mM PMSE, with protease inhibitor cocktail) and then sonicated in preparation
for immunoblotting. A BCA assay (ThermoScientific, Waltham, MA, USA) was used to
measure the protein content. To balance the concentration, samples were then diluted
using a Laemli buffer. After 25 ug of protein lysate samples were run in 13% SDS-PAGE
(TRIS-Glycine running buffer), they were transferred to a PVDF membrane (Bio-RAD,
Hercules, CA, USA), which was then blocked with 5% nonfat milk in PBST and incubated
with primary antibodies overnight, which included the following: c-Myc (D84C12, Cell
Signaling, Danvers, MA, USA), HK2 (MA5-14849, ThermoScientific, Waltham, MA, USA),
LDHA (GB11342, ServiceBio, Wuhan, China), SHMT2 (DF6347, Cloud-Clone, Wuhan,
China), MTHFD2 (DF12213, Cloud-Clone, Wuhan, China), p-mTOR (#2971; Cell Signaling,
Danvers, MA, USA), mTOR (ab25580; Abcam, Waltham, MA, USA), p-AKT (#2971; Cell
Signaling, Danvers, MA, USA), AKT (#9272; Cell Signaling, Danvers, MA, USA), AldoA (sc-
377058, Santa-Cruze, Santa-Cruze, CA, USA), anti-puromycin (MABE 343, 1:1000, Millipore,
Burlington, MA, USA), and 3-actin (#8457, Cell Signaling, Danvers, MA, USA). Following
multiple PBST washes, we applied secondary anti-mouse or anti-rabbit antibodies (1:10,000;
Sigma-Aldrich, St. Louis, MO, USA) conjugated with horseradish peroxidase. The results
were detected using the ECL system (ThermoScientific, Waltham, MA, USA) and the
ChemiDoc Touch Imager (Bio-Rad, Hercules, CA, USA).

Three biological repeats were carried out for each experiment. The software Image |
(Version 1.51) was used to perform the quantification. The representative images of Western
blots that were repeated three times with essentially the same results (see the graphs in
the figures) are demonstrated. The protein/actin ratio was calculated and is listed in the



Antioxidants 2024, 13, 1349

4 0f 20

graphs. Results are presented as the means £ SEM of the three biological experiments.
Asterisks indicate a significant difference in protein expression (* p < 0.05; ** p < 0.01;
n.s.—non-significant).

2.5. SeaHorse Energy Profiling

For the accurate quantification of glycolysis and respiration, the Seahorse XFe24
machine (Agilent, Santa Clara, CA, USA) and the Seahorse XF Real-Time ATP Rate Assay
Kit (Agilent, Santa Clara, CA, USA) were used in accordance with the manufacturer’s
instructions. For these experiments, 30,000 cells per well were seeded on 24-well SeaHorse
plates in five replicates and treated with 1-100 uM of 20E for 24 h. The final concentrations
of both oligomycin and the Rotenone/Antimycin A mix were 3 uM. To quantify glyco- and
mitoATP production, the SeaHorse XF Real-Time ATP Rate Assay Excel plugin (Agilent,
Santa Clara, CA, USA) was used. Results are presented as the mean = SEM.

2.6. ATP Production Assay

To directly quantify the level of ATP, 100,000 cells per well were seeded on a 12-well
plate and treated with different concentrations of 20E for 24 h, followed by using the ATP
Assay Colorimetric Kit (Abcam, ab83355, Waltham, MA, USA) in accordance with the
manufacturer’s instructions. The experiment was carried out in triplicate. Results are
presented as the percentage of ATP level relative to the control (DMSO-treated cells) and
given as the mean + SEM.

2.7. Glucose Consumption Assay

A total of 20,000 cells were seeded in each well of a 96-well plate, and the cells were
exposed to varying doses of 20E for 24 h. The Glucose Uptake Assay Kit (Abcam, ab136955,
Waltham, Boston, MA, USA) was used in accordance with the manufacturer’s instructions
on the day of analysis. The experiment was carried out in triplicate. The results are shown
as the mean + SEM and as a percentage of glucose uptake intensity in comparison to the
control group (cells treated with DMSO).

2.8. Surface Sensing of Translation (SUnSET) Assay

A SUnSET assay was applied to assess the intensity of global protein biosynthesis [34].
A total of 30,000 cells were seeded in 3 cm cell culture dishes one day before analysis. First,
cells were treated for 15 min with 10 pg/mL puromycin. In this stage, puromycin—an
analogue of tyrosyl-trna—was integrated into developing polypeptide chains to show the
translation level in real time within the cells. Then, the cells were collected and subjected to
immunoblotting with anti-puromycin antibodies.

2.9. Statistical Analysis

We used Student’s t-test to search for pairwise statistically significant differences
in experiments with N = 3. For the SeaHorse energy profiling experiments with N =5,
the Mann-Whitney (U-test) was applied. GraphPad Prism 8 was used to perform the
analysis. A statistical difference was defined as p < 0.05. * p < 0.05; ** p < 0.01; *** p < 0.001;
non-significant, n.s.

3. Results
3.1. Transcriptomic Analysis of 20E-Treated C2C12 Myoblasts

First of all, to elucidate the impact of 20E on gene expression, we carried out the
RNA-seq assay. To do this, we treated the C2C12 myoblast cell line with 1 um of 20E for
24 h.

Interestingly, based on the LogFC values (Table S2), it seems that 20E preferentially
increased rather than repressed the expression of genes. In total, we revealed 768 differen-
tially expressed genes, 424 of which were up-regulated and 344 which were down-regulated
(Table S2). Interestingly, the list of the top 70 up-regulated genes (Figure 1) includes AP-1
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(activating protein-1) transcription factor components: Jun (transcription factor Jun), Fos
(transcription factor Fos), Atf3 (Activating Transcription Factor 3); its downstream effectors:
transcription factors Egrl (early growth response 1), Egr2 (early growth response 2), and
Egr3 (early growth response 3); components of the mitochondrial respiration chain: mt-Nd1
(NADH dehydrogenase I) and Nqol (NAD(P)H dehydrogenase, quinone 1)-complex I; cy-
tochrome b; Uqcr10 (Ubiquinol-cytochrome c reductase, subunit X) and Cox5a (Cytochrome
c oxidase subunit 5A)-complex III; and Atp5md (ATP synthase membrane subunit DAPIT)-
complex V. Moreover, two transcriptional factors that are critical for global metabolic
regulation—c-Myc and ATF3—were identified among the top genes up-regulated by 20E
(Figure 1).

Control 20E Symbol Name Control 20E Symbol Name
Egr1 early growth response 1 Cfl1 cofilin 1, non-muscle
Egr2 early growth response 2 protein phosphatase 1, regulatory subuni
8 ’ Ppp1ri5a
sqk1  Serumiglucocorticoid regulated kinase 15A
9 1 Rps9 ribosomal protein S9
cent cellular communication network factor Dusp1 dual specificity phosphatase 1
1 Osgint oxidative stress induced growth inhibitor
Btg2 BTG anti-proliferation factor 2 9 1
Tubalc tubulin, alpha 1C mt-Nd1 mitochondrially encoded NADH
Nqo1  NAD(P)H dehydrogenase, quinone 1 dehydrogenase 1
Rpla1 ribosomal protein L41 ubiquinol-cytochrome ¢ reductase,
s , Uqcr10 2
Ptas2 prostaglandin-endoperoxide synthase complex Il subunit X
9 2 Rpl3-ps1  ribosomal protein L3, pseudogene 1
Egr3 early growth response 3 Fos FBJ osteosarcoma oncogene
nuclear receptor subfamily 4, group A, Rps14 ribosomal protein S14
Nr4a1
member 1 Jun jun proto-oncogene
Errfit  ERBB receptor feedback inhibitor 1 Snhg7 small nucleolar RNA host gene 7
Apol8 apolipoprotein L 8 aldehyde dehydrogenase family 3,
p - Aldh3a1 2
ler3 immediate early response 3 subfamily A1
Snhg1 small nucleolar RNA host gene 1 Rpsdx ribosomal protein S4, X-linked
Serpinet serine (or cysteine) peptidase inhibitor,| Ptms parathymosin
P clade E, member 1 Tagin2 transgelin 2
Rhob ras homolog family member B Rpl12 ribosomal protein L12
Npm1 nucleophosmin 1 Zfas1 zinc finger, NFX1-type containing 1,
Hmgb2 high mobility group box 2 antisense RNA 1
Snhg17  small nucleolar RNA host gene 17 Cox5a cytochrome c oxidase subunit 5A
Cd63 CD63 antigen sl solute carrier family 25 (mitochondrial
" c25a3 3 5
AtpSmd ATP synthase membrane subunit carrier, phosphate carrier), member 3
" " ¥ . nuclear factor of kappa light polypeptide
Ppia ~_ peptidylprolyl isomerase A Nikbiz gene enhancer in B cells inhibitor, zeta
Mir22hg Mir22 host gene (non-protein coding) e
PIk3 polo like kinase 3 Pvr _poliovirus receptor
mt-Cyth mitochondrially encoded cytochrome bl GRpﬂli;O ”bOZ‘_)madl protelg4L2304
Mir17hg Mir17 host gene (non-protein coding) - ; predicted gene
5430416 fitm3 interferon induced transmembrane
NO2Rik RIKEN cDNA 5430416N02 gene protein 3
Plau plasminogen activator, urokinase Atf3 activating transcription factor 3
Lgals1 lectin, galactose binding, soluble 1 S100a6 $100 calcium lt""dlfng protein A6
Rpl10a ribosomal protein L10A Nef fi (cal cyg,m) | id
Kif2 Kruppel-like factor 2 (lung) el I"e;‘“’_' ar:“e“'i me I_‘;‘”‘dm VPGP;' e_‘
Gstpl glutathione S-transferase, pi 1 Phidat  Pleckstrin O’XO ogy l']e 1oma|n, amily
Anp32b acidic (leucine-rich) nuclear <meim: ler
P phosphoprotein 32 family, member B Myc myelocytomatosis oncogene

Figure 1. Top 70 genes up-regulated by treatment of C2C12 myoblasts with 1 uM of 20E for 24 h
(RNA-seq data). Control samples treated with DMSO only; 20E samples treated with 20E.

STRING-based analysis of the up-regulated genes revealed the significantly enriched
protein—protein interaction (PPI) network (PPI enrichment p-value: < 1.0 x 1071), which
includes genes involved in cellular metabolic processes (large sets of genes involved in
oxidative phosphorylation and cellular biosynthetic processes), translation, and response to
stress (Figure 2). The KEGG PATHWAY database profiling analysis of up-regulated genes
(https:/ /www.genome.jp/kegg/pathway.html; accessed on 12 February 2024) also showed
that about 30 genes code for parts of all mitochondrial respiratory complexes (Figure S1).
These data fit with the well-known pharmacological properties of 20E, including its anabolic
and adaptogenic properties [3].
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phosphorylation
cluster
Biological Process (Gene Ontology)
GO-term description count in network strength * false discovery rate
G0:0044237 Cellular metabolic process 250 of 6530 0.26 1.08e-22
GO0:0006412 Translation 48 of 390 0.76 5.96e-18
GO0:0044249 Cellular biosynthetic process 122 of 2297 04 5.96e-18
G0:0006119 Oxidative phosphorylation 220f 120 0.94 1.11e10 ]
GO:0006950 Response to stress 119 of 3453 0.21 7.77e-06 ®

Figure 2. The analysis of the protein—protein interaction network for up-regulated genes using
the STRING database (https:/ /string-db.org/; accessed on 13 February 2024). Colors indicate
protein participation in the corresponding cellular process. Two large clusters of proteins stand out:
“oxidative phosphorylation” and “translation”.

In turn, the analysis of down-regulated genes (Figure S2) revealed weak PPI en-
richment (p-value: 0.107). However, this list includes genes involved in the negative
regulation of cellular metabolic processes and genes that are expressed in embryonic tissues
(Figure S3).

Taken together, these data point to a global impact of 20E on metabolic networks in
C2C12 myoblasts, including the up-regulation of biosynthetic processes, translation, and
oxidative phosphorylation.

3.2. 20E Up-Regulates Enzymes of Glycolysis and One-Carbon Metabolism

As we observed the 20E-mediated transcriptional up-regulation of different metabolic
genes, including c-Myc and ATF3, which are the two master regulators of the metabolic
network, we chose to focus on the effects of 20E on glycolysis and one-carbon metabolism.
These metabolic pathways are important biochemical “hubs” that sustain a variety of
biosynthetic processes and are directly regulated by c-Myc and ATF3 [35-40].

For this purpose, we used both the mouse C2C12 myoblasts and the mouse NIH/3T3
embryonic fibroblast cell line to see how 20E changed the expression of important enzymes
for glycolysis and one-carbon metabolism.

To this end, we treated C2C12 and NIH/3T3 cells with an extended concentration
range of 20E (0.1-100 uM) for 24 h, followed by real-time PCR and Western blotting. We
looked at the expression levels of glutl, hk2, and 1dha genes, which code for glucose trans-
porter 1 (Glutl), hexokinase 2 (HK2), and lactate dehydrogenase A (LDHA), respectively. To
assess the effect of 20E on one-carbon metabolism, we measured the protein expression of
psatl, phgdh, and psph, as well as shmt2 and mthfd2, encoding three enzymes of the serine
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biosynthesis pathway (Phosphoserine Aminotransferase 1, Phosphoglycerate Dehydroge-
nase, and Phosphoserine Phosphatase) and two key mitochondrial enzymes of the folate
cycle (Serine hydroxymethyltransferase 2 and Methylenetetrahydrofolate Dehydrogenase
2). Beyond metabolic enzymes, we also studied the expression of c-Myc and ATF3 as two
important transcriptional regulators of glycolysis, one-carbon metabolism, and respiration.

The relative real-time PCR data showed that 20E significantly up-regulated the ex-
pression of all the genes studied in both cell lines (Figure 3). Importantly, 20E-induced
expression of metabolic genes was not concentration-dependent, and the effect was ob-
served in the whole range of concentrations (0.1-100 uM) tested.

A. Cc2C12
7_ -
‘l‘ N5
e 69 - Concentration
S % g o of 20E, uM
& 54 ¥ o
5 4 n! e
Q 4+ *
s I J. «k 0.1
3+ T = 2 : .
.2 ‘t i « i * 1
I 24 v T L 1 ks 7=
Bl bl 1 e ==10
I L =
0 T T T
c-Myc GLUT1 HK2 AldoA LDHA ATF3 PSAT1 PHGDH PSPH SHMT2 MTHFD2
B. NIH3T3

7- | —_—

6 = [ 1| — e c trati
< 64— — oncentration
S o M of 20E, uM
@ 5 | —| |**

14 1
@ =] | 0
g 4+ . ; L
o 3 — - d W I 0.1
2 1 !
% 2+ - 10
4 1 —t .

II l == 100

0

T T T
c-Myc GLUT1 HK2 AIdoA LDHA ATF3 PSAT1 PHGDH PSPH SHMTZMTHFDZ

Figure 3. 20E enhances the expression of genes that code for glycolysis enzymes (GLUT1—Glucose
Transporter 1; HK2—Hexokinase 2; LDHA—Lactate Dehydrogenase (A), one-carbon metabolism
enzymes (PSAT1—Phosphoserine Aminotransferase 1, PHGDH—Phosphoglycerate Dehydro-
genase; PSPH—Phosphoserine phosphatase; SHMT2—Serine Hydroxymethyltransferase 2;
MTHFD2—Methylenetetrahydrofolate Dehydrogenase 2), and their respective transcriptional regu-
lators (c-Myc—v-Myc avian myelocytomatosis viral oncogene homolog; ATF3—Activating transcrip-
tion factor 3). (A). C2C12 cells. (B). NIH3T3 cells. Real-time PCR data shows the expression of the
target genes and was calculated relative to the control (DMSO-treated) cells. 3-actin was chosen as
the reference gene. Student’s {-test was applied to check pairwise statistically significant differences.
*p <0.05;** p < 0.01; *** p < 0.001.

Importantly, the 20E-mediated augmentation of the studied enzymes and their tran-
scriptional regulators was also confirmed at the protein level. As seen in Figure 4, 20E
significantly increased HK2, LDHA, SHMT2, MTHFD?2, and c-Myc in both cell lines.
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A. 0 0.1 1 10 100 M of 20E 0 0.1 1 10 100 puM of 20E
60 kDa — N-- | c-Myc - e —— o —— c-Mye
kDa
102 kDa | = - -—»‘”‘ HK2 IOZkDaI o = > | HK2
32KDa | — e s e @ (ALDOA 2KDA | s — — — — ‘ ALDOA
37kDa | !—.-‘ LDHA 37kDa |- i B — — ‘l LDHA
52 kKDa O — ‘9"‘”2 S2kDa | T W - — q-nl SHMT2
R— W| MTHFD2  35kDa ’— S~ ——— -‘ MTHFD2
35 kDa
: 42 kDs acti
2w, | G- - - |- | e e - -‘ Prasin
C. D. 10
8
P Concentration - 5
= of 20E, uM = i
3 6 % = Concentration
@ E s- of 20E, uM
a " 0.1 a
E 4 ’_\ F E 4-
s S
o
= 100 Il II II - 100
c-l\;lyc HK2 ALDOA LDHA SHMTZ MTHFD2 cMyc HKZ ALDOA LDHA SHMTZ MTHFDZ

Figure 4. 20E up-regulates enzymes involved in glycolysis, one-carbon metabolism, and their respec-
tive transcriptional regulators at the protein level (Western blot). (A,C). C2C12 cells. (B,D). NIH3T3
cells. The values shown are the means & SEM of the three biological experiments. The software Image
J was used to perform the quantification. Student’s t-test was applied to check pairwise statistically
significant differences. Asterisks indicate a significant difference in protein expression (* p < 0.05;
** p < 0.01), ns—non significant.

These data demonstrate the positive impact of 20E on glycolysis and one-carbon
metabolism in both C2C12 and NIH3T3 cells.

3.3. 20E Increased Glycolysis and Respiration

We looked at how 20E affected glucose uptake and ATP production in C2C12 my-
oblasts and NIH/3T3 fibroblasts to learn more about how it affected energy metabolism.
We quantified the glucose uptake and ATP production rate in cells treated with 0.1-100 pm
of 20E for 24 h using the glucose uptake assay (Abcam) and ATP assay (Abcam) kits,
respectively.

The results in Figure 5A,B show that 20E increased glucose uptake by up to 1.5 times.
This is consistent with the increased expression of Glutl. In addition, 20E increased ATP
production 1.2-1.5 times in both cell lines studied (Figure 5C,D).

To further elucidate the impact of 20E on glycolysis and respiration, we carried out
SeaHorse energy profiling using an ATP real-time rate assay kit (Agilent, USA). We ob-
served a significant 20E-mediated induction of glycolysis and, especially, respiration in both
cell lines (Figures 6, 7 and S4). The greatest increase in respiration (up to 1.5 and 2 times
for C2C12 and NIH/3T3, respectively) was observed upon treatment with 1 uM of 20E,
followed by 10 uM and 100 uM. The same tendency was also true for glycolysis, which was
up-regulated by 1.6 times. Using SeaHorse to look at ATP production revealed that, even
though 20E increased ATP production in both glycolysis and oxidative phosphorylation
(glycoATP and mitoATP), it increased glycoATP production more in C2C12 myoblasts and
increased mitoATP production more in fibroblasts (Figures 6D and 7D). Despite this small
difference, it can be concluded that, in general, 20E affects myoblasts and fibroblasts in the
same way, causing an increase in their energy metabolism.
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Figure 5. 20E increased glucose uptake in (A) C2C12 and (B) NIH/3T3 cells, and ATP content in
(C) C2C12 and (D) NIH/3T3 cells. The glucose uptake kit (Abcam) and ATP assay kit (Abcam) were
used. Student’s t-test was applied to check pairwise statistically significant differences. * p < 0.05;
**p <0.01; *** p <0.001.
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Figure 6. 20E augments glycolysis, respiration, and ATP production in C2C12 cells. SeaHorse
Data. (A). The energy diagram reflects the intensity of glycolysis (ECAR) and respiration (OCR).
Diagrams showing the intensity of glycolysis (B) and respiration (C). (D). The rate of Mito- and
GlycoATP production. The SeaHorse XF Real-Time ATP Rate Assay Kit was applied. OCR—Oxygen
Consumption Rate (shows respiration), ECAR—Extracellular Acidification Rate (shows glycolysis).
A Mann-Whitney (U-test) was applied to check statistically significant differences. * p < 0.05.
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Figure 7. 20E augments glycolysis, respiration, and ATP production in NIH3T3 cells. SeaHorse Data.
(A). The energy diagram reflects the intensity of glycolysis (ECAR) and respiration (OCR). Diagrams
showing the intensity of glycolysis (B) and respiration (C). (D) The rate of Mito- and GlycoATP
production. The SeaHorse XF Real-Time ATP Rate Assay Kit was employed. OCR—Oxygen Con-
sumption Rate (shows respiration), ECAR—EXxtracellular Acidification Rate (shows glycolysis). A
Mann-Whitney (U-test) was applied to check statistically significant differences * p < 0.05; ** p < 0.01.

Taken together, these data clearly demonstrate 20E-induced glucose uptake, glycolysis,
respiration, and ATP production, which are all fully consistent with the RNA-seq data,
real-time PCR, and Western blot results, indicating the up-regulation of energy metabolism.

3.4. 20E Increased Global Protein Biosynthesis

In previous studies, several groups of researchers have shown that 20E increases
protein synthesis in differentiated C2C12 myotubes [22,24], hence having an anabolic
effect. After we observed the 20E-dependent up-regulation of genes involved in translation
and cellular biosynthetic processes (Figure 3) and revealed the increase of both catabolic
and anabolic processes, we decided to also check the impact of 20E on global protein
biosynthesis in C2C12 myoblasts and NIH3T3 fibroblasts.

To address this question, we carried out the SUnSET assay, based on the incorpo-
ration of puromycin into newly synthesized, nascent peptides because of its structural
similarity to tyrosyl-tRNA [34]. We treated C2C12 and NIH3T3 cells with 0.1-100 pM
of 20E for 4 h, followed by a 30 min incubation with puromycin and Western blot with
anti-puromycin antibodies.

According to the Western blot results (Figure 8), 20E significantly elevates global
protein biosynthesis by 15-32%, depending on the concentration and cell line. These results
are fully consistent with both the RN A-seq data and the literature data.

3.5. 20E-Mediated Up-Regulation of Energy Metabolism Depends on PI3K/AKT Activation

Although 20E possesses well-documented pleiotropic beneficial properties, the cognate
molecular mechanisms of 20E-mediated pharmacological activities in mammals remain
elusive. However, several research groups found that 20E can activate AKT kinase in a
variety of tissues from insects and mammals [17,20,22]. Thus, in the present study, we were
tasked with checking if the 20E-mediated up-regulation of energy metabolism depends on
PI3K/AKT activity.

To do this, we first treated C2C12 and NIH/3T3 cells with 0.1 to 100 uM of 20E for 24 h.
Then, we carried out a Western blot with antibodies that target phospho-AKT and phospho-
mTOR. The results shown in Figure 9 demonstrate that 20E induced the accumulation
of phospho-AKT (5473) in both cell lines. Importantly, the master regulator of anabolic
processes, mTOR, was also activated, because we detected its active form, phospho-mTOR
(52448), which results from phosphorylation by AKT. These data imply the activation of
the PI3K/AKT/mTOR pathway.
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Figure 8. 20E increased global protein biosynthesis (Western blot). The results of the SUnSET assay
are demonstrated. (A,C). C2C12 cells. (B,D). NIH3T3 cells. The values shown are the means 4+ SEM of
three biological experiments. The software Image ] was used to perform the quantification. Asterisks
indicate a significant difference in protein expression. Student’s ¢-test was applied to check pairwise
statistically significant differences. Asterisks indicate a significant difference in protein expression
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Figure 9. 20E activates AKT and mTOR in C2C12 and NIH/3T3 cells. Western blot. (A,C). C2C12
cells. (B,D). NIH3T3 cells. The values shown are the means + SEM of three biological experiments.
The software Image ] was used to perform the quantification. Student’s t-test was applied to check
pairwise statistically significant differences. Asterisks indicate a significant difference in protein
expression. (* p < 0.05; ** p < 0.01; ns—non-significant).

Then, to confirm the involvement of PI3K/AKT in the 20E-induced up-regulation
of energy metabolism, we pre-treated C2C12 and NIH/3T3 cells with the well-known
PI3K inhibitor LY294002 (20 M), which prevents AKT activation, followed by incubation
with 1 uM of 20E for 24 h and SeaHorse energy profiling with the SeaHorse ATP real-time
production assay Kkit.
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Figures 10 and 11 demonstrate that, although 20E treatment strongly induced the
up-regulation of both glycolysis and respiration, it was not able to overcome the LY294002-
mediated inhibitory effect on both metabolic processes in mouse myoblasts and fibroblasts.
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Figure 10. The 20E-mediated increase in glycolysis and respiration in C2C12 cells depends on the
PI3K/AKT signaling pathway. SeaHorse data. (A). SeaHorse plot showing the intensity of glycolysis.
(B). SeaHorse plot showing the intensity of respiration. (C). Diagram showing the intensity of
glycolysis (D). Diagram showing the intensity of respiration. SeaHorse XF Real-Time ATP Rate
Assay Kit was applied. OCR—Oxygen Consumption Rate (shows respiration), ECAR—Extracellular
Acidification Rate (shows glycolysis). Oligomycin—the inhibitor of ATP synthase (respiratory chain
Complex V); Rot/ AA—the mixture of Rotenone (a respiratory chain Complex I inhibitor) and
Antimycin A (a respiratory chain Complex III inhibitor). Mann-Whitney (U-test) was applied to
check statistically significant differences * p < 0.05; ** p < 0.01.
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Figure 11. The 20E-mediated increase in glycolysis and respiration in NIH3T3 cells depends on the
PI3K/AKT signaling pathway. SeaHorse data. (A). SeaHorse plot showing the intensity of glycolysis.
(B). SeaHorse plot showing the intensity of respiration. (C). Diagram showing the intensity of
glycolysis (D). Diagram showing the intensity of respiration SeaHorse XF Real-Time ATP Rate
Assay Kit was applied. OCR—Oxygen Consumption Rate (shows respiration), ECAR—Extracellular
Acidification Rate (shows glycolysis). The same metabolic inhibitors were used as in Figure 10A,B (see
description there). Mann-Whitney (U-test) was applied to check statistically significant differences
*p <0.05; ** p < 0.01; ns—non significant.

Taken together, our data emphasize the importance of the PI3K/AKT/mTOR pathway
in the 20E-mediated induction of energy metabolism.
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4. Discussion

Despite the fact that 20-hydroxyecdysone (20E) is a well-known insect hormone, it
has also been shown to possess various pharmacological activities in mammals. These
activities include anabolic, adaptogenic, hypoglycemic, antioxidant, cardioprotective, hep-
atoprotective, and neuroprotective effects on healthy tissues [3]. Furthermore, 20E displays
adjuvant antineoplastic manifestation in transformed cells [41,42]. Notably, mammals,
unlike insects, lack the G-protein-coupled ecdysone receptor (EcR) which is responsible
for 20E-mediated effects. Therefore, the molecular mechanisms underlying 20E-dependent
pleiotropic pharmacological activities in mammals are still enigmatic. The only molecular
mechanism proposed to date implies the interaction of 20E with both the G-protein-coupled
receptor MAS1 and the estrogen receptor (ER), which results in 20E-modulated protein
synthesis and myostatin expression in C2C12 myotubes [24]. It should be noted, how-
ever, that we observed 20E activity also in triple-negative breast cancer (TNBC) cell lines
that lack ER [41], arguing that the wide range of pharmacological activities of 20E in tis-
sues of different origins cannot be determined by only these targets. Moreover, although
the anabolic activity of 20E has been widely recognized, the studies were limited to the
20E-mediated up-regulation of protein biosynthesis and the increase in the size of myofib-
rils, without delving into the molecular events underpinning these phenotypes [4,22-24].
Finally, previous studies did not assess the effect of 20E on energy metabolism.

In this study, we sought to uncover the transcriptional and metabolic effects caused by
the 20E treatment of C2C12 cells. The latter are a well-characterized model of immortalized
mouse myoblasts that help interpretation of the results obtained at the molecular level in
the context of muscle function and repair.

The RNA-seq analysis uncovered a large number of genes affected by the 20E treatment
of C2C12 myoblasts. Interestingly, c-Myc, the AP-1 transcription factor family members
(Jun, Fos, and Atf3) and its downstream effectors, and the transcription factors Egrl, Egr2,
and Egr3, were in the top list of genes induced by 20E. c-Myc is known as the master regu-
lator of the metabolic network, affecting different metabolic processes and transactivating
almost all genes that code for enzymes of glycolysis and one-carbon metabolism [35-37].
ATE3 is considered a “hub of the cellular adaptive-response network” [39], regulates serine
biosynthesis by increasing PHGDH, PSAT1, and PSPH [38], and also coordinates serine
and nucleotide metabolism [40]. The literature data suggest that ATF3 also is an important
regulator of glucose and lipid metabolism in various tissues [43]. The metabolic functions
of ATF3 in muscle tissues remain largely unknown and need to be explored in further
studies. Likewise, the role of AP-1 in skeletal muscle metabolism is still enigmatic; however,
it was reported to act together with the Estrogen Related Receptor to activate transcription
of the peroxisome proliferator-activated receptor y coactivator 1oc (PGC-1«x) [44].

Importantly, we observed a significant number of 20E-upregulated genes involved
in protein translation, oxidative phosphorylation, different cellular biosynthetic processes,
and stress response. These results are consistent with the literature data on the adaptogenic
and anabolic activities of 20E [3].

Increasing the intensity of anabolism requires the coordinated up-regulation of a num-
ber of biosynthetic processes, for which glycolysis and one-carbon metabolism are crucial
sources of structural units [37,45,46]. Glycolysis provides all non-essential and condition-
ally essential amino acids [47]. Its intermediate, 3-phosphoglycerate, is a carbon source for
serine, glycine, and cysteine, while another intermediate, pyruvate, is a direct source for
alanine production. Furthermore, being introduced into the citric cycle, pyruvate paves the
way for glutamate, glutamine, asparagine, aspartate, and proline biosynthesis [48].

Glycolysis supplies one-carbon metabolism through serine biosynthesis from 3-phosph
oglycerate [37,49]. In turn, one-carbon metabolism functions as a regulator and a sensor
of the cells’ nutrient status through the cycling of one-carbon groups and the transferring
of them from donors (serine and glycine) to different acceptor compounds, including the
intermediate products of the biosynthesis of nucleotides (both pyrimidines and purines),
the amino acid cysteine, S-adenosylmethionine (the main donor of methyl group), and
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glutathione (the main factor of intracellular homeostasis), etc. [50]. As serine is derived
from glycolysis intermediate 3-phosphoglycerate, one-carbon metabolism links glycolysis
with different biosynthetic processes that result in DNA and RNA biosynthesis, protein
biosynthesis, and the maintenance of the redox and methylation states of cells [51,52].

Here, we have demonstrated that 20E increased the expression of a number of enzymes
that are involved in glycolysis and one-carbon metabolism. Regarding the latter, 20E
induced the expression of two key enzymes, SHMT2 and MTHFD2.

The importance of one-carbon metabolism for muscle cells has been recently illustrated
by Mantyselkd and co-authors [53]. The authors inhibited key enzymes of glycolysis, the
pentose phosphate pathway, and the serine synthesis pathway to evaluate their impor-
tance in C2C12 myotube protein synthesis. It was the serine biosynthesis pathway that
was crucial for skeletal muscles to generate cell biomass, because the inhibition of serine
biosynthesis, but not of the other pathways, decreased protein synthesis, myotube size,
and the proliferation of myoblast cells in an mTORC1-dependent manner [53].

In line with the molecular data obtained, we have demonstrated for the first time a
20E-mediated increase in both glycolysis and respiration. Generally, the degree of increase
in respiration turned out to be greater than the degree of increase in glycolysis, which
correlates with the RNA-seq data on the up-regulation of genes involved in oxidative
phosphorylation and suggests that increased respiration is not simply a consequence of
enhanced glycolysis. In line with this, Baev and co-authors reported that 20E was able
to increase mitochondrial coupling and mitochondria membrane potential in isolated rat
mitochondria [18]. It is also important to note that 20E augmented both glycolytic and
mitochondrial ATP production in our assay. In line with elevated glycolysis, we observed a
20E-dependent increase in glucose uptake, which was also reported by Chen and co-authors
in Hep2G hepatoma cell lines [21].

We have also shown that 20E increases global protein biosynthesis in C2C12 my-
oblasts and NIH3T?3 fibroblasts. This is consistent with the previously obtained data on
the 20E-mediated increase in protein synthesis in differentiated myotubes [22,24]. It ap-
pears that 20E’s anabolic properties extend beyond muscle tissue and could potentially
aid in the treatment of various pathologies. Anabolic activity, of course, necessitates
a coordinated increase in energy production with improved biosynthetic processes. In
fact, we have demonstrated that 20E boosts both catabolism and anabolism, coupling the
energy-producing and biosynthetic metabolic processes. This may be the basis for 20E’s
well-known anabolic activity.

In light of 20E’s impact on anabolic processes, other biosynthetic pathways remain to
be studied. In this respect, HMP shunt (aka PPP) is especially important, as it is responsible
for the production of the ribose and NADPH that are required for nucleotide biosynthesis,
de novo lipogenesis, and redox homeostasis.

It is important to note that the 20E-induced activation of AKT kinase occurs in various
tissues of both insects and mammals [17,20,22]. Moreover, using a pan-inhibitor of G-
protein-mediated signaling, Gorelick and co-authors demonstrated the involvement of
G-proteins and AKT in the 20E-dependent effects in C2C12 cells [22]. Taken together,
these data point to a conservative mechanism of 20E action that involves G-proteins and
AKT activation.

In accordance with this finding, the present study demonstrates that 20E induces
the activation of both AKT (5473) and mTOR (S2448). Moreover, the use of the PI3K
inhibitor LY294002 clearly revealed the importance of the PI3K/AKT/mTOR pathway in
the 20E-mediated induction of glycolysis and respiration. In turn, a number of studies have
demonstrated the important roles of both AKT and mTOR in up-regulating glycolysis and
respiration in various tissues [54-58].

In contrast to myoblasts and fibroblasts, we have previously revealed the 20E-dependent
inhibition of glycolysis and respiration in breast carcinoma and non-small cell lung cancer
cell lines [41,42]. Although the underlying molecular mechanisms remain elusive, it seems
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that the beneficial pharmacological activities of 20E can also be complemented by antitumor
ones, as metabolic rewiring is considered to be one of the “hallmarks of cancer” [10,59,60].

In terms of clinical translation, 20E seems to be a very suitable adjuvant for anticancer
therapy, as it is a low-toxic compound with an LD50 > 9 g/kg in mice [3]. Recently, Dioh
and co-authors [61], investigated the safety and pharmacokinetics of 20E in healthy young
and older adults in both the single ascending dose and the 14-day multiple ascending
dose modes. These authors demonstrated that a single ingestion of 700-1400 mg of 20E
led to a plasma concentration of 350-650 ng/mL, which approximately corresponds to
0.73-1.35 pM. The latter is within the range of doses that showed physiological effects
on C2C12 cells in our studies. Moreover, 20E is stable in water solution [62] and can be
detected in post-administration urine samples for more than 2 days [63]. Due to these
reasons, 20E may be considered as a potent adjuvant that mitigates the adverse effects of
common anticancer therapies.

Furthermore, the results of the present study strongly argue that 20E properties
should be investigated not only in tumor cells but also in normal cells because of its
adaptogenic, anabolic, antioxidant, hepato-, cardio-, and neuroprotective activities in
healthy non-cancer tissues [3,5,7,9] due to its anabolic, adaptogenic, antioxidant, and other
valuable pharmacological activities.

5. Conclusions

In the present study, we observed the 20E-dependent up-regulation of both catabolism
and anabolism, coupling energy-producing and biosynthetic metabolic processes in mouse
myoblasts and fibroblasts.

Supplementary Materials: The following supporting information can be downloaded at: https:
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filing (https://www.genome.jp/kegg/pathway.html, accessed on 25 February 2024) for genes up-
regulated by 20E in C2C12 myoblasts revealed approximately 30 genes coding for components of all
mitochondrial respiratory complexes. Figure S2. Top 30 genes down-regulated by the treatment of
C2C12 myoblasts with 1 uM of 20E for 24 h (RNA-seq data). Control-control samples (DMSO-treated);
20E-samples treated with 20E. Figure S3. The analysis of the protein—protein interaction network for
up-regulated genes using the STRING database (https:/ /string-db.org; accessed on 25 February 2024).
Colors indicate protein participation in the corresponding cellular process. Figure S4. 20E increased
both glycolysis and respiration in C2C12 myoblasts and NIH/3T3 fibroblasts. The SeaHorse XF Real-
Time ATP Rate Assay Kit was applied. SeaHorse OCR and ECAR plots are presented. OCR—Oxygen
Consumption Rate (shows respiration); ECAR—Extracellular Acidification Rate (shows glycolysis).
Mann-Whitney (U-test) was applied to check statistically significant differences * p < 0.05; ** p < 0.01.
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20E for 24 h.
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