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Summary

Skeletal muscle atrophy is represented by a dramatic decrease in muscle mass, and it is related to a lower life expectancy.
Among the different causes, chronic inflammation and cancer promote protein loss through the effect of inflammatory
cytokines, leading to muscle shrinkage. Thus, the availability of safe methods to counteract inflammation-derived atrophy
is of high interest. Betaine is a methyl derivate of glycine and it is an important methyl group donor in transmethylation.
Recently, some studies found that betaine could promote muscle growth, and it is also involved in anti-inflammatory
mechanisms. Our hypothesis was that betaine would be able to prevent tumor necrosis factor-o. (TNF-o.)-mediated muscle
atrophy in vitro. We treated differentiated C2CI12 myotubes for 72 hr with either TNF-q, betaine, or a combination of
them. After the treatment, we analyzed total protein synthesis, gene expression, and myotube morphology. Betaine
treatment blunted the decrease in muscle protein synthesis rate exerted by TNF-a, and upregulated Mhy| gene expression
in both control and myotube treated with TNF-a. In addition, morphological analysis revealed that myotubes treated with
both betaine and TNF-a did not show morphological features of TNF-o-mediated atrophy. We demonstrated that in
vitro betaine supplementation counteracts the muscle atrophy led by inflammatory cytokines. (J Histochem Cytochem 71:
199-209, 2023)
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exercise, proper nutrition, or pharmacological treat-
ments.>® Conversely, if protein degradation occurs
more rapidly than protein synthesis (i.e., net negative
protein balance), skeletal muscle undergoes atro-
phy.® Skeletal muscle atrophy is a debilitating

Introduction

Skeletal muscle encompasses about 40% of total
human body mass in a healthy-weight population,
and it has a pivotal role not only in motor tasks like
locomotion and breathing, but it is also fundamental
in the regulation of energy expenditure and metabolic
processes.”? Muscle mass is regulated by a solid
balance between protein synthesis and degradation.
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When skeletal muscle protein synthesis exceeds pro-
tein degradation, hypertrophy occurs. Stimuli leading
to muscle hypertrophy and health include physical

D’Annunzio” University of Chieti-Pescara, Via dei Vestini 31, 66100,
Chieti, ltaly.
E-mail: a.dibaldassarre@unich.it

>
—
—
o
£
o
<
o
@)
)
>
o
o
>
S
e
o
€
()
fen
o
@)
-—
o
I
Y
o
o
=
—
>
©)]
)



https://us.sagepub.com/en-us/journals-permissions
https://journals.sagepub.com/home/jhc
mailto:a.dibaldassarre@unich.it

200

Di Credico et al.

condition that occurs with aging, physical inactivity,
poor nutritional habits, and importantly, it is a comor-
bidity in a plethora of diseases.’® Among the different
causes, inflammatory disease and cancer dramati-
cally increase skeletal muscle catabolism, ultimately
leading to muscle atrophy, and this condition contrib-
utes to negative patients’ prognosis, and both low
expectancy and quality of life." Muscle atrophy
related to cancer and inflammatory diseases is mainly
due to the increase of the pro-inflammatory cytokine
tumor necrosis factor-o. (TNF-a).™' TNF-o. mainly
plays its role by activating NF-xB signaling pathway,
increasing the transcription of gene involved in inflam-
mation.™ In addition, TNF-a is able to increase the
transcription of E3 ubiquitin ligases such as Atrogin
and MuRF-1 in an NF-«xB-dependent fashion. It is
well documented that an increased synthesis of these
ubiquitin ligases promotes the ubiquitination and the
degradation of sarcomeric proteins by the ubiquitin-
proteasome system, leading to muscle atrophy.!®1®
As skeletal muscle mass and quality are important
predictors of mortality, the need to find new mole-
cules able to counteract inflammation-mediated atro-
phy is of primary importance.

Betaine is a substance naturally found in high con-
centration in different foods (e.g., beets, spinach,
wheat bran).'” It is a methyl group donor in the process
of transmethylation of homocysteine, and it also works
as an essential osmoprotectant mainly in the liver and
kidneys.'® Moreover, being a methyl donor, betaine is
also known to affect DNA methylation, which is involved
in the regulation of gene expression.'® Betaine accom-
plishes its anti-inflammatory functions by regulating
diverse pathways, including NF-kB and different down-
stream genes in various tissues.20-22

In addition, betaine supplementation can enhance
muscle hypertrophy both in vitro and in vivo models. It
has been shown that betaine promotes muscle protein
synthesis via mammalian target of rapamycin complex
1 protein kinase, and this enhanced muscle hypertro-
phy, strength, and motor function in mice.2® In another
mice study, betaine supplementation increased mus-
cle mass, promoted muscle formation, and regulated
the ratio of fiber types in skeletal muscle.?* Betaine
promotes skeletal muscle fiber differentiation and myo-
tube hypertrophy through the activation of the insulin
growth factor-1 in vitro.2® Nevertheless, human data on
the effect of betaine on skeletal muscle hypertrophy
are contrasting, but the number of studies including
human subjects is still very low, and the selected pop-
ulations are different.262

However, although in literature it is clear that betaine
ameliorates inflammation and regulates skeletal mus-
cle metabolism, the effect of betaine supplementation

in muscle atrophy driven by inflammatory status has
never been studied so far. Our hypothesis was that
betaine would be able to prevent the atrophic effect
mediated by the inflammatory stimulus provided by
TNF-o.. Thus, in this study, the effect of betaine on TNF-
a-mediated muscle atrophy in differentiated myotubes
was evaluated using a molecular and morphological
approach, checking for total protein synthesis, gene
expression, and muscle morphology.

Materials and Methods

Cell Culture and Experimental Design

C2C12 myoblasts were purchased from ATCC
(Mannassan, VA). Cells were cultured in Dulbecco’s
Modified Eagle Medium (DMEM; Thermo Fisher
Scientific, Waltham, MA) supplemented with 10% FBS
(fetal bovine serum), 1% penicillin/streptomycin, and 2
mM L-glutamine. When cells reached ~85% of conflu-
ence, they were cultured in DMEM 2% FBS to start the
differentiation phase.

Treatments (TNF-a 25 ng/ml, betaine 10 mM, alone
and in combination) were administered at the fourth
day of differentiation (for 72 hr), until myotubes were
completely mature in the cell culture. After 72 hr of
treatment, Western blot, quantitative real-time poly-
merase chain reaction (QPCR), and immunohisto-
chemistry were performed to evaluate total protein
synthesis, mMRNA transcription, and myotube morphol-

ogy (Fig. 1A).

SUnSET Method for Total Protein Synthesis
Rate Determination

The Synthesis Measurement by Surface Sensing of
Translation (SUNSET) method was used to measure
total protein synthesis rate of myotubes following 72 hr
of treatments. This method relies on the capacity of
puromycin (that is a structural analogue of aminoacyl
tRNA) to be incorporated in newly synthesized pro-
teins and be measured by Western blot. Each well was
incubated with 1 pM of puromycin (540411; Sigma
Aldrich, St. Louis, MO) 1 hr before the end of the treat-
ment.282° Myotubes were washed twice with 1 ml of
cold PBS, and they were lysed in ice-cold RIPA Lysis
and extraction buffer (89900; Thermo Fisher Scientific)
containing 10 pl/ml Halt Protease and Phosphatase
Inhibitor Single-Use Cocktail (78442; Thermo Fisher
Scientific) as recommended by the manufacturer. The
samples were left in ice for 5 min, and the plates were
swirled occasionally to ensure uniform spreading of
the lysis buffer. Protein lysate was collected and stored
at —20C. Protein concentrations were determined with
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Figure |. (A) Experimental design. From day O (seeding day) to day 3 of the proliferation phase (highlighted by blue lines), myoblasts
were cultured with DMEM 10% FBS. At day 3 of the proliferation phase, myoblasts reached ~85% of confluence, and they underwent
differentiation phase in DMEM 2% FBS for 7 days (from day O to day 6, highlighted by red lines). From day 4 to day 6 of differentiation,
myotubes were treated with 10 mM BET and TNF-q, alone or in combination. After 72 hr of treatment, WB, qPCR, and immunofluo-
rescence were performed to evaluate total protein synthesis rate, mMRNA content, myotube morphology, and architecture, respectively.
(B) Proliferation and differentiation time course of C2C12. At day 0 of the proliferation phase (upper left panel), C2C12 myoblasts
were present in culture as single cells or in small clusters formed by two to four cells. At day 2 of proliferation (upper central panel),
myoblasts started to form bigger clusters (highlighted by white dashed rectangles), and at day 3 of the proliferation (upper right panel),
cells reached 85-90% of confluency; indeed only small empty areas were visible (white dashed circles). Thus, the differentiation started
when cells reached ~85% confluence. At day | of differentiation (lower left panel), short, immature myotubes were visible in culture
(orange arrows), and some clusters of non-fused myoblasts were present as well (orange asterisks). At day 3 of differentiation (lower
central panel), myotubes were longer (red arrows) but the diameter was not maximal yet, and several points of fusion were evident
(red asterisks). At day 6 of the differentiation phase (i.e., the last day of treatment), the whole culture was represented by mature
myotubes (lower right panel), where most of them reached the highest diameter (purple arrows). Scale bars, 100 um. The experimental
design picture (panel A) was created using BioRender.com. Abbreviations: DMEM, Dulbecco’s Modified Eagle Medium; FBS, fetal bovine
serum; BET, betaine; TNF-a, tumor necrosis factor-o; WB, Western blot; qPCR: quantitative real-time polymerase chain reaction; IF,
immunofluorescence.
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Table |. Primers Used for Quantitative Real-time Polymerase Chain Reaction.

Gene FWD—Sequence (5'-3) REV—Sequence (5'-3")

18S CATGGCCGTTCTTAGTTGGT CGCTGAGCCAGTCAGTGTAG
Myh7 TGCCCCATATATACAGCCCCT TGCTGAGGCTTCCTTTCTCG
Myh2 TCCAAGTTCCGCAAGATCCA GGGACAGCCTTACTCTTCGC
Myhl CGGTCGAAGTTGCATCCCTA TAGTTCCGCCTTCGGTCTTG
ACTAI TCTTGTGTGTGACAACGGCT GGGTCAGGATACCTCGCTTG

Pierce 660 nm Protein Assay Kit (22662; Thermo
Fisher Scientific). In all, 20 ug of proteins were dis-
solved in 4x Bolt LDS Sample Buffer (B0007; Thermo
Fisher Scientific), 10x Bolt Sample Reducing Agent
(BO009; Thermo Fisher Scientific), and ddH,O. Then
the samples were subjected to electrophoretic separa-
tion on NUPAGE 4-12%, Bis-Tris, 1.0 mm polyacryl-
amide gels using the Mini Gel Tank.

Proteins were transferred to a nitrocellulose mem-
brane using the Power Blotter (Thermo Fisher
Scientific). This step was verified by Ponceau Red
staining. The membrane was blocked in 5% bovine
serum albumin (BSA) in Tris-buffered saline-0.05%
Tween 20 (TBST) for 15 min and then underwent an
overnight incubation in primary antibody at 4C in TBST
and a second incubation in fluorescent secondary
antibody at room temperature for 1 hr.

The secondary antibody used was Alexa Fluor 488
anti-mouse (1:1000). The signal intensity was mea-
sured using iBright CL1500 Imaging System (Thermo
Fisher Scientific). Protein quantifications were per-
formed using iBright Analysis Software (Thermo Fisher
Scientific). Results are expressed as puromycin inten-
sity normalized by Ponceau Red staining.

RNA Extraction, Reverse Transcription, and
gPCR

Cells were lysed with QlAzol lysis reagent (QIAGEN;
Hilden, Germany). The total RNA was extracted using
the miRNeasy Mini Kit (QIAGEN) according to the
manufacturer’s procedure. For reverse transcription, 1
ug of RNA was retrotranscribed by the high-capacity
cDNA reverse transcription kit (Thermo Fisher
Scientific). The primers used for the experiments are
summarized in Table 1.

For all the examined mRNAs, gPCR analysis was
performed using SYBR green (PowerUp SYBR Green
Master mix; Thermo Fisher Scientific) in Quant Studio
3 (Thermo Fisher Scientific) as previously reported.®®
Briefly, the samples were analyzed in ftriplicate in
MicroAmp optical 96-well reaction plates (Thermo
Fisher Scientific) and 18S was used as a housekeep-
ing gene. The samples were run as follows: step 1,

95C for 10 min; step 2, 95C for 15 sec; and step 3, 60C
for 1 min. Steps 2 and 3 were repeated for 40 cycles.
The authenticity of the PCR products was verified by
the melt-curve analysis. For data analysis, the Ct value
of all genes analyzed was normalized to the Ct of the
housekeeping gene 18S, resulting in the ACt value.
Next, the AACt value was obtained subtracting the ACt
value of each experimental condition from ACt value of
the control condition. Finally, the fold change was gen-
erated using the formula 2-AA®. The 18s primer
sequence was obtained from a previous study,3' while
Myh7, Myh2, Myh1, and ACTA1 were designed using
PrimerBlast.

Immunofluorescence and Morphometric Analysis

Immunofluorescence analysis was performed as previ-
ously described.®? Briefly, cells were fixed with 4%
paraformaldehyde for 10 min. After fixation, cells were
washed three times with PBS, permeabilized with 0.5%
Triton X-100 for 15 min, and incubated in 5% BSA for
20 min at room temperature. Cells were subsequently
incubated overnight with antisarcomeric a-actinin
(1:100; ab9465; Abcam, Cambridge, MA), and antimy-
osin (1:100; PA5-31466; Invitrogen, Carlsbad, CA) pri-
mary antibodies. Cells were washed three times with
PBS and incubated 1 hr at room temperature with the
appropriate secondary antibody conjugated with Alexa
Fluor 488 and Alexa Fluor 546 (1:100; Invitrogen).
Nuclei were counterstained with 4)6-diamidino-
2-phenyilndole (DAPI, Thermo Fisher Scientific).
Brightfield images were acquired using a Zeiss Axio
vert.A1 equipped with Zeiss Axiocam 503 mono (Carl
Zeiss; Jena, Germany) while fluorescent images were
acquired using Evos M7000 (Thermo Fisher Scientific).
The image analyses for immunofluorescence pictures
were performed by Celleste Image Analysis Software
(Thermo Fisher Scientific). Random fields were cho-
sen to measure myotube diameter, and all the myo-
tubes in the pictures were measured. The average
diameter per myotube was calculated as the mean of
10 measurements taken along the length of the myo-
tube.®® Nuclei per fiber were calculated as total num-
ber of nuclei into the myotubes divided by the number



Betaine Prevents TNF-a-Mediated Muscle Atrophy

203

A SUNnSET Method B Total Protein Synthesis
kDa koK
- dokk  dokok
o
[H)
50 x
Puromycin 3 61 __ T =
@
2
é 4 -
=
(7]
50 — g 2
Ponceau Red €
0
TNF-o. -+ -4 TNF- -+ =4
BET = - + + BET - - + +

Figure 2. (A) Representative SUnSET image showing puromycin signal (green, fluorescent lanes) indicating total protein synthesis rate
in the different conditions and Ponceau Red (pink bands) used for data normalization. (B) Histograms representing statistical analysis
performed to determine differences in total protein synthesis rate. Data are reported as mean + standard deviation. Differences were
considered significant when p<0.05. Abbreviations: SUnSET, Synthesis Measurement by Surface Sensing of Translation; TNF-a, tumor

necrosis factor-o; BET, betaine.*p<0.05, *p<0.01, ***p<0.001.

of myotubes in the field.®* Myotubes area was obtained
tracing myotubes perimeter and the Celleste Image
Analysis Software provided the results in um2. Finally,
the line profile function was used to evaluate the alter-
nation of sarcomeric protein (c-actinin and myosin). A
10-um line profile was used to visually evaluate sarco-
mere aspect and a Pearson’s correlation coefficient (r)
between a-actinin and myosin fluorescence was also
computed to numerically evaluate the protein alterna-
tion (i.e., a positive correlation indicates protein colo-
calization, while a 0 to negative correlation indicates
that fluorescence peaks—that is, protein of interest—
do not colocalize and thus their alternation pattern).
For all the analysis, the researcher was blinded for the
condition, and random areas were analyzed for sarco-
meres architecture evaluation.

Statistical Analysis

The one-way analysis of variance (ANOVA) was used
to check for difference between the experimental con-
ditions for total protein synthesis, gene expression,
area, diameter, and nuclei per fiber. When one-way
ANOVA showed statistical significance, Tukey’s post
hoc test was used for multiple comparisons. Pearson’s
correlation coefficient (r) was used to evaluate the cor-
relation between myosin and a-actinin pixels to evalu-
ate their mutual relationship and thus sarcomere
structure. All data are reported as mean + standard

deviation of n=3 replicates. Results were considered
statistically significant when p<.05. All statistical analy-
ses were performed with GraphPad PRISM Version
9.4.1 (GraphPad Software, San Diego, CA).

Results

Betaine Prevents the TNF-a-Mediated Decrease
in Protein Synthesis

To quantify total protein synthesis rate, puromycin
intensity was normalized for Ponceau Red staining
(Fig. 2A). Statistical analysis showed that TNF-a. treat-
ment significantly decreased total protein synthesis
rate compared with control, betaine, and TNF-a +
betaine condition (Fig. 2B). Nevertheless, betaine and
TNF-a + betaine conditions did not exhibit significant
differences compared with control although they
showed slightly higher values (Fig. 2B). Overall, beta-
ine blunted the decrease in total protein synthesis rate
exerted by TNF-a treatment.

TNF-o. and Betaine Selectively Regulate the
mRNA Content of Myosin Heavy Chains and
Sarcomeric Actin

The gene expression profiles of Myh7, Myh2, Myh1,
and ACTA1 are presented in Fig. 3. The mRNA content
of Myh7 (encoding for myosin heavy chain type |) was
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Figure 3. Gene expression profiles of Myh7 (A), Myh2 (B), Myh| (C), and ACTAI (D). Data are reported as mean + standard deviation.
Differences were considered significant when p<0.05. Abbreviations: TNF-c, tumor necrosis factor-a; BET, betaine. ¥p<0.05, *¥p<0.01,

#0kp<0.001.

significantly increased by betaine, compared with con-
trol, TNF-o, and TNF-a + betaine as well (Fig. 3A).

Betaine treatment increased Myh2 (encoding for
myosin heavy chain type lla) expression compared
with control, TNF-a, and TNF-a + betaine (Fig. 3B). In
addition, Myh2 was significantly less expressed in
TNF-a and TNF-a + betaine compared with control
(Fig. 3B). Similarly, TNF-a treatment decreased Myh1
expression compared with control (Fig. 3C). In addi-
tion, the mRNA content of Myh1 was significantly
higher in both, betaine and TNF-o. + betaine, com-
pared with control and TNF-a alone (Fig. 3C). On the
contrary, ACTA1 expression was not affected by any
treatment (Fig. 3D).

Betaine Supplementation Reverts the Decrease
in Myotubes Area and Diameter, and Sarcomere
Structure Modifications Mediated by TNF-a.

Myotubes immunofluorescence images and statistical
analysis for area, diameter, nuclei per fiber, and myosin-
a-actinin correlation are showed in Fig. 4. TNF-a treat-
ment significantly decreased myotubes area, diameter,
and nuclei per fiber compared with control condition and
betaine treatment (Fig. 4E to G, respectively). In addi-
tion, myotubes treated with TNF-a. showed a different
sarcomere architecture as depicted from a difference in
the alternation between a-actinin and myosin arrange-
ment (Fig. 4H). On the contrary, when betaine was
added along with TNF-o, an increase in area, diameter,
and nuclei per fiber occurred, and all these variables
were not different compared with control and betaine
conditions. Moreover, the sarcomere architecture
returned similar to control levels in TNF-o. + betaine

condition (Fig. 4H) as demonstrated by the line profile
graph. Indeed, the a-actinin fluorescence peaks (repre-
senting Z discs) were located at the lowest myosin fluo-
rescent peaks (Fig. 4D, bottom right panel showing the
line profile results on the XY graph) as in the control and
betaine conditions.

Discussion
Main Findings

In this study, the effect of sustained in vitro betaine
treatment (72 hr) on TNF-a-mediated muscle atrophy
was investigated on C2C12 differentiated myotubes.
The most important findings were that (1) betaine was
able to prevent the decreased total muscle protein syn-
thesis mediated by TNF-a; (2) betaine increased the
expression of all the analyzed gene encoding myosin
heavy chains compared with control, but only avoided
the decrease in Myh1 led by TNF-a; and (3) betaine
provided hypertrophy on myotubes treated with TNF-
o, showing a protective effect on muscle atrophy medi-
ated by inflammatory stimuli.

Betaine Is Able to Restore Normal Muscle
Protein Synthesis Rate in TNF-o.-Treated
Myotubes

Different studies showed that betaine supplementa-
tion can enhance skeletal muscle protein synthesis,
differentiation, and hypertrophy in vitro.2>25 However,
the mechanisms by which betaine regulates muscle
mass are still not fully elucidated. Betaine acts as a
methyl donor and may increase muscle creatine
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Figure 4. (continued)
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Figure 4. (continued) Immunofluorescence and morphology analysis. Control (A), TNF-o. (B), betaine (C), and TNF-a. + betaine
(D). In the line profile panels showed on the XY graphs, the green fluorescence peaks (oi-actinin) represent Z discs, that are localized
in between two red fluorescence peaks (myosin), that represent the thick filament portion of two adjacent sarcomeres. The M-line
is denoted by a sharp decrease of myosin fluorescence intensity as myomesin (and not myosin) is abundant in that sarcomere region.
Pearson’s r denotes the correlation coefficient between red (myosin) and green (o-actinin) pixels, and it was used to assess possible
effect of the treatment on the physiological alternance between these two proteins. Scale bars: 40 pm and 10 pm (inserts). Ten pm of
line profile is showed to highlight the sarcomeric protein alternation. Histograms report area (E), diameter (F), nuclei per fiber (G), and
myosin/ai-actinin correlation (H). Data are reported as mean * standard deviation. Differences were considered significant when p<0.05.
Abbreviations: TNF-o, tumor necrosis factor-o; BET, betaine. *p<0.05, ***p<0.001.

availability®> and can activate the canonical pathway
of protein kinase B-mechanistic target of rapamycin.3®
Importantly, betaine affects DNA methylation, which is
highly involved in the regulation of gene expression.?”
After 12 weeks intervention, mice treated with betaine
displayed a 1.3- to 1.5-fold higher protein synthesis
rate (measured by SUnSET method) than mice in
age-matched control group.® Moreover, the same
study showed that betaine increased muscle protein
synthesis and hypertrophy in a time-dependent man-
ner.2® To treat myotubes, a concentration of 10 mM
betaine has been chosen based on previous works
performing dose-response on cell viability, prolifera-
tion, and differentiation of C2C12. In addition, 10 mM
betaine showed the highest hypertrophic potential in
vitro as well.?®

We detected an increase in muscle protein synthe-
sis compared with myotubes treated with TNF-a. but
not compared with control condition. This could sug-
gest that, in vitro, after 72 hr, the hypertrophic stimulus
lead by betaine is sufficient to prevent the catabolic
effect of TNF-a. and lead protein synthesis at normal
levels but is not able to provide a clear increase in pro-
tein synthesis compared with control. These results
can reflect several in vivo data; indeed, betaine sup-
plementation in moderately trained healthy subjects
did not show further improvement in strength and
muscle hypertrophy after 6 weeks of training.%®
However, the number of studies investigating the
effects of betaine supplementation on hypertrophy in
humans is limited and controversial.

Numerous evidence has shown that betaine exerts
anti-inflammatory functions in different diseases.?? To
provide an atrophic stimulus, we treated C2C12 myo-
tubes with the pro-inflammatory cytokine TNF-a,, which
is known to activate NF-xB signaling, increasing the
transcription of inflammatory genes and enhancing
catabolism in skeletal muscle.®® When we added beta-
ine to TNF-a-treated myotubes, the total protein syn-
thesis rate increased, returning similar to control levels,
thus inhibiting the catabolic action of TNF-a.. This effect
is probably explained by the fact that betaine performs
its anti-inflammatory effect mainly by inhibiting NF-xB
activity.?° In addition, it has been shown that betaine

inhibits upstream molecules that induce NF-«kB activa-
tion. Indeed, betaine prevented the activation of NF-kB
induced by lipopolysaccharide in murine macrophage
cells.*° Thus, in skeletal muscle, the well-known inhibi-
tion of NF-xB provided by betaine could prevent the
catabolic events linked to NF-xB pathway activation.

TNF-o. and Betaine Regulate Gene Expression in
a Selective Manner

Our data showed that TNF-a and betaine regulated
differently the gene expression of Myh7, Myh2, and
Myh1, whereas ACTA1 (encoding for sarcomeric actin)
was not affected by either treatment. It is well known
that atrophy caused by chronic inflammation includes
a diminished gene and protein expression of myosin
heavy chains, and this affects muscle mass and func-
tion.#! O’'Brien and colleagues*® showed that the
expression of the early and late differentiation markers
MyoG and myosin heavy chain was significantly
reduced with TNF-a at day 5 of differentiation in pri-
mary human myoblasts. In C2C12 differentiated myo-
tubes, treatments with both TNF-a + IFN-y led to a
significant decrease in the expression of the myofibril-
lar protein myosin heavy chain, and the inhibition of
NF-xB blocked cytokine-mediated decreases in myo-
sin heavy chain.*® In this study, TNF-o. decreased
Myh2 and Myh1 (both genes encoding fast-type myo-
sin heavy chain proteins) gene expression compared
with control, while Myh7 (encoding slow-type myosin
heavy chain protein) was not affected by the inflamma-
tory cytokine. On the contrary, different studies showed
that betaine is able to increase gene expression of
myosin heavy chains. Betaine treatment increased the
MyHC expression about 1.5-fold and 2.3-fold of 15-
and 18-month-old mice, respectively.?® Similarly, in a
previous study in which C2C12 myoblasts were treated
with 10 mM betaine, the expression of genes encoding
for diverse myosin heavy chains (Myh7 and Myh1) iso-
forms was differently regulated.?* Moreover, despite
the changes in myosin transcripts, we did not detect
modification in ACTA1 gene: This is unsurprising as
even if both Myh and ACTA1 encode for sarcomeric
proteins, betaine can regulate in a different way (up,
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down, or not modified) the gene expression of highly
related proteins.?*

Here, we report that 10 mM betaine treatment
increased gene expression of Myh7, Myh2, and Myh1
compared with control condition. Moreover, when
added along with TNF-a, betaine was able to prevent
the decrease in Myh1 led by TNF-a. Thus, in accor-
dance with the existing literature, we have seen that
TNF-a regulates differently the various myosin heavy
chain isoforms and that 72 hr betaine treatment is able
to prevent the decrease in fast-type myosin transcript.

Betaine Exerts a Hypertrophic Action and
Restores Morphology on TNF-a-Treated
Myotubes

In this study, the results obtained for total protein syn-
thesis rate were reflected in the morphological analysis
as well. Indeed, TNF-a. exerted its atrophic effect on
myotubes, decreasing both area and diameter.
However, when betaine was added along with TNF-q,
the atrophic effect was blunted, thus myotubes area
and diameter increased, being similar to control and
betaine conditions. The same trend was seen for the
number of nuclei per fiber, indicating that betaine
restores the normal myonuclear fusion activity.
Consistently, fusion index, myotube length, and myo-
tube area were higher in muscle cells treated with beta-
ine than in the controls.?* Also, Senesi and colleagues®
showed that betaine supplementation enhanced
C2C12 myoblast differentiation in vitro; in addition, they
observed that 10 mM betaine supplementation induced
a higher number of newly formed myotubes, which
were longer than control. Moreover, betaine treatment
increased the cross-sectional area of the quadricep
muscle about 1.4-fold and 1.3-fold in 15- and 18-months
mice, respectively.?® Taken together, these data sug-
gested that betaine supplementation promotes skeletal
muscle differentiation and hypertrophy both in vitro and
in vivo. However, in our setting, betaine had hypertro-
phic effect in myotubes treated with TNF-a only, show-
ing a protective effect on inflammation-derived atrophy
but not a net effect in control myotubes. These findings
are not in line with previous studies showing a hyper-
trophic effect of betaine in physiological muscle condi-
tion?; however, these discrepancies could be due to
the highly different experimental models employed
(cells exposed for 72 hr vs. animals supplemented with
a long-term diet).

Other than being thinner and containing a lower
number of nuclei, we have seen that myotubes treated
with TNF-a had disorganized sarcomeres as shown by

a modification on the alternation of myosin and a-
actinin proteins. The components of the sarcomeric
contractile apparatus are in a dynamic homeostasis by
means of highly regulated protein turnover and assem-
bly. Fine-tuned mechanisms (i.e., gene expression and
post-translational modifications) ensure the physiologi-
cal arrangement and function of the contractile appara-
tus.**lthasbeenshownthatduringinflammation-derived
atrophy, pro-inflammatory cytokine (i.e., TNF-o and
IFN-y) signaling pathway leads to SENP3 protein deg-
radation. Depleted SENP3 protein level ultimately leads
to reduced myosin heavy chain gene expression. In
turn, low levels of myosin protein disrupt the sarcomere
assembly and affect muscle function.*®

Accordingly, in our study, Myh2 and Myh1 mRNA
decreased when myotubes were treated with TNF-a,
and simultaneously microscopy analysis highlighted
the disarrangement of the contractile apparatus, modi-
fying the normal alternation between myosin and
actinin probably due to the shrinkage of myosin pro-
tein. On the contrary, betaine treatment reverted the
effect of TNF-a, restoring the normal sarcomere
arrangement. Interestingly, it has been highlighted that
in a different cellular model, betaine is able to inhibit
NF-xB pathway?': As NF-xB represents the main effec-
tor of the TNF-a signaling, mechanistic studies should
be performed on skeletal muscle cells to determine
whether betaine is able to antagonize the TNF-a-
induced muscle atrophy by contrasting NF-xB path-
way activation.

In conclusion, betaine treatment has shown to pre-
vent the atrophic effect of TNF-a, mainly regulating
protein synthesis rate, myosin gene expression, hyper-
trophy, myonuclear fusion, and sarcomere architec-
ture. Nonetheless, more research is needed to figure
out if betaine should be included in the management
of inflammation-induced atrophy and in normal popu-
lation as well.

Practical Applications

The inclusion of betaine supplementation could be
useful in contrasting inflammation-induced muscle
atrophy. However, the number of existing studies on
the effect of betaine on skeletal muscle is considerably
low and more research (both in vivo and in vitro) is
needed to clarify the effect and usefulness of betaine
supplementation. Although the effect of betaine on in
vivo models is controversial, with our morphological
and molecular approach, we demonstrate that betaine
prevents the atrophic effect of TNF-o on skeletal mus-
cle cells.
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