Received: 28 October 2022

W) Check for updates

Accepted: 3 March 2023

DOI: 10.1002/jcp.30998

RESEARCH ARTICLE

Journal-of
Cellular Physiology WILEY

Tilorone increases glucose uptake in vivo and in skeletal
muscle cells by enhancing Akt2/AS160 signaling and glucose

transporter levels

Zoltan M. Kohler! @ |
Judit P. Szabo? |
Aniko Keller-Pinter!

1Department of Biochemistry, Albert Szent-
Gyorgyi Medical School, University of Szeged,
Szeged, Hungary

2Department of Medical Imaging, Division of
Nuclear Medicine and Translational Imaging,
Faculty of Medicine, University of Debrecen,
Debrecen, Hungary

SInstitute of Surgical Research, Albert Szent-
Gyorgyi Medical School, University of Szeged,
Szeged, Hungary

4Laboratory of Functional Genomics,
Biological Research Centre, Eotvos Lorand
Research Network, Szeged, Hungary

5Department of Oto- Rhino-Laryngology and
Head and Neck Surgery, University of Szeged,
Szeged, Hungary

Correspondence

Aniko Keller-Pinter, Department of
Biochemistry, Albert Szent-Gyorgyi Medical
School, University of Szeged, Dom Sq 9,
H-6720 Szeged, Hungary.

Email: keller.aniko@med.u-szeged.hu

Funding information

National Research, Development and
Innovation Office of Hungary; National
Research, Development and Innovation Fund;
Janos Bolyai Research Scholarship of the
Hungarian Academy of Sciences; New
National Excellence Program of the Ministry
for Innovation and Technology Sciences;
University of Szeged Open Access Fund

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any

Gyorgy Trencsenyi? |
Laszlo Dux® |

Laszlo Juhasz® | Agnes Zvara® |

Laszlo G. Puskas* | Laszlo Rovo® |

Abstract

Skeletal muscle plays a major role in whole-body glucose metabolism. Insulin
resistance in skeletal muscle is characterized by decreased insulin-stimulated glucose
uptake resulting from impaired intracellular trafficking and decreased glucose
transporter 4 (GLUT4) expression. In this study, we illustrated that tilorone, a low-
molecular-weight antiviral agent, improves glucose uptake in vitro and in vivo.
Tilorone increased bone morphogenetic protein (BMP) signaling in C2C12
myoblasts, the transcription of multiple BMPs (BMP2, BMP4, BMP7, and BMP14),
Smad4 expression, and the phosphorylation of BMP-mediated Smad1/5/8. The
activation of Akt2/AS160 (TBC1D4) signaling, the critical regulator of GLUT4
translocation, was also increased, as well as the levels of GLUT4 and GLUT1, leading
to enhanced uptake of the radioactively labeled glucose analog ®F-fluoro-2-
deoxyglucose (*8FDG). However, this excess glucose content did not result in
increased ATP formation by mitochondrial respiration; both basal and ATP-linked
respiration were diminished, thereby contributing to the induction of AMPK. In
differentiated myotubes, AS160 phosphorylation and *®FDG uptake also increased.
Moreover, tilorone administration further increased insulin-stimulated phosphoryl-
ation of Akt2 and glucose uptake of myotubes indicating an insulin-sensitizing effect.
Importantly, during in vivo experiments, the systemic administration of tilorone
resulted in increased *®FDG uptake of skeletal muscle, liver, and adipose tissue in
C57BL/6 mice. Our results provide new perspectives for the treatment of type 2
diabetes, which has a limited number of treatments that regulate protein expression

or translocation.
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1 | INTRODUCTION

Approximately 40% of the human body is composed of skeletal
muscle, which is responsible for 90% of glucose elimination after
meals (DeFronzo & Tripathy, 2009). The primary glucose transporter
(GLUT) in skeletal muscle and adipose tissue is GLUT4, which is
responsible for insulin-stimulated glucose uptake and metabolism
(Huang & Czech, 2007). GLUT4 is a member of the solute carrier
family 2 (Slc2) gene family, which includes GLUT1-12 (Joost
et al., 2002). Beyond GLUT4, skeletal muscle also express GLUT1
transporters. The relative amounts of GLUT4 and GLUT1 in skeletal
muscles depend on the developmental stage, and GLUT1 plays a
major role in glucose transport in C2C12 myoblasts (Rauch &
Loughna, 2005; Zorzano et al., 2000).

When insulin binds to insulin receptors on the surface of skeletal
muscle cells, activation of the phosphoinoside-3-kinase (PI3K)/
protein kinase B (Akt)/Akt substrate of 160 kDa (AS160; also known
as TBC1D4) pathway leads to the translocation of GLUT4-containing
vesicles from the cytosol to the cell membrane and consequently
glucose uptake (Leto & Saltiel, 2012). Akt regulates the Rab GTPase-
activating protein (GAP) AS160, which regulates the activity of the
small GTPases Rab8a, Rab13, and Rab14 in muscle cells (Ishikura
et al., 2007; Sun et al., 2010). These Rab GTPases bind to static
(MICAL-L2, a-actinin-4, actin filaments) and motile (MyoVa) effectors
that allow mobilization of the GLUT4 vesicle (Jaldin-Fincati
et al.,, 2017). In contrast, GLUT1 is an insulin-independent transporter
and constitutively localizes in the plasma membrane.

The prevalence of diabetes mellitus (DM) is increasing at an
alarming rate worldwide. Over a 10-year period starting in 2009, the
estimated number of people (20-79 years old) living with diabetes
increased dramatically by 62% from 285 to 463 million (Saeedi
et al., 2019). In addition, half of all patients with diabetes (50.1%)
have not been diagnosed (Saeedi et al., 2019). Over 90% of cases of
DM are type 2 DM (T2DM) (Holman et al., 2015; Zimmet et al., 2001).
Insulin resistance and a lack of proper insulin secretion are the causes
of T2DM, also known as non-insulin-dependent DM. Insulin
resistance can be defined as impaired insulin sensitivity and glucose
uptake (Reaven, 1988). The only drug that directly targets GLUT4
translocation regulatory elements to improve glucose uptake by
tissues is metformin (1,1-dimethylbiguanide hydrochloride), a bigua-
nide derivative. Metformin can increase cellular glucose uptake
through AMP-activated protein kinase (AMPK) (Zhou et al., 2001),
which serves as the energy sensor of the cells (Hardie et al., 2012).
Insulin sensitizers, such as thiazolidinediones (TZDs), are also
effective oral medications for diabetes. TZDs are agonists of the
nuclear receptor peroxisome proliferator-activated receptor-y
(PPARY) and thereby improve glucose metabolism (Kahn &
Mcgraw, 2010; Won, 2021).

Bone morphogenetic proteins (BMPs) are cytokines of the
transforming growth factor-g family that bind to dedicated BMP
receptors, which in turn phosphorylate BMP-responsive Smad1/5/8
transcription factors. Activated Smad1/5/8 forms a complex with
Smad4 and then translocate into the nucleus, in which they act as

transcriptional regulators (Massagué et al., 2005). Smad1/5/8 is an
important positive regulator of mature muscle fibers (Sartori
et al.,, 2013). The role of BMPs in glucose uptake is also known.
Specifically, serum BMP7 levels are decreased in type 2 diabetes
models, and BMP7 enhances glucose uptake of muscle and adipose
tissue through PDK1/PI3K/Akt activation and GLUT4 translocation
(Chattopadhyay et al., 2017). Treatment of ob/ob mice with BMP6
leads to decreases in serum lipid and glucose levels (Pauk et al., 2019).
Moreover, BMP2 and BMPé6 were reported as insulin sensitizers, and
BMP2 and BMPé6 treatment increased glucose uptake in adipocytes
by upregulating PPARy and GLUT4 (Schreiber et al., 2017).

The synthetic low-molecular-weight molecule tilorone dihy-
drochloride (hereafter tilorone) induces BMP signaling and increases
the expression of BMP2 and BMP7 in epithelial cells (Leppéaranta
et al, 2013). The antiviral effect of the oral drug has been known
since the 1970s (Krueger & Mayer, 1970), and the drug is marketed
as an antiviral agent in some countries for various viral indications,
such as influenza, acute respiratory viral infection, viral hepatitis, and
viral encephalitis (Ekins et al., 2018). It remains effective against
several viruses at present, such as herpes simplex virus, West Nile
virus, Ebola virus (Ekins et al., 2018; Katz et al., 1976; Loginova
et al., 2004), and human coronaviruses including MERS-CoV (Shen
et al,, 2019) and SARS-CoV-2 (Puhl et al., 2021).

Because tilorone can enhance the transcription of BMPs in
epithelial cells (Lepparanta et al., 2013), and BMPs might participate
in insulin sensitization, glucose uptake, carbonhydrate, and lipid
metabolism (Schreiber et al., 2017; Yu et al., 2017), we aimed to study
the effects of tilorone on signaling of myoblasts and myotubes, and
for glucose uptake in vitro and in vivo. In this study, we demonstrated
that tilorone induces the expression of BMPs in skeletal muscle cells
and enhances the activity of BMP signaling by increasing the
phosphorylation of Smad1/5/8 and expression of Smad4. The
increased activation of the Akt2/AS160 pathway and the enhanced
expression of GLUTs resulted in improved glucose uptake indepen-
dently of insulin. Moreover, we demonstrated the insulin-sensitizing
effect of tilorone by increasing insulin-mediated Akt2 phosphoryl-

ation and glucose uptake.

2 | MATERIALS AND METHODS
2.1 | Cell culture, differentiation, and treatment

Murine C2C12 myoblasts (ATCC) were grown in high-glucose
Dulbecco's modified Eagle's medium (DMEM) (4.5 g/L glucose with
glutamine and pyruvate; Corning) containing 20% fetal bovine serum
(Gibco/Thermo Fisher Scientific) and supplemented with 50 pg/mL
gentamicin (Lonza). To induce differentiation, myoblasts were grown
at 80%-90% confluency and then the medium was switched to
differentiation medium containing DMEM supplemented with 2%
horse serum (Sigma-Aldrich) and 50 pg/mL gentamicin. Proliferating
cells were treated with 2,7-bis[2-(diethylamino)ethoxy]-9-fluorenone
dihydrochloride (tilorone dihydrochloride; #220957; Sigma-Aldrich)
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at a concentration of 20 or 35 nM for 40 h. Differentiated myotubes
were treated with 20 nM tilorone (2 or 5h) followed by 100 nM
insulin (Humulin-R; Eli Lilly) for 10min on the 5th day of
differentiation.

2.2 | Experimental animals

12 weeks old, male C57BL/6J mice (n =4; The Jackson Laboratory)
were used for the experiments. Animals were housed under
conventional conditions at 23 +2°C with 50+ 10% humidity and
artificial lighting with a circadian cycle of 12 h. The semisynthetic diet
(VRF1; Akronom Ltd.) and drinking water were available ad libitum to
all animals. The animal experiments were authorized by the Ethical
Committee for Animal Research, University of Debrecen, Hungary
(1/2017/DEBAB). Laboratory animals were kept and treated in
compliance with all applicable sections of the Hungarian Laws and

animal welfare directions and regulations of the European Union.

2.3 | AQuantitative real-time (qRT)-PCR

gRT-PCR was performed using a RotorGene 3000 instrument
(Qiagen) with gene-specific primers and the SybrGreen protocol to
monitor gene expression. One microgram of C2C12 total RNA was
reverse-transcribed in a final volume of 30 uL using a High-Capacity
cDNA Archive Kit (Thermo Fisher Scientific) according to the
manufacturer's instructions. The reverse transcription protocol was
as follows: 10 min at room temperature, 2 h at 37°C, 5 min on ice, and
10 min at 75°C for enzyme inactivation. These steps were performed
in a thermal cycler. After a twofold dilution, 1 uL of the diluted
reaction mix was used as the template for gqRT-PCR. Reactions were
performed with gPCRBIO SyGreen Mix Lo-ROX mix (PCR
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Biosystems) according to the manufacturer's instructions at a final
primer concentration of 250nM under the following conditions:
2 min at 95°C followed by 40 cycles of 95°C for 5 s and 60°C for 30 s.
Melting temperature analysis was performed after each reaction to
check the quality of the products. Primers were designed using the
online Roche Universal Probe Library Assay Design Center. The
quality of the primers was verified via MS analysis by Bioneer
(Daejeon). Individual threshold cycle (C;) values were normalized to
the mean C; values of MmHprt and MmRpl27 as internal control
genes. Relative gene expression levels are presented as 2724 values.

Information about the genes and the primers is presented in Table 1.

2.4 | Immunoblotting

C2C12 cells were lysed in RIPA buffer (20 mM Tris-HCl pH 7.5, 150 mM
NaCl, 1 mM NaoEDTA, 1 mM EGTA, 1% NP-40, 1% sodium deoxycho-
late, 2.5 mM sodium pyrophosphate, 1 mM B-glycerophosphate, 1 mM
NazVO,, 1 pg/mL leupeptin; #9806; Cell Signaling Technology) supple-
mented with 1 mM sodium fluoride and a protease inhibitor cocktail
(#P8340; Sigma-Aldrich).

First, the lysates were centrifuged at 16,000xg for 5 min at 4°C,
and then protein levels were determined using the bicinchoninic acid
method (#23227; Thermo Fisher Scientific). Equal amounts of
proteins were separated via sodium dodecyl sulfate-polyacrylamide
gel electrophoresis and transferred to Protran nitrocellulose mem-
brane (GE Healthcare). The membranes were blocked in tris buffered
saline containing 5% skimmed milk and 0.1% Tween-20 (Sigma-
Aldrich) for 1 h at room temperature. Then, the membranes were
incubated at 4°C overnight with the following rabbit polyclonal
primary antibodies: phospho-AS160 (Thr642; #8881), AS160
(#2670), PGC-1a (#2178), phospho-AMPK (Thr172; #2535), AMPK
(#2532), phospho-Akt2 (Ser474; #8599), Akt2 (#3063), phospho-

TABLE 1 List of investigated genes and primers used in qRT-PCR experiments.

Reference Primers

sequence Gene name Description Forward Reverse

NM_007553.3 Bmp2 Bone morphogenetic protein 2 ttccatcacgaagaagcecegt ttccatcacgaagaagcecegt

NM_007554.3 Bmp4 Bone morphogenetic protein 4 tctgcaggaaccaatggagc aaaggctcagagaagctgceg

NM_007557.3 Bmp7 Bone morphogenetic protein 7 cgagaccttccagatcacagt cagcaagaagaggtccgact

NM_008109.3 GDF5 (Bmp14) Growth differentiation factor 5, bone tcctaagctctttaagggagage  aagtcaccaggcacaaaggt
morphogenetic protein 14

NM_008540.2 Smad4 SMAD family member 4 attggatggacgacttcagg tgctttagttcattcttgtgtagatca

NM_011400.3 Slc2a1 (GLUT1) Solute carrier family 2 (facilitated glucose gatcccagcagcaagaaggt tagccgaactgcagtgatcc
transporter), member 1

NM_001359114.1 Slc2a4 (GLUT4) Solute carrier family 2 (facilitated glucose gctctgacgtaaggatgggg tcaatcaccttctgtggggc
transporter), member 4

NM_013556.2 HPRT Hypoxanthine guanine phosphoribosyl transferase  cctcctcagaccgcttttt aacctggttcatcatcgctaa

NM_011289.3 RPL27 Ribosomal protein L27 tgaaaggttagcggaagtgc tttcatgaacttgcccatctc

Abbreviations: BMP, bone morphogenetic protein; GLUT, glucose transporter; qRT-PCR, quantitative real-time PCR.
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Smad1/5/8 (Smadl [Ser463/465]/Smad5 [Ser463/465]/Smad9
[Ser465/467]; #13820), PPARy (#2435), and GAPDH (#2118),
all from Cell Signaling Technology, desmin (#M076029-
2; DAKO; Agilent), GLUT1 (#PA1-46152; Thermo Fisher Scientific),
or GLUT4 (#NBP1-49533; Novus Biologicals). Membranes were
subsequently incubated with the horseradish peroxidase-conjugated
anti-rabbit 1gG secondary antibody (#P0448) from DAKO. Peroxidase
activity was developed using the enhanced chemiluminescence
(#K-12045 Advansta) procedure and the chemiluminescence signal
was recorded using X-ray films (Agfa). On the scanned X-ray films,
bands were selected with uniformed square ROls (region of interest)
using the BioRad Quantity One Analysis Software (Bio-Rad). Then,
using the “Volume Analysis Report” function, we obtained the

intensity of the selected area normalized to the background.

2.5 | Assessment of mitochondrial oxygen
consumption using high-resolution respirometry

To assess respiration after 40 h of tilorone treatment, intact C2C12
myoblasts (3 x 10° cells) were suspended in MiRO5 respiration
medium (pH 7.1; oxygen solubility factor 0.92) and gently pipetted
into oxygraph chambers (Oxygraph-2k; Oroboros Instruments). All
measurements were performed in 2 mL of respiration medium under
continuous magnetic stirring (750 rpm) at 37°C. To avoid the effects
of low O, levels on mitochondrial respiration, chamber O,
concentrations were kept in the range of 50-200uM without
reoxygenation (Doerrier et al, 2018; Naszai et al., 2019). After
stable routine respiration (without exogenous substrates and ADP),
ATP synthase was inhibited with oligomycin (2.5 uM; leak respira-
tion). The capacity of the electron transport system (ETS) was
maximized via the stepwise titration of a protonophore (carbonyl
cyanide m-chlorophenylhydrazone [CCCP]; final concentration:
0.25 uM/step). Following complex | inhibition (with 0.5 uM rotenone),
ETS-independent respiration (or residual oxygen consumption [ROX])
was determined in the presence of the complex Il inhibitor antimycin
A (2.5 uM). DatLab 7.3 software (Oroboros Instruments) was used for

online display, respirometry data acquisition, and analysis.

2.6 | Fluorescent staining and microscopy

For anti-GLUT4 immunofluorescence, the samples were fixed with
4% paraformaldehyde (Molar Chemicals Kft.) for 15 min at room
temperature, permeabilized with 0.2% Triton X100 (Sigma-
Aldrich), and blocked with 2% bovine serum albumin (Sigma-
Aldrich) in PBS. Rabbit polyclonal anti-GLUT4 primary antibody
(#NBP1-49533; Bio-Techne) was visualized with the appropriate
Alexa Fluor 488-conjugated secondary antibody (#711-545-152;
Jackson ImmunoResearch).

To label the mitochondria, the cells were incubated with
MitoTracker™ Deep Red FM (#M22426; Thermo Fisher Scientific)
and then fixed with 4% paraformaldehyde (Molar Chemicals Kft.) for

15min at room temperature. The nuclei were counterstained with
Hoechst 33258 (#94403; Sigma-Aldrich).

Wide-field fluorescence images were obtained using a Nikon
Eclipse Ni-U fluorescence microscope (Nikon Instruments Inc.) with a
x100 objective (Nikon CFI Plan Apo DM Lambda x100 Oil,
NA =1.45). Following background correction, the images were
evaluated, and heat maps were generated using Imagel) software
(National Institutes of Health).

Leica DMi1 phase-contrast microscope (Leica Microsystems)
with a x10 objective (Leica Hi Plan x10, NA=0.28) was used to
obtain representative images demonstrating the morphology of the
undifferentiated and differentiated C2C12 cells.

2.7 | Measurement of ‘8F-fluoro-2-deoxyglucose
(*8FDG) uptake in vitro

To monitor the uptake of the radioactive glucose analog 8FDG,
by cells, C2C12 cells were seeded into six-well plates
(0.08-0.1 x 10° cells/well) in 2 mL of culture medium containing
20 or 35 nM tilorone. After 24 h of culture, the monolayer surface
was washed with DMEM containing 1 mM glucose and 20% FBS.
To test the role of GLUT1 in glucose uptake, tilorone-treated
cultures were incubated with a GLUT1 inhibitor, BAY-876
(#SML1774; Sigma-Aldrich; 10nM, 2h). ¥ FDG (10 uCi [0.37
MBq]) in 1 mL of DMEM containing 1 mM glucose and 20% FBS
was added to each well. In the samples preincubated with
tilorone, the concentration of tilorone (20 or 35nM) was
maintained throughout the incubation period. The plates were
incubated for 60min at 37°C, the incubation solution was
removed, and the cell surface was washed twice with 2 mL of
room-temperature PBS. The cells were harvested and resus-
pended, and the radioactivity of the suspension was measured
using a Packard Cobra-Il Auto Gamma Counter device.

To measure the ®FDG uptake of differentiated myotubes,
C2C12 cells were seeded into six-well plates (1.8-2 x 10° cells/well)
for 24 h in growth medium, and then, differentiation was induced by
shifting the cells into differentiation medium containing 2% horse
serum (Sigma-Aldrich). On the 5th day on differentiation, cell cultures
were treated with 20 nM tilorone for 2 or 5 h and 100 nm insulin for
10 min (Humulin-R; Eli Lilly). Then, *®FDG uptake was measured as
described previously.

2.8 | Animal treatment and in vivo imaging

C57BL/6 mice were injected intraperitoneally with 25 mg tilorone/kg
body weight. The treatment was repeated 3 days after the first
injection and PET/CT scans were performed on the day after the
second tilorone injection.

Mice were anaesthetized with 3% Forane using a dedicated small
animal anesthesia device and were injected with 10.2 +0.9 MBq of
18EDG in 100 pL saline via the lateral tail vein before and after the

85UB017 SUOWILLOD) BAIERID 3|qedtjdde 8y} Aq pausenob a1e 3l O ‘88N 4O Sajni o Akeiq1T8Ul|UO A3 U (SUORIPUOO-PUR-SLLBHWI0D" A3 | 1M Afe.q) 18U |UO//SUNY) SUORIPUOD PUe SWiis | 84} 835 *[£202/0/0] Uo ARig1Tauljuo AB|IM ‘Usdsigeq JO Aisieniun Aq 8660€ dol/200T 0T/10p/w00 A3 |1m Al fpul|uo//Sdiy wouy papeojumoq ‘0 ‘ZS9r260T



KOHLER ET AL

second tilorone treatment. 50 min after radiotracer injection, whole-
body PET/CT scans were performed in isoflurane anesthesia using
the preclinical nanoScan PET/CT device (Mediso LTD). After the
image reconstruction and PET image analysis, the standardized
uptake value (SUV) was calculated using the following formula:
SUV = (ROI activity [MBg/mL])/(injected activity [MBg]/animal
weight [g]]) (Kocsis et al., 2014).

2.9 | Statistical analysis

Statistical significance between groups was analyzed via Stu-
dent's t-test or one-way analysis of variance followed by
Dunnett's post hoc test. GraphPad Prism 8.0 (GraphPad Software
Inc.) was used for graphing and statistical analyses. The data are
expressed as the mean + SEM or the median (horizontal line in the
box) with the 25th (lower whisker) and 75th (upper whisker)
percentiles are plotted on box plots. p < 0.05 denoted statistical

significance.

3 | RESULTS

3.1 | Tilorone increases BMP signaling in
myoblasts

Lepparanta et al. (2013) demonstrated the ability of tilorone to
enhance the transcription of BMP2 and BMP7 in mouse epithelial
cells. Thus, we first examined whether this effect could be
induced in mouse myoblasts. The treatment time we chose

was based on Lepparanta's experiment, 24 and 48h, which
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were effective (Leppéranta et al., 2013). gRT-PCR revealed that
mRNA levels of BMP2, BMP4, BMP7, and BMP14 were
elevated by both (20 and 35 nM) concentrations in myoblasts;
however, BMP14 expression was only significantly increased by
the higher concentration (Figure 1). Moreover, the transcription
of Smad4, a component of the BMP signaling pathway, was
significantly increased by both concentrations (Figure 1). Further,
we found that tilorone treatment increased the phosphorylation
of Smad1/5/8 (Figure 2a,b), indicating the enhancement of BMP

signaling.

3.2 | Effect of tilorone on signaling molecules
regulating GLUT4 translocation

Because the transcription of several BMPs and Smad4 and
phosphorylation of Smad1/5/8 were enhanced by tilorone
treatment, we also examined whether these proteins affect
insulin-dependent glucose uptake and assessed its regulation.
BMP2 and BMPé6 can sensitize adipocytes to insulin and enhance
glucose uptake (Schreiber et al, 2017). The C2C12 mouse
skeletal muscle cell line is a well-documented and in vitro used
model for studying glucose homeostasis, insulin signaling mecha-
nism, insulin resistance, GLUTs at the cellular and molecular
levels (Mangnall et al., 1993; Tulipano et al., 2008; Wong
et al., 2020). Moreover, GLUT4 translocation was also demon-
strated in C2C12 myoblasts (Duan et al., 2017). We tested the
expression and phosphorylation of skeletal muscle-specific Akt2,
AMPK, and AS160, which regulate the insulin-dependent trans-
location of GLUT4. Tilorone increased the phospho-Akt2
(Serd74)/Akt2 and phospho-AMPK (Thr172)/AMPK ratios, and
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FIGURE 1 Tilorone increases bone morphogenetic protein (BMP) and Smad4 expression in myoblasts. C2C12 myoblasts were treated with
20 or 35 nM tilorone for 40 h, and the gene expression of BMP2, BMP4, BMP7, BMP14, and Smad4 molecules was measured by quantitative
real-time PCR. Relative gene expression levels as 2788t yalues using MmHprt and MmRpl27 as internal control genes, are presented. Data are
reported as the mean + SEM (n = 3-4). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. BMP, bone morphogenetic protein.
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FIGURE 2 Effect of tilorone treatment on the activity of signaling molecules. Activation of bone morphogenetic protein (BMP) pathway was
represented by phospho-Smad1/5/8 (Ser463/Ser456/Serd67) levels, and the activation of the signaling pathway (protein kinase B [Akt2]),
AS160 regulating glucose transporter 4 (GLUT4) translocation was also studied. (a) Representative Western blots depict the levels of phospho-
Smad1/5/8 (Ser463/Ser456/Ser467), phospho-AS160 (Thré642), AS160, phospho-Akt2 (Serd74), Akt2, phospho-AMPK(Thr172), and AMPK in
proliferating C2C12 cells following 40 h tilorone treatment. GAPDH was used as a loading control. (b) Quantification of the Western blot results
normalized to control and reported as the mean + SEM (n = 3-8 independent experiments). (c) Representative phase-contrast images of
undifferentiated (proliferating) and differentiated C2C12 cells at x10 magnifications. Arrows mark the myotubes. Representative immunoblot
shows the expression levels of desmin in undifferentiated (Day 0) and differentiated (Day 5) C2C12 cells. GAPDH was used as the loading
control. (d) Representative Western blots depict the phospho- and total AS160 levels in differentiated C2C12 myotubes after 2 or 5 h of 20 nM
tilorone treatment. GAPDH was used as a loading control. (e) For quantifying the western blot results, data were normalized to the control and
reported as mean + SEM (n = 3 independent experiments). *p < 0.05, **p < 0.01. AMPK, AMP-activated protein kinase; au, arbitrary unit.

these changes were significant for 35nM tilorone. AS160
expression was decreased by both tilorone concentrations, and
the phospho-AS160/AS160 ratio was increased (Figure 2a,b).

Subsequently, myoblasts were differentiated into myotubes in
vitro (Figure 2c). To monitor the process of myoblast differentia-
tion, we evaluated the amount of desmin, a muscle-specific
intermediate filament. The level of desmin increased, indicating
the appropriate differentiation of the samples. The levels and
phosphorylation of AS160, the key regulator of GLUT4 trans-
location, were also examined on the fifth day of differentiation.
Because tilorone affects myoblast differentiation as well (our
unpublished data); therefore, we applied tilorone only for a short
treatment in differentiated samples. In myotubes, 20 nM tilorone
increased the phospho-AS160/AS160 ratio after either 2 or 5h
treatment (Figure 2d,e).

3.3 | Tilorone increases the expression of GLUTs
and glucose uptake of C2C12 cells

Because the increased phosphorylation of Akt2, AMPK, and AS160
favors GLUT4 translocation and glucose uptake, we next studied the
intracellular expression of GLUT4 in myoblasts exposed to tilorone
via immunofluorescence staining and wide-field fluorescent micros-
copy. In addition to the original representative images, pseudocolor
images provide better visualization of the altered GLUT4 expression
depicting the increased levels of GLUT4 fluorescence following
tilorone treatment (Figure 3a). The high-intensity red and yellow
areas were mainly adjacent to the nucleus in tilorone-treated cells
(Figure 3a). Quantification of the whole GLUT4 fluorescence
intensity of the cells illustrated that their GLUT4 content increased
after tilorone treatment (Figure 3b).
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FIGURE 3 Tilorone increases the expression of glucose transporters (GLUTS). (a) Representative wide-field fluorescence images reveal the
distribution of GLUT4 following staining with Alexa Fluor 488 (green). Nuclei were stained by Hoechst 33258 (blue). Representative pseudocolor
images depict the GLUT4 signal intensity. The color was assigned to each pixel based on the pixel intensity value according to the calibration bar.
(b) The mean intensity values of the cells were quantified, normalized to control, and compared following treatment. Data are reported as the
mean + SEM (n = 3 independent experiments, 36-41 cells/treatment were quantified). (c) The levels of Scl2al (GLUT1) and Sclca4 (GLUT4) were
studied by quantitative real-time PCR. The housekeeping genes MmHprt and MmRpl27 were used as internal controls to normalize gqRT-PCR
results, and relative gene expression levels were calculated using the 2722t method. Data are reported as the mean + SEM (n = 3-4 independent
experiments). (d) Representative western blots of PPARy, GLUT1, and GLUT4 protein expression. GAPDH was used as an internal control.
Quantification of the results normalized to control and reported as the mean + SEM (GLUT1: n = 3, PPARy and GLUT4: n = 8 independent
experiments). *p < 0.05, **p < 0.01, ****p < 0.0001. au, arbitrary unit; PPARYy, peroxisome proliferator-activated receptor-y.

Subsequently, qRT-PCR was performed to check the mRNA
levels of myoblast-specific Slc2a1 (GLUT1) and Slc2a4 (GLUT4). We
found that the levels of both the Slc2al and Slc2a4 transcripts were
increased by treatment with different concentrations of tilorone
(Figure 3c). GLUT1 and GLUT4 protein levels were also analyzed by
Western blot. GLUT1 levels were tendentiously increased following
tilorone treatment, and we detected a significant increase in GLUT4
protein levels at 35 nM tilorone concentration (Figure 3d). From the
research of Schreiber et al. (2017) using mouse adipocytes, we know
that Smad1/5/8 and Smad4 can transcriptionally activate PPARY,
which is a critical regulator of GLUT4 expression. We thus examined
the expression of PPARY by Western blot technique and detected an
increase in both tilorone concentrations (Figure 3d).

Because we observed increased levels of GLUTs and strong
activation of Akt2/AS160 signaling that regulate GLUT4 trans-
location, radiolabeled glucose analog *®FDG uptake of C2C12 cells
was also measured. Our results revealed a 1.5-fold increase in ®FDG

uptake after 20 nM tilorone treatment, and this uptake was further
increased by the higher concentration (Figure 4a). To separate the
rate of glucose uptake via GLUT1 or GLUT4, we applied BAY-876, a
GLUT1-specific inhibitor to the cells after preincubation with
tilorone. BAY-876 treatment decreased the ®FDG uptake of the
cells indicating the involvement of GLUT1 in tilorone-mediated
glucose uptake (Figure 4b).

3.4 | Tilorone increases ®FDG uptake of myotubes
and enhances insulin effect

Because tilorone increased glucose uptake in myoblasts, next we
examined whether tilorone exhibits an insulin sensitizing effect
on myotubes. The phosphorylation of Akt2, a critical element of
insulin-mediated signaling, was significantly increased following

insulin treatment, as expected (Figure 5a,b). Administration of
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FIGURE 4 Tilorone increases *®F-fluoro-2-deoxyglucose (*®FDG) uptake by C2C12 cells. (a) Rate of uptake of the radioactively labeled
glucose analog *¥FDG by C2C12 myoblasts following 20 or 35 nM tilorone treatment (24 h). *8FDG uptake is expressed as percentage of 1 x 10°
myoblasts relative to the control. (b) The effect of BAY-876 (2 h, 10 nM), a GLUT1 inhibitor, on 8FDG uptake of tilorone-treated (24 h; 20 or
35nM) C2C12 myoblasts. *8FDG uptake is expressed as percentage of 1 x 10° myoblasts relative to tilorone treated cells. Results are reported
as the mean + SEM (n = 5-7 independent experiments). *p < 0.05, **p < 0.01, ****p < 0.0001. GLUT, glucose transporter.
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FIGURE 5 Tilorone increases insulin effect and improves ®FDG uptake in myotubes. (a) Representative Western blots depict the levels of
phospho-Akt2 (Ser474), Akt2, and GAPDH in differentiated C2C12 myotubes after tilorone pretreatment (20 nM, 2 or 5 h) followed by insulin
administration (100 nM, 10 min). GAPDH shows the equal loading of samples. (b) Quantification of the western blot results, data normalized to
untreated control and reported as the mean + SEM (n = 3-4 independent experiments); *p < 0.05, ** p < 0.01, ***p < 0.001, ****p < 0.0001. (c) The
radioactively labeled glucose analog 8FDG uptake of C2C12 myotubes following 20 nM tilorone (2 or 5 h) administration and with or without
insulin (10 min 100 nM) treatment. *8FDG uptake is expressed as a percentage of the untreated control group. Results are reported as the
mean + SEM (n = 4 independent experiments); *p < 0.05, **p < 0.01, ****p < 0.0001.

tilorone further increased the insulin-induced phospho-Akt2/ of myotubes after tilorone treatment (5 h). Insulin increased the
Akt2 ratio indicating the insulin-sensitizer effect of tilorone 18EDG uptake of control and tilorone-treated (2 or 5 h tilorone
(Figure 5a,b). administration) groups. Moreover, tilorone administration (5 h)

Next, we examined the *®FDG uptake of myotubes on the increased the insulin-mediated *FDG uptake of myotubes

fifth day of differentiation. We observed increased *8FDG uptake (Figure 5c).
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3.5 | Effects of tilorone treatment on
mitochondrial function in myoblasts

To determine whether the elevated glucose uptake of the cells was
associated with changes in the mitochondrial respiratory chain, the
oxygen consumption of C2C12 cells was examined via high-
resolution respirometry. Routine (baseline), proton leak, ETS (repre-
senting maximal respiration capacity), and ROX values are presented
in a representative measurement plot in Figure 6a. Compared to the
control group findings, treatment with 20 or 35nM tilorone
significantly decreased routine respiration in intact myoblasts. In
addition, tilorone reduced ATP-linked respiration (difference
between routine and leak respiration) based on the unchanged leak
values (Figure 6b). Following oligomycin treatment, the oxygen
consumption represents the level of proton leak in the cells. No
significant difference in the maximal capacity of ETS and ROX was
observed following treatment. Mitochondrial reserve capacity (respi-
ration reserve), the difference between the respiratory capacity and
basal respiration, is the “spare” respiratory capacity important for
cellular responses to stress and preventing oxidant-induced mito-
chondrial dysfunction (Dranka et al., 2010). In our experiments, the
mitochondrial reserve capacity did not change after tilorone
administration.

As we observed changes of mitochondrial function, we next
studied the expression of PPARY coactivator 1 alpha (PGC-1a) which
regulates mitochondrial biogenesis, and total number of mitochondria
in the cells was also evaluated. The PGC-1a protein levels did not
changed following either 20 or 35 nM tilorone treatment (Figure 6c)
analyzed by western blot. To achieve total number of mitochondria in
the cells, we visualized mitochondria using the specific fluorescent
dye MitoTracker™ Deep Red FM, which passively diffuses across the
plasma membrane of living cells and accumulates in active mitochon-
dria (Figure 6d). We measured the total fluorescent intensity of the
cells and found no difference between control and tilorone-treated
cells (Figure 6e), indicating that the mitochondrial number did not
change following tilorone treatment.

3.6 | Tilorone administration increases ®FDG
uptake in vivo

Considering the increased glucose uptake of skeletal muscle
myoblasts in vitro, we next examined the effect of systemic tilorone
administration on in vivo FDG uptake using PET/CT imaging. The
treatment concentration we chose was based on earlier in vivo
experiments and pharmacokinetics evaluation of tilorone (Leppéranta
et al., 2013). The distribution of radiolabelled glucose in C57BL/6
mice was examined by PET/CT scans (Figure 7a). By the quantitative
analysis ®FDG-PET images, we found significant increases in the
SUV mean of skeletal muscle, adipose tissue, and liver following
tilorone treatment, indicating the increased radiotracer uptake of
these tissues. The ®FDG accumulation was comparable in tilorone
treated skeletal muscle, adipose tissues, and liver (Figure 7b). Among
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the examined tissues, heart exhibited the highest basal glucose
uptake; hoverer, it did not increase after tilorone treatment
(Figure 7b).

4 | DISCUSSION

The synthetic small-molecule compound tilorone can enhance the
transcription of BMPs in epithelial cells (Lepparanta et al., 2013).
BMPs might participate in insulin sensitization, glucose uptake,
carbohydrate and lipid metabolism, and the regulation of mitochon-
drial function (Schreiber et al., 2017; Yu et al., 2017); therefore, we
examined the effects of tilorone on glucose uptake and metabolism in
vitro and in vivo. As the number of people withT2DM is continuously
increasing, there is an urgent need for new therapeutic strategies and
to identify new drug candidates that increase glucose uptake.

Tilorone first was used as a broad-spectrum antiviral agent in the
1970s. The mechanism through which tilorone mediates its effect is
not completely understood. Tilorone is able to induce transcriptional
changes (Ratan et al., 2008); and a possible explanation of the
mechanism of its action is that tilorone can intercalate into DNA
thereby affecting the expression of genes (Nishimura et al., 2007).
Earlier a high-throughput drug screen identified tilorone as a BMP-
inducing agent. Tilorone was shown to induce BMP genes and the
expression of the BMP target gene 1d3 (inhibitor of differentiation-3)
in pulmonal epithelial cells in vitro, and to increase Smadl
phosphorylation in vivo (Leppéranta et al., 2013). In the muscles of
tumor-bearing mice, it was also proved that tilorone effect is
dependent on the BMP-Smad1/5/8 signaling pathway (Sartori
et al., 2021). However, this does not exclude other possible target
genes for tilorone.

In epithelial cells, tilorone has been found to increase the
transcription of BMP2 and BMP7, but not BMP4 (Lepparanta
et al, 2013). We observed increased BMP2, BMP4, BMP7, and
BMP14 transcription in C2C12 myoblasts following tilorone adminis-
tration. Moreover, we observed increased Smad1/5/8 phosphoryl-
ation and increased Smad4 transcription following tilorone treatment,
indicating the enhanced BMP signaling. Several studies investigated
the effect of tilorone on different cell types. In this study, we used a
tilorone concentration comparable to the antiviral concentration of
tilorone (Lane & Ekins, 2020).

Tilorone possesses a broad array of biological activities beyond
its antiviral effect. In addition to alleviating pulmonary fibrosis in a
mouse model (Leppdranta et al., 2013), a recent publication
demonstrated that tilorone represents a potential novel therapy for
fibrosis associated with heart failure (Horlock et al., 2021), and can
also prevent muscle wasting and preserve the function of neuro-
muscular junction of tumor-bearing mice (Sartori et al., 2021). Since
the Smad1/5/8-mediated BMP signaling was identified as an
important regulator of muscle homeostasis affecting skeletal muscle
size or the function of neuromuscular junction, the potential
therapeutic application of tilorone in muscle wasting diseases of

different origin might be an interesting perspective.
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FIGURE 6 Changes in mitochondrial respiration in C2C12 myoblasts after tilorone treatment. (a) On the representative experimental figures
of the mitochondrial respiration measurements, the lines illustrate chamber O, concentrations in control and tilorone-treated cells. Maximal
electron transport system (ETS) capacity was achieved via stepwise titration of an uncoupler (carbonyl cyanide m-chlorophenylhydrazone
[CCCP)). (b) Measured routine respiration, leak state, maximal ETS capacity, residual oxygen consumption (ROX), reserve capacity, and ATP-
linked respiration are presented as O, flux/V (pmol/[s x mL]). The box plots demonstrate the median (horizontal line in the box) and the 25th
(lower whisker) and 75th (upper whisker) percentiles (n = 12-17 independent experiments). (c) lllustrative western blot image of PGC-1a
expression and GAPDH as a loading control. To quantify the results, the data were normalized to the control and then the mean + SEM was
plotted (n =5 independent experiments). (d) Representative images depict mitochondria labeled with MitoTracker Deep Red FM (red). Nuclei
were stained by Hoechst 33258 (blue). (e) The fluorescence signal intensity of MitoTracker Deep Red FM staining was measured in the individual
cells, and the total intensity values of the cells were compared. The results were normalized to control and reported as the mean + SEM (n = 3-4
independent experiments, 49-65 cells/treatment). *p < 0.05, **p < 0.01. AmA, antimycin A; au, arbitrary unit; Omy, oligomycin; Rot, rotenone.
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FIGURE 7 In vivo '8F-fluoro-2-deoxyglucose (*8FDG) uptake in C57BL/6 mice after tilorone treatment. (a) Representative decay-corrected
18EDG-PET/CT MIP (maximum intensity projection) images of the same C57BL/6 mouse before (left panel) and after (right panel) tilorone
treatment (25 mg/kg). White arrows: liver, yellow arrows: fat, red arrows: muscle. (b) Quantitative analysis of *®FDG uptake of selected tissues
(fat, liver, skeletal muscle, myocardium). Results are reported as the mean of standardized uptake value (SUV)+ SEM (n =4 in each group);

***p < 0,001, ***p < 0.0001.

In our experiments, tilorone increased PPARY level. In consider-
ing the transcription-regulatory effects of Smad1/5/8 and Smad4, it
is important to mention their ability to control PPARy (Schreiber
et al., 2017). PPARYy can regulate cell differentiation, glucose and lipid
metabolism, lipid storage and mobilization (Janani & Ranjitha
Kumari, 2015), and mitochondrial biogenesis with PGC-1a (Jamwal
et al., 2020). Via another pathway, BMP14 can activate Sirt1, which
deacetylates and thus activates PPARy (D. Wang, Jiang et al., 2018).
All of the BMPs we examined (i.e., BMP2, BMP4, BMP7, and BMP14)
can positively regulate PPARy. Several targets of active PPARy
include the Slc2a4 (GLUT4) gene (Armoni et al., 2007; Wu et al., 1998).
Importantly, PPARy agonists have emerged as effective insulin
sensitizers in the treatment of type 2 diabetes. Here we observed,
that tilorone exhibits an insulin-sensitizer effect increasing insulin-
mediated Akt2 phosphorylation and 8FDG uptake of myotubes.

Importantly, we observed that tilorone treatment affects both
insulin-dependent (via GLUT4 translocation) and insulin-independent
(via GLUT1) glucose uptake of myoblasts. Both the increased GLUT4
levels and activated Akt2/AS160 signaling can lead to increased
GLUT4-mediated glucose uptake after tilorone treatment (summa-
rized in Figure 8). The specific inhibition of GLUT1 markedly
decreased (more than 50% inhibition) the *®FDG uptake of tilorone
treated cells indicating the involvement of GLUT1 in glucose uptake.
The increased GLUT1 levels might participate in this effect. GLUT1 is
an insulin-independent transporter, and thus, it is essentially released
into the plasma membrane of cells. The presence of GLUT1 in
skeletal muscle was previously reported as the predominant GLUT

isoform in myoblasts (Zhao & Keating, 2007). It was reported earlier
that BMP7 augmented glucose uptake in adipose tissue and muscle
by increasing GLUT4 translocation to the plasma membrane via the
PIBK/PDK1/Akt pathway (Chattopadhyay et al., 2017). Consistent
with the aforementioned effect, the tilorone-mediated increase of
BMP transcription was associated with increased GLUT4 levels and
increased activity of the signaling pathway responsible for GLUT4
translocation in our experiments. However, it is important to note,
that we do not conducted the evaluation of GLUT4 specifically at the
plasma membrane. Since C2C12 cells are weak models for studying
GLUT4 translocation, this is a limitation of the model system.

Akt2/AS160 signaling is a central regulator of GLUT4 trans-
location. The pAS160/AS160 ratio increased in both myoblasts and
myotubes following tilorone treatment. However, the total AS160
level was decreased in myoblasts after tilorone administration but not
in myotubes. Importantly, in myoblasts we applied tilorone for 40 h;
therefore, the decreased level of total AS160 protein can be the
consequence of a negative feedback effect following increased
glucose uptake. The 40h tilorone treatment of myoblasts already
allowed a sufficiently long period for quantitative protein changes;
however, few hours (2 or 5 h) treatment on myotubes only gave the
opportunity for faster phosphorylation changes.

Skeletal muscle is one of the most energy-intensive tissues in
the human body. The transcription factor PGC-1a plays a central
role in the regulation of cellular energy metabolism by maintain-
ing mitochondrial biogenesis and oxidative metabolism (Liang &

Ward, 2006). According to our results, the number of active
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FIGURE 8 Schematic summary of the effects of tilorone on signaling pathways and glucose uptake. Tilorone induces the transcription of
BMP2, BMP4, BMP7, and BMP14, and enhances the activity of the BMP pathway by increasing the phosphorylation of Smad1/5/8 and
expression of Smad4. The increased glucose transporter (GLUT1 and GLUT4) levels and activation of the Akt2/AS160 pathway can participate in
increased glucose uptake. The decreased mitochondrial routine and ATP-linked respiration also favors increased glucose uptake. The figure was
created using BioRender.com. Akt, protein kinase B; AMP, adenosine monophosphate; AMPK, AMP-activated protein kinase; AS160, Akt
substrate of 160 kDa; ATP, adenosine triphosphate; BMP, bone morphogenetic proteins; GLUT, glucose transporter; IRS1, insulin receptor

substrate 1; PI3K, phosphoinoside-3-kinase.

mitochondria did not change after tilorone treatment; however,
the routine and ATP-linked respiration values were decreased
despite the increased glucose uptake of the cells. Therefore,
decreased mitochondrial function might explain the increased
glucose uptake. It cannot be ignored that tilorone has other
cellular effects in addition to inducing BMPs. Together, these
effects might decrease ATP-linked respiration in mitochondria,
and this presumably results in an increased intracellular AMP/
ATP ratio. High levels of AMP inhibit AS160 through AMPK and
thereby activate GLUT4 translocation (Huang & Czech, 2007).
Several studies investigated the role of BMPs in mitochondrial
function and their effect on mitochondrial number in different
tissues. In brown preadipocytes, BMP4 treatment decreased PGC-1a
mRNA levels, whereas increased PPARy1 transcription (Modica
et al., 2016). Consistent with this, the transcription of PGC-1a was
decreased in the brown adipose tissue of BMP-4 overexpressing
transgenic mice without a change in the number of mitochondria, but
the transcription of these genes was increased in white adipose tissue
(Qian et al., 2013). Based on these findings, BMP4 plays a role in
mitochondrial functions, albeit in a strongly tissue-specific manner.
According to a study of brown adipose tissue, BMP7 can increase
mitochondrial activity without increasing the number of mitochondria
(Townsend et al., 2013). Increased mitochondrial oxygen consump-
tion was also detected after BMP2 treatment in human chondrocytes
(C. Wang, Silverman et al., 2018). Our results are partly consistent
with these data; however, it is important to remember that we

examined the effect of tilorone treatment.

In summary, this study demonstrated the complex mechanism
of tilorone action as follows (Figure 8): (i) upregulation of BMPs
expression and increasing BMP signaling, (ii) increasing the levels
of GLUT1 and GLUT4, (iii) activating major signaling mechanisms
regulating GLUT4 translocation, (iv) decreasing basal and ATP-
linked respiration in mitochondria, and (v) sensitizing to insulin in
myotubes. All of these changes can contribute to elevated
glucose uptake, as demonstrated in the present study by the
detection of an increased uptake of the glucose analog ®FDG in
myoblasts and myotubes, and also the increased ¥ FDG uptake of
skeletal muscle, liver, and adipose tissue. Further studies are
necessary to elucidate the precise molecular mechanism of
tilorone action and identify novel target genes besides BMPs.
Since the BMP pathway is a promising drug target for the
treatment of insulin resistance and DM it would also be required
to test the potential therapeutic effect of tilorone in case of these
diseases, as well as in skeletal muscle diseases in which BMP
signaling is disturbed. Our study may expand the use of tilorone,

which is already in the market.
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