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We recently identified osmolyte accumulators as novel biomarkers for chronic skeletal

muscle inflammation and weakness, but their precise involvement in inflammatory

myopathies remains elusive. In the current study, we demonstrate in vitro that, in

myoblasts and myotubes exposed to pro-inflammatory cytokines or increased salt

concentration, mRNA levels of the osmolyte carriers SLC5A3, SLC6A6, SLC6A12,

and AKR1B1 enzyme can be upregulated. Induction of SLC6A12 and AKR1B1 was

confirmed at the protein level using immunofluorescence and Western blotting. Gene

silencing by specific siRNAs revealed that these factors were vital for muscle cells

under hyperosmotic conditions. Pro-inflammatory cytokines activated mitogen-activated

protein kinases, nuclear factor κB as well as nuclear factor of activated T-cells 5 mRNA

expression. In muscle biopsies from patients with polymyositis or sporadic inclusion body

myositis, osmolyte pathway activation was observed in regenerating muscle fibers. In

addition, the osmolyte carriers SLC5A3 and SLC6A12 localized to subsets of immune

cells, most notably to the endomysial macrophages and T-cells. Collectively, this study

unveiled that muscle cells respond to osmotic and inflammatory stress by osmolyte

pathway activation, likely orchestrating general protection of the tissue. Moreover,

pro-inflammatory properties are attributed to SLC5A3 and SLC6A12 in auto-aggressive

macrophages and T-cells in inflamed skeletal muscle.

Keywords: inflammatory myopathy, osmotic stress, inflammatory stress, osmolytes, muscle regeneration

INTRODUCTION

The idiopathic inflammatory myopathies represent a diverse group of autoimmune muscle
diseases. The main disease entities recognized today are dermatomyositis (DM), polymyositis
(PM), sporadic inclusion body myositis (IBM), immune-mediated necrotizing myopathy (IMNM),
anti-synthetase syndrome, and unspecific myositis, each of which possess distinct clinical and
myopathological characteristics (1–5). DM patients develop complement-mediated blood vessel
destruction, perimysial inflammation and perifascicular muscle fiber atrophy (6). PM and IBM
are characterized by invasion of nonnecrotic muscle fibers by auto-aggressive cytotoxic T-cells
and macrophages, with inflammation building up mostly at endomysial sites (7). In IBM muscle
fibers, additional degenerative phenomena occur, with rimmed vacuoles and inclusions that contain
aggregates of ectopic proteins (8), a process that is presumed to follow inflammation (9). IMNM
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represents 3 subdivisions according to serologic characteristics:
anti-3-hydroxy-3-methylglutaryl-coenzyme A reductase
myopathy, signal recognition particle myopathy, and myositis-
specific autoantibody negative IMNM (10). Many of the
immunopathogenic mechanisms underlying the inflammatory
myopathies remain poorly understood, hampering the
development of successful therapies that suit the different
patient subtypes.

Muscle is a highly adaptive and dynamic tissue capable of
increasing its mass in response to exercise and of restoring
damage caused by injury via processes that require hypertrophy
and regeneration, respectively. In addition, cells possess a
universal ability to adapt to changing osmotic conditions, a
feature essential for their survival, allowing active anticipation
toward perturbations in volume and disrupted cellular
homeostasis. A complex intracellular mixture of interacting
osmolytes regulates osmotic pressure, which takes shape through
the synthesis and/or import of osmo-active compounds in
cells (11). The solute carrier family (SLC) contains several salt-
dependent membrane transport proteins involved in the selective
import of extracellular constituents: (i) the sodium-myoinositol
cotransporter SLC5A3, (ii) the high-affinity taurine transporter
SLC6A6, and (iii) the betaine and γ-amino-n-butyric acid
(GABA) transporter SLC6A12. AKR1B1 is an aldose reductase
that catalyzes the intracellular conversion of glucose to sorbitol.
In a joint effort, these osmoprotective constituents represent
a universal tool for mammalian cells, and their accumulators
can be ubiquitously expressed throughout human tissues. The
central regulator of osmolyte pathway gene expression is the
transcription factor nuclear factor of activated T-cells 5 (NFAT5),
also termed tonicity enhancer-binding protein (12).

Several observations allowed us to speculate NFAT5-inducible
pathways might be involved in the inflammatory myopathies.
Firstly, the NFAT5 pathway participates in muscle development
and regeneration, by regulating the differentiation of immature
myoblasts to mature multinucleated myotubes (13). NFAT5
levels have been shown to increase in the regenerating fibers
of mice exposed to experimental muscle tissue injury (14),
attributing the transcription factor a role in countering disease-
inflicted muscle tissue damage. Secondly, the NFAT5 pathway
has been firmly linked to nuclear factor κB (NFκB) activity
(15), the latter a key regulator of inflammatory diseases in
general and the inflammatory myopathies in particular (16).
NFAT5 and NFκB share multiple molecular targets (17), many of
which are involved in the immunopathogeneses of inflammatory

Abbreviations: AKR1B1, aldose reductase; DM, dermatomyositis; dMyHC,
developmental myosin heavy chain; ERK, extracellular signal-regulated kinase;
GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GSK-3α/β, glycogen
synthase kinase 3α/β; HSP70, heat shock protein family of 70kd; IBM, sporadic
inclusion body myositis; IFNγ, Interferon γ; IL1β, Interleukin 1β; IMNM,
immune-mediated necrotizing myopathy; iNOS, inducible nitric oxide synthase;
LTβ, lymphotoxin β; MAPK, mitogen-activated protein kinase; MCP-1, monocyte
chemo-attractant protein-1; MSK2, mitogen- and stress-activated kinase 2;
NFAT5, nuclear factor of activated T-cells 5; NFκB, nuclear factor κB; PM,
polymyositis; siRNA, silencing RNA; SLC5A3, solute carrier sodium-myoinositol
cotransporter; SLC6A6, solute carrier taurine transporter; SLC6A12, solute carrier
betaine and γ-amino-n-butyric acid (GABA) transporter; Th17, Interleukin
17-producing T-cells; TNFα, tumor necrosis factor α.

myopathy including CCL2, also termed monocyte chemo-
attractant protein-1 (MCP-1) (18), lymphotoxin β (LTβ) (19),
tumor necrosis factor α (TNFα) (20), inducible nitric oxide
synthase (iNOS) (21), and heat shock protein family of 70kd
(HSP70) (22). Thirdly, NFAT5-downstream osmolyte pathways
are potent activators of cytotoxic activities of immune cells and
could therefore be implicated in human autoimmune disease.
In addition, dietary salt is determinant to T-cell differentiation,
by direct activation of glycogen synthase kinase 1 (GSK-1) and
subsequent Interleukin 23 receptor stabilization, which enforces
the type 17 helper T-cell (Th17), a T-cell phenotype associated
with autoimmune disease (23).

We recently were the first to describe upregulation of the
osmolyte accumulators SLC5A3, SLC6A6 and AKR1B1 in
muscle tissues from myositis patients (24), and described
NFAT5 expression in myoblasts in culture (25), yet the
precise role osmolyte pathways play in disease mechanisms
remained unexplored. With this study, we aim to substantiate
and functionally connect these biomarkers with muscle
inflammation.We set up in vitromuscle cell models to investigate
osmolyte pathway member expression, using both the human
rhabdomyosarcoma CCL-136 cell line and normal primary
human myotubes. In addition, we investigated their possible
signaling routes, which involves the upstream transcription
factors NFκB and NFAT5, and the mitogen-activated protein
kinases (MAPKs). We confronted this in vitro evidence with
findings in muscle biopsies from patients diagnosed with
inflammatory myopathies.

METHODS

Cell Cultures
Human rhabdomyosarcoma CCL-136 cells (ATCC, Manassas,
VA) were kept in Dulbecco’s modified Eagle medium (DMEM)
supplemented with 10% fetal calf serum (Biochrom, Berlin,
Germany) and 1% L-glutamine (ThermoFisher Scientific,
Waltham, MA). Human muscle cell cultures originated from
muscle biopsies taken from healthy patients needing knee
surgery, obtained with patient consent and approved by the
local ethics committee. Biopsies were minced and trypsinized.
Fragments were seeded in DMEM with pyruvate, high glucose
and L-glutamine, supplemented with penicillin, streptomycin
and 10% fetal calf serum (ThermoFisher Scientific). Cells
were cultured for 2 periods of ∼ 3 weeks during which
CD56+ cells were purified twice with magnetic separation
MiniMACS columns using the supplier’s standard protocol
(Miltenyi Biotec, Bergisch Gladbach, Germany). Myotubes were
obtained by allowing cells to differentiate for approximately
5 days in DMEM medium supplemented with penicillin,
streptomycin and 2% horse serum (ThermoFisher Scientific).
Supplementary Figure S1 illustrates a representative culture of
differentiated myotubes, showing aligned multinucleate muscle
cells. All cells were kept in culture wells or chamber slides at
37◦C in a humified atmosphere containing 5% CO2. Conditions
for cytokine stimulation were as determined earlier (26),
being 30 ng/ml TNFα, 300 u/ml Interferon γ (IFNγ), 20 ng/ml
Interleukin 1β (IL1β) (R and D Systems, Minneapolis, MN), or
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double combinations. Hyperosmotic conditions were created by
supplementing the culture medium with 25–150mM of added
NaCl. Higher concentrations of NaCl lead to complete cell death
within 24 h.

Quantitative Reverse Transcription PCR
RNA was prepared from cells cultured in 12-well culture
plates, using the RNeasy Mini kit and according to the
manufacturer’s specifications (Qiagen, Hilden, Germany).
RNA concentration was measured with a Nanodrop 1000
(ThermoFisher Scientific). cDNA was prepared from 200 ng
of RNA with SuperScript II reverse transcriptase, 500 ng/µl
oligo dTs, 0.1M DTT, and 10mM dNTPs each (Invitrogen,
Darmstadt, Germany). cDNA was quantified through PCR
reaction with Taqman Gene Expression Master mix (Applied
Biosystems, Foster City, CA), using 6-carboxy-fluorescein-
labeled probes and specific primers for: SLC5A3, Hs00272857
_s1; SLC6A6, Hs00161778_m1; SLC6A12, HS00758246_
m1; AKR1B1, Hs00739326_m1; NFAT5, Hs00232437_m1;
MAPK14, Hs01051152_m1; RELA, Hs00153294_m1; NFKB1,
Hs00765730_m1; NFKB2, Hs01028901_g1; glyceraldehyde-3-
phosphate dehydrogenase (GAPDH), Hs99999905_m1 (Applied
Biosystems). Reactions were run in triplicate, following the
standard cycle protocol on a 7500 Real Time PCR System, and
analyzed with software version 2.0.6. (Applied Biosystems).
Data was presented as 11Ct fold-changes compared to the
expression levels in untreated cells, with GAPDH as an internal
housekeeping gene standard.

Immunofluorescent Cytostaining
Cells cultured on glass chamber slides were fixed with ice-
cold acetone and blocked in phosphate buffered saline with
10% bovine serum albumin and 10% goat serum for 1 h
at room temperature. Immunofluorescent detection was
carried out for 1 h at room temperature with commercially
available antibodies: mouse (4µg/ml, sc-514024, SantaCruz
Biotechnology, Santa Cruz, CA) and rabbit (10µg/ml,
nbp188641, Novus Biologicals, Abingdon, UK) anti-SLC6A12;
rabbit (2µg/ml, sc-33219, SantaCruz Biotechnology) and
goat (1µg/ml, sc-17732, SantaCruz Biotechnology) anti-
AKR1B1; mouse anti-developmental myosin heavy chain
(dMyHC) (40µg/ml, RMMy2/9D2, Leica Biosystems, Nussloch,
Germany). The corresponding Alexa594—and Alexa488-labeled
secondary antibodies (ThermoFisher Scientific) were added.
After mounting in Fluoromount G (Southern Biotech, Alabama,
USA), digital photography was performed on a Zeiss Axiophot
microscope (Zeiss, Goettingen, Germany). Pictures were taken
by a cooled CCD digital camera (Retiga 1300, Qimaging,
Burnaby, BC, Canada) and visualized with ImageProPlus
software (MediaCybernetics, Bethesda, MD).

Immunofluorescent Histostaining
For localization studies in muscle tissues, 8µm cryostat
sections were cut from frozen muscle biopsies obtained from
patients without muscle abnormalities (n = 10), inflammatory
myopathies (n = 28), and disease controls diagnosed with
muscular dystrophy (n = 8; for pathological information

consult Supplementary Table S1). Diagnosis of the disease
subgroups PM (n = 4), IBM (n = 9), DM (n = 9), and
IMNM (n = 6) were based upon clinical and myopathological
criteria (27). Diagnosis of PM was reserved to patients with
nonnecrotic invaded muscle fibers present in the biopsy that
had subsequently responded to immunosuppressive therapy.
Sections were fixed in ice-cold acetone and treated with blocking
solution containing 5% donkey serum, 10% heat-inactivated
human serum and 2% bovine serum albumine in phosphate
buffered saline. Incubations with primary antibodies were carried
out in the same solution: 4µg/ml rabbit polyclonal anti-
SLC5A3 (NBP1-02399, Novusbio); 4µg/ml mouse monoclonal
anti-SLC6A6 (E10, SantaCruz Biotechnology); 6µg/ml rabbit
polyclonal anti-SLC6A12 (HPA034973; Merck, Kenilworth,
NJ); 1µg/ml goat polyclonal anti-AKR1B1 (N20, SantaCruz
Biotechnology). Immune cell subtypes and muscle tissue
constituents were visualized through double staining as described
(18). Satellite cells were visualized with goat anti-Pax3/7
(1µg/ml, sc-7748, SantaCruz Biotechnology). To allow double
staining of macrophages with mouse monoclonal antibodies,
FITC labeled anti-CD68 (Agilent, Santa Clara, CA) was
applied. Secondary antibodies were used labeled with CY3
(Jackson ImmunoResearch Laboratories, West Grove, PA) and
AlexaFluor488 (ThermoFisher Scientific). Slides were mounted
with Fluoromount (Southern Biotech) and visualized with a
fluorescence microscope (Zeiss). Conventional semi-quantitative
scoring of staining intensity was performed by three non-blinded
independent observers. Negative control studies consisted
of the omission of primary antibody and the substitution
by non-immune IgGs. Positive control tissues for checking
immunodetection were cultured Hela cells (SLC6A6), frozen
sections containing kidney medulla (SLC5A3, SLC6A12), and
Jurkat cells (AKR1B1).

Western Blotting
Cells cultured in 12-well culture plates were lysed in Ripa
buffer (50mM Tris-HCl, 150mM NaCl, 2.5% Na-deoxycholate,
2.5% NP40, 0.1% sodium dodecyl sulfate pH 7.4) with a
protease inhibitor cocktail added (Roche, Indianapolis, IN)
and centrifuged for 5min at 13000 rpm. The supernatant
was collected and protein concentrations were determined
following a Bradford procedure (Bio-Rad protein assay,
Hercules, CA) with bovine serum albumine standard solutions,
measured in triplicates on the Infinite M200Pro and analyzed
with Magellan 7.2 software (Tecan, Mannedorf, Switzerland).
60 µg protein samples were dissolved in Laemli buffer,
boiled for 2min, separated by 12% sodium dodecyl sulfate-
polyacrylamide gelelectrophoresis, and transferred to a
nitrocellulose membrane (Schleicher and Schuell, Dassel,
Germany). Membranes were blocked with 5% bovine serum
albumine for 1 h at 4◦C and incubated overnight at 4◦C
with 2µg/ml mouse anti-SLC6A12 (sc-514024, SantaCruz
Biotechnology), 4 h at room temperature with 2µg/ml goat
anti-AKR1B1 (sc-17732, SantaCruz Biotechnology), and 1 h
at room temperature with 0.7µg/ml mouse anti-GAPDH
(Sp210-Ag14; Abcam, Cambridge, UK). All incubations were
done in tris-buffered saline buffer containing 0.05% Tween20.
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Appropriate horseradish peroxidase-conjugated secondary
antibodies (Jackson ImmunoResearch, West Grove, PA) were
added for 1 h at room temperature. The chemiluminescent
signal was generated with the Pierce Western blotting substrate
(ThermoFisher Scientific), visualized with the Fusion FX,
and quantified with Vision Capt software, with background
noise filtering using a rolling-ball algorithm (Vilber Lourmat,
Eberhardzell, Germany).

Protein Phosphorylation Profiling
Protein phosphorylation patterns were determined in extracts
obtained from cultured myotubes, using the Proteome Profiler
human phosphor-mitogen activated protein kinase (MAPK)
antibody array according to the manufacturer’s specifications
(Bio-Techne, Abingdon, United Kingdom). Briefly, array
membranes were incubated overnight at 4◦C with lysate
containing 200 µg of cellular protein, detection conditions
were as described in the western blotting section. Protein
densities were quantified, relative to phosphorylated Akt2, as
the calculated mean of duplicate spots per protein, using Image
Studio 5.2 software (Li-Cor Biosciences, Cambridge, UK).

Knockdown Studies
Pools of three target-specific 19–25 nucleotide silencing RNAs
(siRNAs), purchased from SantaCruz Biotechnology, were used:
siRNA SLS5A3 (sc-44516), siRNA SLC6A12 (sc-95904), and
siRNA AKR1B1 (sc-37119). 50% confluent CCL-136 cells and
myotube cultures were changed to 500 µl X-Vivo15 medium
(Sartorius, Goettingen, Germany), to which 3µl of lipofectamine
(ThermoFisher) and 100 nM siRNA had been added. After 5 h,
an extra 200 µl of X-Vivo15 was added, which in treated cells
contained cytokines to a final well concentration of 20 ng/ml
IL1β+300 u/ml IFNγ, or 50mM added NaCl. Cells were
assayed 26 h after addition of the siRNAs. Live and dead cells
were visualized using the ReadyProbes cell viability imaging
blue/green kit (ThermoFisher) according to the manufacturer’s
specifications. Using a fluorescence microscope, a minimum
of 50 cells (blue) was counted per condition, determining the
amount of dead cells (green). Afterwards, cell cultures were
stained with hematoxylin and eosin according to standard
procedures, dehydrated, mounted, and interpreted under a light
microscope. Efficiency of knockdownwas evaluated at themRNA
level using quantitative reverse transcription PCR, following the
method described above. From controls and siRNA-treated CCL-
136 cells seeded in 12-well culture plates, protein samples were
prepared for electrophoresis by adding lithium dodecyl sulfate
sample buffer and reducing agent (Invitrogen, Carlsbad, CA,
USA) and boiling for 3min. Samples were loaded onto 10% bis-
tris gels, with prestained markers alongside to determine the
molecular weight of protein bands. Proteins were transferred
to nitrocellulose membranes by electroblotting, and incubated
with 2µg/ml mouse anti-SLC6A12 (sc-514024), 2µg/ml goat
anti-AKR1B1 (sc-17732), or mouse anti-β actin (sc-47778)
(SantaCruz Biotechnology) for 4 h at room temperature on a
rocking platform. Immunoreaction was visualized using the
chromogenic Western Breeze kit according to the manufacturer’s
specifications (Invitrogen).

Compliance With Ethical Standards
Human experimentation presented in the study was approved
by the Ghent University Hospital Ethics Committee (EC-UZG-
#B670201316956) and adhered to privacy regulations (CBPL-
BEL-#HM003039095). Written informed consent was obtained
from all individual participants included in the study, and all
procedrues were in accordance with the Declaration of Helsinki.

RESULTS

mRNA Quantification in Cultured Muscle
Cells
In CCL-136 cells, expression levels of osmolyte pathway
members were determined in cells treated with pro-inflammatory
cytokines or added NaCl for 24 h (Table 1). In general, a
moderate increase of expression was shown for SLC5A3,
SLC6A6, SLC6A12, and AKR1B1 when cells were treated
with cytokines. The strongest response was a 10-fold increase
of SLC5A3 mRNA expression in IL1β+TNFα-treated cells.
Hyperosmotic conditions also induced osmolyte pathway
expression, with 100mM of added NaCl leading to a 179-fold
increase of SLC6A12, and increasing NFAT5 expression 2.5-fold.
MAPK14 levels were 2-fold increased in both IFNγ+TNFα–
and 50mM NaCl-treated cells. Highest levels of RelA, NFkB1
and NFkB2 could be achieved with pro-inflammatory cytokine
mixtures, though NFkB1 and NFkB2 expression also responded
to added NaCl.

Primary human myotubes treated for 24 h with cytokines or
added NaCl showed induction of osmolyte pathwaymRNA levels
(Table 2). For SLC5A3 and AKR1B1, the strongest induction
could be achieved with added NaCl; SLC6A6 and SLC6A12
were most strongly induced by pro-inflammatory cytokine
mixtures. NFAT5 expression was influenced by both cytokines
and increased salt concentrations, but reached higher expression
levels with IFNγ+IL1β (4,5-fold) than with 125mM NaCl (3-
fold). MAPK14 expression levels were found increased 2-fold
in myotubes treated with IL1β and with 125mM NaCl. The
expression of NFκB subunits was most strongly induced by
treatment with pro-inflammatory cytokines. Nonetheless, 25mM
added NaCl increased NFkB1 expression 8,5-fold. In myotubes
treated for longer periods, added NaCl lead to continuously
increasing SLC5A3, SLC6A12 and AKR1B1 expression levels
over time, culminating in levels all exceeding 200-fold at time
point 72 h (Table 3). In addition, prolonged salt treatment lead
to a time-dependent increase of NFAT5 andMAPK14 expression
levels, reaching a maximum of 9-fold (NFAT5) and 18-fold
(MAPK14). In contrast, the single pulse of pro-inflammatory
cytokines resulted in highest expression levels after 24 h, with
levels nearing normal after 72 h.

Immunofluorescent Protein Localization
Studies in Cultured Muscle Cells
Immunofluorescent staining of CCL-136 cells (Figure 1A)
confirmed the induction of SLC6A12 and AKR1B1 expression
after 24 h of treatment with pro-inflammatory cytokines and
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TABLE 1 | Messenger RNA levels in cultured CCL-136 cells treated for 24 h.

Cytokines Added NaCl

IFNγ IL1β TNFα IFNγ+IL1β IFNγ+TNFα IL1β+TNFα 25 mM 50 mM 75 mM 100 mM

SLC5A3 1 1.1 1.3 2.1 4.6 10.3 0.6 0.5 1.9 3.4

SLC6A6 0.5 0.7 0.8 1.4 1.5 4.3 0.9 1.1 1.2 1.5

SLC6A12 1.7 2 1 3.4 3.8 1.2 1.6 7.7 9 178.7

AKR1B1 1.4 2.3 1.9 1.9 1.6 1.7 1.4 2.1 2.4 5.6

NFAT5 1.1 0.3 0.5 1.4 1.7 1 1.4 4.1 0.8 2.5

MAPK14 0.7 0.8 0.8 1.4 1.9 1.4 1.1 2 0.9 1.3

RELA 0.9 1.2 0.9 1.8 1.7 0.5 0.9 0.8 0.9 1.2

NFkB1 1 1.2 1 6 0.5 3.8 1.5 2.9 1.2 1.9

NFkB2 1.3 1.5 2.7 3.3 12.9 1 1.2 2.3 1.5 1.1

Fold changes compared to untreated cells, normalized to glyceraldehyde 3-phosphate dehydrogenase expression levels, were obtained through quantitative reverse transcription PCR
and calculated as 2−11Ct (mean of three given). Fold changes >2 green; >5 yellow; >10 orange; >100 red.

TABLE 2 | Messenger RNA levels in cultured normal human myotubes treated for 24 h.

Cytokines Added NaCl

IFNγ IL1β TNFα IFNγ+IL1β IFNγ+TNFα IL1β+TNFα 25 mM 50 mM 75 mM 100 mM 125 mM 150 mM

SLC5A3 2.6 5.8 2.5 2.4 1.4 1.9 1.4 2.1 3.6 13 13.9 5

SLC6A6 1.2 1.9 2.9 3.9 2.2 3.1 1.1 1.9 1.8 1.9 1.8 0.4

SLC6A12 21.3 2.1 1.4 177.7 229.2 3.8 2.1 5.9 7.3 32.4 47.9 9.6

AKR1B1 1.5 6.6 3.7 7.5 5.6 4.9 10.7 3.5 4.7 6.9 8.1 2.5

NFAT5 1.4 4.4 1.6 4.5 2.2 2 0.8 1.6 1.3 2.2 3 0.6

MAPK14 1 1.9 1.1 0.6 0.4 0.9 1.4 1.3 1 1.6 1.9 0.6

RELA 2.1 2 1.4 25.3 18.4 4.2 0.8 1.1 1.2 1.1 1.2 0.5

NFkB1 1.5 1.3 0.8 6.8 3.6 2.6 8.7 0.7 0.7 0.6 1.3 0.7

NFkB2 1.2 4.7 2.7 20.5 4 8.4 0.1 1.3 1.2 0.8 1 0.3

Fold changes compared to untreated cells, normalized to glyceraldehyde 3-phosphate dehydrogenase expression levels, were obtained through quantitative reverse transcription PCR
and calculated as 2−11Ct (mean of three given). Fold changes >2 green; >5 yellow; >10 orange; >100 red.

added NaCl at the protein level and showed similar staining
patterns with the two different sets of primary antibodies.

Myotubes immunostaining (Figure 1B) showed increases of
SLC6A12 in response to cytokines at the 48 h time point, with
levels declining again at time point 72 h. For AKR1B1, high
levels were detected following cytokine stimulation from 24 h
onward, compared to the low levels observed in untreated
myotubes. A growth-inhibitory effect of hyperosmotic conditions
was observed in myotubes, which became conspicuous from the
48 h time point on. NaCl-treatment disfavored differentiation
into multinucleate elongated muscle cells, as was assayed
with dMyHC staining (Supplementary Figure S1). Evaluation of
hematoxylin&eosin stains confirmed that salt treatment affected
cell morphology and growth, reducing cell elongation and
disfavoring multinucleate myotubes.

Protein Quantification and Phosphorylation
Patterns of Human Myotubes
SLC6A12 protein levels were below the detection limit in
untreated normal myotubes, but SLC6A12 protein could readily
be shown inmyotubes treated with IL1β+TNFα for 48 h and 72 h
(Figure 2A). SLC6A12 and AKR1B1 protein levels were found to

increase in a time- and dose-dependent manner when myotubes
were exposed to 25 and 50mM of added NaCl (Figure 2B). The
expression levels with the higher doses of NaCl already reached a
maximum at the 48 h time-point (Table 4).

Protein phosphorylation patterns of MAPKs showed that the
strongest signals in the array were the phosphorylated forms
of Akt2 (S474) and heat shock protein 27 (HSP27) (S78, S82)
(Supplementary Figure S2). Akt2 and HSP27 activation was
prominent in untreated and cytokine-treated myotubes alike.
The most notable influence of 24 h IFNγ+IL1β treatment was
an increase in phosphorylation of mitogen- and stress-activated
kinase 2 (MSK2) (S360) 3-fold and MAPK3 (T202, Y204) 2.5-
fold. In addition, levels of phosphorylated glycogen synthase
kinase 3α/β (GSK-3α/β) (S9, S21), MAPK12 (T183, Y185), and
MAPK13 (T180, Y182) were increased 2-fold.

Knockdown Studies in Cultured Muscle
Cells
Both in CCL-136 cells and in primary healthy myotubes, 50mM
of added NaCl decreased cell densities in both siSCL6A12—
and siAKR1B1-treated cells at the 24 h time point, while this
regimen did not harm growth of siSLC5A3-treated muscle
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TABLE 3 | Messenger RNA levels in cultured normal human myotubes treated with cytokines or added NaCl for up to 3 days.

IFNγ+IL1β IFNγ+TNFα 100mM NaCl

24 h 48 h 72 h 24 h 48 h 72 h 24 h 48 h 72 h

SLC5A3 1 0.4 0.2 1 0.6 0.5 10.8 5.8 240.7

SLC6A12 19.1 4.9 1 14.5 13 2.5 43 50.9 2 × 10exp8

AKR1B1 2.4 1.3 0.9 1.7 1.9 1.1 7 27.4 528.8

NFAT5 0.8 0.3 0.04 0.8 0.9 0.3 1.4 3.8 9.4

MAPK14 0.9 0.4 0.3 0.6 0.6 0.6 1.1 1.6 17.8

Fold changes compared to untreated cells, normalized to glyceraldehyde 3-phosphate dehydrogenase expression levels, were obtained through quantitative reverse transcription PCR
and calculated as 2−11Ct (mean of three given). Fold changes >2 green; >5 yellow; >10 orange; >100 red.

FIGURE 1 | Immunofluorescent cytostaining. (A) Staining with mouse anti-SLC6A12 (AlexaFluor 594, red) and rabbit anti-AKR1B1 (AlexaFluor488, green) in CCL-136

cells after 24 h treatment. Untreated control cells shows low levels of SLC6A12 and AKR1B1. Treatment with 30 ng/ml TNFα markedly increases AKR1B1 levels.

Treatment with 300 u/ml IFNγ and 30 ng/ml TNFα strongly increases both SLC6A12 levels and AKR1B1 protein levels. Addition of 100mM NaCl to the medium also

increases both SLC6A12 and AKR1B1 protein expression. (B) Staining with rabbit anti-SLC6A12 (AlexaFluor 488, green) and goat anti-AKR1B1 (AlexaFluor594, red)

in cultured healthy human myotubes at different time points. Myotubes treated with 300 u/ml IFNγ and 30 ng/ml TNFα display low levels of SLC6A12 that is increased

at the 48 h time point. Levels return back to constitutive low levels after 72 h, with staining levels similar to those in untreated cells. Staining for AKR1B1 shows

continuously high levels between 24 and 72 h. In untreated cells, AKR1B1 expression levels are substantially lower. Scale bar = 50 µm.

cells (Figure 3A). Treatment with pro-inflammatory cytokines
on the other hand, combined with knockdown of individual
osmolyte pathway members, did not cause significant effects on
myotube viability, with percentages of dead cells in untreated
vs. cytokine-treated cells respectively: 1% vs. 7% (vehicle), 11%
vs. 25% (siSLC6A12), 33% vs. 15% (siAKR1B1), and 0% vs. 4%

(siSLC5A3). For silencing procedures, efficiency of knockdown
was evaluated in CCL-136 cells (calculated as 1Ct siRNA-
treated cells minus 1Ct of the vehicle control) detecting 16%
(siSLC5A3), 59% (siSLC6A12), and 6% (siAKR1B1) of residual
mRNA expression. Western blotting corroborated efficient
AKR1B1 knockdown at the protein level but did not show a
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FIGURE 2 | Western blotting of protein extracts preepared from cultured normal human myotubes. (A) SLC6A12 and AKR1B1 protein levels in myotubes treated with

cytokine mixtures. SLC6A12 and AKR1B1 proteins are visualized in control cells (C) and in cells treated for 24 h-48 h-72 h with either 300 u/ml IFNγ+30 ng/ml TNFα,

or 20 ng/ml IL1β+30 ng/ml TNFα. SLC6A12 is undetectable in untreated- and in 300 u/ml IFNγ+30 ng/ml TNFα-treated cells, but is induced by treatment with

20 ng/ml IL1β+30 ng/ml TNFα from the 48 h time point on. Low constitutive levels of AKR1B1 in control cells are increased in myotubes treated with both cytokine

mixtures, peaking at the 48 h time point. Relative protein densities of AKR1B1, normalized using glyceraldehyde 3-phosphate dehydrogenase (GAPDH) levels as an

internal standard, have been indicated. (B) SLC6A12 and AKR1B1 protein levels in myotubes treated with added NaCl. Protein bands for SLC6A12 and AKR1B1, and

the internal standard glyceraldehyde 3-phosphate dehydrogenase (GAPDH), are given in an untreated control (C) and in cells treated with different concentrations of

added NaCl. A time-dependent increase is observed in cells treated with 25 and 50mM added NaCl, while more elevated NaCl concentrations show the highest

levels at the 48 h timepoint. The corresponding relative protein densities are listed in Table 4.

substantial reduction of SLC6A12 protein levels (Figure 3B). We
could not quantify SLC5A3 protein in muscle samples using
western blots, as we were unsuccessful in detecting SLC5A3 in the
corresponding positive control samples using rabbit (nbp102399,
NovusBiologicals) and goat (sc-23142, SantaCruz Biotechnology)
antibodies.

Immunolocalization Studies in Muscle
Tissues From Inflammatory Myopathy
Patients
Confirming our earlier descriptive myopathological results
on SLC5A3, SLC6A6, and AKR1B1 expression (24), we
found these factors upregulated in regenerating muscle fibers

present in biopsies in this new cohort of inflammatory
myopathy patients. We now also add SLC6A12 to the
regenerating muscle fiber’s repertory of increased osmolyte
accumulators (Figure 4). High osmolyte pathway member
expression contrasted with the low levels present in muscle
fibers in biopsies from healthy subjects. In tissues from
muscular dystrophy patients, the SLC6A12 muscle fiber
staining pattern was similar to inflammatory myopathies,
with diffuse staining mostly in small regenerating CD56
positive muscle fibers and discontinuous sarcolemmal
staining in subsets of CD56 negative muscle fibers
(Supplementary Figure S3). We verified that this did not
represent adjacent satellite cells and observed no co-localization
with Pax3/7 staining.
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TABLE 4 | Protein densities in cultured normal human myotubes treated with added NaCl for varying periods of time.

Untreated 25mM NaCl 50mM NaCl 75mM NaCl 100mM NaCl

24 h 48 h 72 h 24 h 48 h 72 h 24 h 48 h 72 h 24 h 48 h 72 h

SLC6A12 0.001 0.097 0.264 0.297 0.139 0.180 0.198 0.154 0.217 0.131 0.112 0.115 0.094

AKR1B1 0.192 0.202 0.210 0.347 0.336 0.377 0.437 0.281 0.436 0.347 0.209 0.278 0.263

Protein densities of western blots (shown in Figure 2) were normalized using glyceraldehyde 3-phosphate dehydrogenase levels. Highest protein expression levels per time point have
been highlighted.

FIGURE 3 | Knockdown studies. (A) Hematoxylin&Eosin staining of CCL-136 and healthy human myotube cultures treated with silencing RNAs. Representative

images are shown of cell cultures exposed to 300 u/ml IFNγ+20 ng/ml IL1β or to 50mM of added NaCl. Culture densities decrease substantially in siSLC6A12- and

siAKR1B1-treated cultures challenged with 50mM of added NaCl, both in CCL-136 cells and in normal human myotubes. Addition of siSLC5A3 does not apparently

inhibit cell growth, only resulting in mildly reduced densities of CCL-136 cells which could equally be observed in controls treated with 50mM NaCl.

Scale bar = 100µm. (B) Western blots visualizing SLC6A12 and AKR1B1 protein in CCL-136 cells treated with silencing RNAs. The severe reduction of the AKR1B1

protein band in siAKR1B1-treated cells (arrow) shows the efficiency of expression knockdown. C represents the control sample, and equal loading is shown by β-actin

protein bands.

SLC5A3 and SLC6A12 were expressed by inflammatory
cells in inflammatory myopathy muscle biopsies (Figure 4).
SLC6A12 was detected in subsets of the endomysial CD68+

cells surrounding muscle fibers in PM and IBM tissues. In
comparison, only a small minority of tissue-infiltrating CD68+
cells in DM and in muscular dystrophy tissues were SLC6A12

Frontiers in Neurology | www.frontiersin.org 8 October 2018 | Volume 9 | Article 846

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


De Paepe et al. Osmolyte Pathway Activation in Muscle

FIGURE 4 | Immunofluorescent histostaining. Staining of SLC6A12 and AKR1B1 in muscle sections from patients diagnosed with inflammatory myopathy.

Polymyositis (PM): A subset of CD68+ cells (AlexaFluor488, green), representing mostly M1 phenotype macrophages, express SLC5A3 and SLC6A12 (CY3, red).

Dermatomyositis (DM): Two small regenerating muscle fibers (arrows), identified as strongly positive for CD56 (AlexaFluor488, green), express high levels of SLC6A12

protein (CY3, red). Scale bar =50 µm.

positive, and the more sparse inflammatory cells observed in
IMNM tissues were SLC6A12 negative. SLC6A12 was rarely
observed in the CD8+ T-cells of PM and IBM tissues. SLC5A3 on
the other hand, could be detected in a substantial part of CD3+
T-cells, with most non-invading CD8+ T-cells being negative
while CD8+ cells actively invading nonnecrotic muscle fibers
in PM and IBM were often strongly positive. The majority of
CD68+ cells, and part of the CD206+ cells were also SLC5A3
positive. In contrast, inflammatory cells were invariably AKR1B1
and SLC6A6 negative in all muscle tissues tested.

DISCUSSION

Our earlier studies had identified osmolyte pathway members
as biomarkers for inflammatory myopathies, yet the pathogenic
routes behind their elevated expression remained unknown. The

present study offers further context and allows us to speculate on
the underlying mechanisms.

Inflammatory Stress Induces Osmolyte
Pathways in Muscle Cells
We here report that, in addition to increased NaCl
concentrations, pro-inflammatory cytokines can induce
osmolyte pathways in muscle cells in an in vitro setting. In
response to osmotic stress, normal primary myotubes displayed a
continuous increase of SLC5A3, SLC6A12, and AKR1B1 mRNA
expression levels over time, while single cytokine pulse led to
highest mRNA levels after 24 h, steadily decreasing afterwards
and returning to near-normal levels at the 72 h time point.
Immunocytochemical staining and western blotting experiments
confirmed the transient induction pattern of SLC6A12 at the
protein level. We cannot rule out fast cytokine degradation
in the culture medium, yet this is unlikely as many have
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reported prolonged effects by single pulse cytokine treatments
over several days (28–30). Using silencing techniques, we
showed that compromising osmolyte accumulator expression
negatively influenced cell growth only when muscle cells faced
hyperosmotic conditions. We produced strongest evidence for
AKR1B1, for which the knockdown regimen severely reduced
AKR1B1 protein levels, yet did not compromise growth when
myoblasts and myotubes were challenged with pro-inflammatory
cytokines. Based upon this data, we speculate on different
levels of importance of the osmolyte pathway dependent upon
the challenges muscle cells face: osmolytes being essential
protectors against osmotic stress while having a less vital yet
regulatory role in the response to inflammatory stress. Our
observations would need to be confirmed and analyzed further
with knockdown combinations, as an important additional
facet is the degree of redundancy of function displayed by the
different osmolyte pathway members. In evidence, only SLC5A3
deficiency represents a lethal murine phenotype (31), with
knockout of AKR1B1, SLC6A6, and SLC6A12 resulting in viable
mice suffering from limited defects in renal function (32–34).
The compensatory role of remaining osmolytes when activity
of single pathway members is compromised, has long been
confirmed in kidney cells (35).

Transcription factors NFκB and NFAT5 represent key
regulators of cell’s responses to inflammatory stress on the one
hand and osmotic stress on the other hand. Not surprisingly
therefore, pro-inflammatory cytokines were the most potent
inducers of RelA, NFkB1, NFkB2 expression in muscle cells.
However, we did observe some effects of NaCl-treatment on
NFκB expression levels and, vice versa, NFAT5 expression
responded to pro-inflammatory cytokines. Thus, muscle cells’
responses to inflammatory and osmotic stress appear not
separately regulated via NFκB and NFAT5, respectively.

The MAP kinases, a large family of Ser/Thr kinases that
translate cell surface signals to the nucleus, play a crucial role
in inflammation (36), which led us to study their involvement
in muscle cells’ responses to pro-inflammatory cytokines. We
found Akt2 and HSP27 were most heavily phosphorylated
in myotube cultures, but their activation was unaltered in
response to inflammatory cytokines. Akt signaling influences
muscle development and regeneration, affecting either initiation
(Akt1) or maturation (Akt2) of myotubes (37). HSP27 is also
associated with myotube differentiation and was found absent
from myoblasts (38). The strong activation of Akt2 and HSP27
we observed in our in vitromodel fits with the differentiated stage
of the myotubes we studied in our experiments. The MAPKs of
the p38 subgroup have been put forward as complex regulators
of osmolyte pathways, through their hypertonicity-induced
phosphorylation, and have been implicated in inflammatory
disease (39). Our study found MAPK14 mRNA expression
increased up to 2-fold by pro-inflammatory cytokines, and we
observe increased phosphorylation of MAPK12 and MAPK13
in human primary myotubes treated for 24 h with IL1β+IFNγ.
Of the extracellular signal-regulated kinases (ERK) on the other
hand, we observed increased phosphorylation ofMAPK3 (ERK1)
in IL-1β+IFN-γ-treated myotubes. This is in line with our recent
study that showed cytokines induce ERK1/2 phosphorylation,

which subsequently leads to protein deposition and autophagy
in muscle cell cultures (40). We propose that the 24 h response
of muscle cells to pro-inflammatory cytokines may thus be
regulated primarily via such phosphorylation-driven activation
of residential MAPKs. Muscle cells exposed to osmotic stress
for prolonged periods appear to require extra measures for
their protection, culminating in 18-fold (MAPK14) and 9-fold
(NFAT5) increases in expression levels.

Osmolyte Pathways Are Activated in
Regenerating Muscle Cells
Osmolytes are known regulators of skeletal muscle development,
with the involvement of taurine and betaine already described
in most detail. Taurine is essential for skeletal muscle buildup,
and knockout mice lacking its transporter SLC6A6 display
severe structural defects (41) and exercise intolerance (42).
The trimethylglycine betaine appears also important for proper
muscle functioning, although SLC6A12 knockout mice have
been reported to develop only mild myopathy (34). Betaine
promotes muscle fiber differentiation and myotube size (43) via
stimulation of the mechanistic target of rapamycin pathway (44)
and disturbed osmolyte balances have been implicated in muscle
disease. Taurine levels were significantly reduced in muscle from
myositis patients compared to healthy controls (45), while in
urine on the other hand both taurine and betaine levels were
increased in patients (46). In the murine Duchenne muscular
dystrophy model, taurine content of muscle was low, mostly
early in disease progression, and a reduction of its transporter
SLC6A6 was observed (47). Yet, in the canine golden retriever
muscular dystrophy model, muscle levels of taurine and SLC6A6
were 1.5- and 20-fold increased (48) compared to healthy
dogs, pointing to possible differences between species and/or
at different disease stages. Our localization studies revealed
strong increases of osmolyte accumulators in small regenerating
fibers. Possibly, protein replacement and refolding during the
regeneration process are chaperoned by osmolytes, the latter
aiding protection of functional protein conformations (49).

Subsets of Muscle-Infiltrating
Inflammatory Cells Express SLC5A3 and
SLC6A12
In addition to the muscle cells’ general and dynamic repertory
of osmolyte accumulators, we found two osmolyte pathway
members, SLC5A3 and SLC6A12, selectively expressed in
subsets of macrophages and T-cells infiltrating skeletal muscle.
Interestingly, we observed an association with active invasion
of nonnecrotic muscle fibers, a phenomenon typically observed
in PM and IBM muscle tissues (50), which fits with current
notions of how osmolytes behave as potent cytotoxic regulators.
Cytotoxic macrophages have been shown to accumulate betaine,
myoinositol and taurine as compatible organic osmolytes in
response to osmotic stress, via MAPK-regulated upregulation
of osmolyte transporters (51, 52). It is well known that
macrophages have versatile functionalities, with a spectrum
stretching out between the classical inflammatory M1 phenotype,
to the alternative anti-inflammatory, tissue repair-oriented
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M2 phenotype (53). Significantly higher levels of AKR1B1
mRNA and protein have been reported in M1 macrophages
compared with M2-polarized macrophages (54). The upstream
transcription factor NFAT5 is enhanced by the M1-promoting
pro-inflammatory and hypoxic conditions associated with
autoimmune diseases, which is particularly suggested to regulate
the chemokine MCP-1 and subsequent synovial macrophage
survival in rheumatoid arthritis (55). We found a subset of
CD68+ cells, regarded as representing mostly M1 macrophages,
to express SLC5A3 and SLC6A12, most prominently in PM
and IBM tissues. In addition to macrophages, T-cells have
also been shown to engage NFAT5-regulated pathways in their
development and activation (56) and, in accordance, we found
SLC5A3 and SLC6A12 expression in a minority of T-cells. In
helper T-cells (Th-cells), salt-induced NFAT5 activity promotes
their differentiation into Interleukin 17-producing Th-cells
(Th17-cells) (57). This is relevant to inflammatory myopathy, as
IL-17 induces and maintains chronic inflammation, and Th17-
cells represent a pathogenic subset of T-cells associated with
inflammatory myopathy (58).

CONCLUSIONS

The expression of osmolyte pathway members extends to human
tissues that normally are not exposed to hypertonicity, which has
led to the assumption that these factors have additional more
versatile functions. In this respect, they have been put forward
as biomarkers for inflammation (59) and tumor metastasis (60).
The data we presented here points to a general role for osmolyte
accumulation, via AKR1B1, SLC5A3, SLC6A6, and SLC6A12
upregulation, in muscle cells challenged by inflammatory stress,
presumably in an attempt to stabilize protein function in sight
of the changed proteome during regeneration. In addition, our
data suggest an individual inflammatory role for SLC5A3 and
SLC6A12 as potential regulators of the myocytotoxicity displayed

by muscle tissue-infiltrating auto-aggressive immune cells. The
data we offer further adds to the complexity of inflammatory
myopathy immunopathogeneses, broadening our understanding
of this heterogeneous group of diseases.

AUTHOR CONTRIBUTIONS

BD conceived, designed, and executed the study. JW and JD
analyzed patient data and material. BD, JZ, and TŠ carried out
experiments and analyzed the data. BD drafted the manuscript,
which was critically revised by JZ, JS, and JD.

FUNDING

BD is recipient of a research grant from the Association
Belge contre les Maladies neuro-Musculaires (ABMM), aides
à la recherche 2018. JD received confined sponsoring by CAF
DCF. The international cooperation this work entailed, was
supported by mobility grants from the Research Foundation—
Flanders (FWO), German Academic Exchange Service (DAAD),
the International Federation of Medical Students’ Associations
SCORE research exchange program, and the U4 university
network OSMYO.

ACKNOWLEDGMENTS

We graciously thank the patients for their participation in this
study, and thank Iris Iben and Sophie D’hose for skilful technical
support.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fneur.
2018.00846/full#supplementary-material

REFERENCES

1. DalakasMC. Inflammatorymuscle diseases.NEng JMed. (2015) 372:1734–47.
doi: 10.1056/NEJMra1402225

2. Mammen AL. Statin-associated autoimmune myopathy. N Eng J Med. (2016)
374:664–9. doi: 10.1056/NEJMra1515161

3. Uruha A, Suzuki S, Suzuki N, Nishino I. Perifascicular necrosis in
anti-synthetase syndrome beyond anti-Jo-1. Brain (2016) 139:e50.
doi: 10.1093/brain/aww125

4. Malik A, Hayat G, Kalia JS, Guzman MA. Idiopathic inflammatory
myopathies: clinical approach and management. Front Neurol. (2016) 7:e64.
doi: 10.3389/fneur.2016.00064

5. Allenbach Y, Benveniste O, Goebel HH, Stenzel W. Integrated classification
of inflammatory myopathies. Neuropathol Appl Neurobiol. (2017) 43:62–81.
doi: 10.1111/nan.12380

6. Lahoria R, Selcen D, Engel AG. Microvascular alterations and the
role of complement in dermatomyositis. Brain (2016) 139:1891–903.
doi: 10.1093/brain/aww122

7. Dalakas MC. Pathogenesis and therapies of immune-mediated myopathies.
Autoimm Rev. (2011) 11:203–6. doi: 10.1016/j.autrev.2011.05.013

8. Askanas V, Engel WK. Molecular pathology and pathogenesis of inclusion-
body myositis.Microsc Res Tech. (2005) 67:114–20. doi: 10.1002/jemt.20186

9. Benveniste O, Stenzel W, Hilton-Jones D, Sandri M, Boyer O, van
Engelen BGM. Amyloid deposits and inflammatory infiltrates in sporadic
inclusion body myositis: the inflammatory egg comes before the degenerative
chicken. Acta Neuropathol. (2015) 129:611–24. doi: 10.1007/s00401-015-
1384-5

10. Allenbach Y, Mammen AL, Benveniste O, Stenzel W, on behalf of
the Immune-Mediated Necrotizing Myopathies Working Group.
224th ENMC International Workshop: Clinico-sero-pathological
classification of immune-mediated necrotizing myopathies Zandvoort,
The Netherlands, 14–16 October. Neuromuscul Disord. (2017) 28:87–99.
doi: 10.1016/j.nmd.2017.09.016

11. Warepam M, Singh LR. Osmolyte mixtures have different effects
than individual osmolytes on protein folding and functional activity.
Arch Biochem Biophys. (2015) 573:77–83. doi: 10.1016/j.abb.2015.
03.017

12. Cheung CY, Ko BCB. NFAT5 in cellular adaptation to hypertonic
stress-regulations and functional significance. J Mol Signal. (2013) 8:5.
doi: 10.1186/1750-2187-8-5

13. Abbott KL, Friday BB, Thaloor D, Murphy TJ, Pavlath GK. Activation
and cellular localization of the cyclosporine A-sensitive transcription
factor NF-AT in skeletal muscle cells. Mol Biol Cell (1998) 9:2905–16.
doi: 10.1091/mbc.9.10.2905

Frontiers in Neurology | www.frontiersin.org 11 October 2018 | Volume 9 | Article 846

https://www.frontiersin.org/articles/10.3389/fneur.2018.00846/full#supplementary-material
https://doi.org/10.1056/NEJMra1402225
https://doi.org/10.1056/NEJMra1515161
https://doi.org/10.1093/brain/aww125
https://doi.org/10.3389/fneur.2016.00064
https://doi.org/10.1111/nan.12380
https://doi.org/10.1093/brain/aww122
https://doi.org/10.1016/j.autrev.2011.05.013
https://doi.org/10.1002/jemt.20186
https://doi.org/10.1007/s00401-015-1384-5
https://doi.org/10.1016/j.nmd.2017.09.016
https://doi.org/10.1016/j.abb.2015.03.017
https://doi.org/10.1186/1750-2187-8-5
https://doi.org/10.1091/mbc.9.10.2905
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


De Paepe et al. Osmolyte Pathway Activation in Muscle

14. O’Connor RS, Mills ST, Jones KA, Ho SN, Pavlath GK. A combinatorial role
for NFAT5 in both myoblast migration and differentiation during skeletal
muscle myogenesis. J Cell Sci. (2007) 120:149–59. doi: 10.1242/jcs.03307

15. Roth I, Leroy V, Moo Kwon H, Martin PY, Feraille E, Hasler U.
Osmoprotective transcription factor NFAT5/TonEBP modulates
nuclear factor-kB activity. Mol Biol Cell (2010) 21:3459–74.
doi: 10.1091/mbc.E10-02-0133

16. Creus KK, De Paepe B, De Bleecker JL. Idiopathic inflammatory myopathies
and the classical NF-kappaB complex: current insights and implications for
therapy. Autoimm Rev. (2009) 8:627–31. doi: 10.1016/j.autrev.2009.02.026

17. De Paepe B. A recipe for myositis: nuclear factor kB and nuclear factor of
activated T-cells transcription factor pathways spiced up by cytokines. AIMS
All Immunol. (2017) 1:31–42. doi: 10.3934/Allergy.2017.1.31

18. De Bleecker J, De Paepe B, Vanwalleghem IE, Schröder JM. Differential
expression of chemokines in inflammatory myopathies. Neurology (2002)
58:1779–85. doi: 10.1212/WNL.58.12.1779

19. Creus KK, De Paepe B, Weis J, De Bleecker JL. The multifaceted character
of lymphotoxin b in inflammatory myopathies and muscular dystrophies.
Neuromuscul Disord. (2012) 22:712–9. doi: 10.1016/j.nmd.2012.04.012

20. De Bleecker JL, Meire VI, Declercq W, Van Aken EH. Immunolocalization
of tumor necrosis factor-alpha and its receptors in inflammatory myopathies.
Neurmuscul Disord. (1999) 9:239–46. doi: 10.1016/S0960-8966(98)00126-6

21. De Paepe, Racz GZ, Schröder JM, De Bleecker JL. Expression and distribution
of the nitric oxide synthases in idiopathic inflammatory myopathies. Acta
Neuropathol. (2004) 108:37–42. doi: 10.1007/s00401-004-0859-6

22. De Paepe B, Creus KK, Weis J, De Bleecker JL. Heat shock protein families
70 and 90 in Duchenne muscular dystrophy and inflammatory myopathy:
Balancing muscle protection and destruction. Neuromuscul Disord. (2012)
22:26–33. doi: 10.1016/j.nmd.2011.07.007

23. Van der Meer JW, Netea MG. A salty taste to autoimmunity. N Engl J Med.
(2013) 368:2520–1. doi: 10.1056/NEJMcibr1303292

24. De Paepe B, Martin JJ, Herbelet S, Jimenez-Mallebrera C, Iglesias E,
Jou C, et al. Activation of osmolyte pathways in inflammatory myopathy
and Duchenne muscular dystrophy points to osmotic regulation as
a contributing pathogenic mechanism. Lab Invest. (2016) 96:872–84.
doi: 10.1038/labinvest.2016.68

25. Herbelet S, De Vlieghere E, Gonçalves A, De Paepe B, Schmidt K, Nys
E, et al. Localization and expression of nuclear factor of activated T-cells
5 in myoblasts exposed to pro-inflammatory cytokines or hyperosmolar
stress and in biopsies from myositis patients, Front Physiol. (2018) 9:e126.
doi: 10.3389/fphys.2018.00126

26. Schmidt J, Barthel K, Zschüntzsch J, Muth IE, Swindle EJ, Hombach
A, et al. Nitric oxide stress in sporadic inclusion body myositis muscle
fibres: inhibition of inducible nitric oxide synthase prevents interleukin-1β-
induced accumulation of β-amyloid and cell death. Brain (2012) 135:1102–14.
doi: 10.1093/brain/aws046

27. De Bleecker JL, De Paepe B, Aronica E, de Visser M, ENMC Myositis
Muscle Biopsy StudyGroup, AmatoA. 205th ENMC InternationalWorkshop:
Pathology diagnosis of idiopathic inflammatory myopathies Part II 28–30
March 2014, Naarden, The Netherlands. Neuromuscul Disord. (2015) 25:268–
72. doi: 10.1016/j.nmd.2014.12.001

28. Michaelis D, Goebels N, Hohlfeld R. Constitutive and cytokine-induced
expression of human leukocyte antigens and cell adhesion molecules by
human myotubes. Am J Pathol. (1993) 143:1142–9.

29. Liu CJ, Wang H, Zhao Z, Yu S, Lu YB, Meyer J, et al. MyoD-
dependent induction during myoblast differentiation of p204, a
protein also inducible by interferon. Mol Cell Biol. (2000) 20:7024–36.
doi: 10.1128/MCB.20.18.7024-7036.2000

30. Langen RC, Schols AM, Kelders MC, Wouters EF, Janssen-Heininger YM.
Inflammatory cytokines inhibit myogenic differentiation through activation
of nuclear factor-kappa B. FASEB J (2001) 15:1169–80. doi: 10.1096/fj.
00-0463

31. Buccafusca R, Venditti CP, Kenyon LC, Johanson RA, Van Bockstaele E, Ren J,
et al. Characterization of the null murine sodium/myo-inositol cotransporter
1 (Smit1 or Slc5a3) phenotype: myo-inositol rescue is independent of
expression of its cognate mitochondrial ribosomal protein subunit 6 (Mrps6)
gene and of phosphatidylinositol levels in neonatal brain. Mol Genet Metab.
(2008) 95:81–95. doi: 10.1016/j.ymgme.2008.05.008

32. Aida K, Ikegishi Y, Chen J, TawataM, Ito S,Maeda S, et al. Disruption of aldose
reductase gene (Akr1b1) causes defect in urinary concentrating ability and
divalent cation homeostasis. BiochemBiophys Res Commun. (2000) 277:281–6.
doi: 10.1006/bbrc.2000.3648

33. Huang DY, Boini KM, Lang PA, Grahammer F, Duszenko M, Heller-
Stilb B, et al. Impaired ability to increase water excretion in mice lacking
the taurine transporter gene TAUT. Eur J Physiol. (2006) 451:668–77.
doi: 10.1007/s00424-005-1499-y

34. Lehre AC, Rowley NM, Zhou Y, Holmseth S, Guo C, Holen T, et al.
Deletion of the betaine-GABA transporter (BGT1; slmc6a12) gene does
not affect seizure thresholds of adult mice. Epilepsy Res. (2011) 95:70–81.
doi: 10.1016/j.eplepsyres.2011.02.014

35. Moriyama TA, Garcia-Perez A, Olson A, Burg MB. Intracellular betaine
substitutes for sorbitol in protecting renal medullary cells from hypertonicity.
Am J Physiol. (1991) 260:F494–7. doi: 10.1152/ajprenal.1991.260.4.F494

36. Dong C, Davis RJ, Flavell RA. Map kinases in the immune reponse. Annu Rev
Immunol. (2002) 20:55–72. doi: 10.1146/annurev.immunol.20.091301.131133

37. Rotwein P, Wilson EM. Distinct actions of Akt1 and Akt2 in skeletal muscle
differentiation. J Cell Physiol. (2009) 219:503–11. doi: 10.1002/jcp.21692

38. Dubinska-Magiera M, Jablonska J, Saczko J, Kulbacka J, Kagla T, Daczewska
M. Contribution of small heat shock proteins to muscle development. FEBS
Lett. (2014) 588:517–30. doi: 10.1016/j.febslet.2014.01.005

39. Waetzig GH, Seegert D, Rosenstiel P, Nikolaus S, Schreiber S. p38
mitogen-activated protein kinase is activated and linked to TNF-alpha
signaling in inflammatory bowel disease. J Immunol. (2002) 168:5342–51.
doi: 10.4049/jimmunol.168.10.5342

40. Schmidt K, Wienken M, Keller CW, Balcarek P, Munz C, Schmidt J. IL-1β-
induced accumulation of amyloid: macrophagy in skeletal muscle depends on
ERK.Mediat Inflamm. (2017) 2017:e5470831. doi: 10.1155/2017/5470831

41. Ito T, Kimura Y, Uozumi Y, Takai M, Muraoka S, Matsuda T, et al. Taurine
depletion caused by knocking out the taurine transporter gene leads to
cardiomyopathy with cardiac atrophy. J Mol Cell Cardiol. (2008) 44:927–37.
doi: 10.1016/j.yjmcc.2008.03.001

42. Warskulat U, Heller-Stilb B, Germann E, Zilles K, Haas H, Lang F, et al.
Phenotype of the taurine transporter knockout mouse. Methods Enzymol.
(2007) 428:439–58. doi: 10.1016/S0076-6879(07)28025-5

43. Senesi P, Luzi L, Montesano A, Mazzocchi N, Terruzzi I. Betaine
supplement enhances skeletal muscle differentiation in murine
myoblasts via IGF-1 signaling activation. J Translat Med. (2013) 11:e174.
doi: 10.1186/1479-5876-11-174

44. Huang QC, Xu ZR, Han XY, Li WF. Changes in hormones, growth factor and
lipid metabolism in finishing pigs fed betaine. Livestock Sci. (2006) 105:78–85.
doi: 10.1016/j.livsci.2006.04.031

45. Stuerenburg HJ, Stangneth B, Schoser BG. Age related profiles of free amino
acids in human skeletal muscle. Neuroendocrinol Lett. (2006) 27:133–6.

46. Chung YL, Wassif WS, Bell JD, Huley M, Scott DL. Urinary levels of creatine
and other metabolites in the assessment of polymyositis and dermatomyositis.
Rheumatology (2003) 42:298–303. doi: 10.1093/rheumatology/keg084

47. Terrill JR, Grounds MD, Arthur PG. Taurine deficiency, synthesis and
transport in the mdx mouse model for Duchenne Muscular Dystrophy. Int
J Biochem Cell Biol. (2015) 66:141–8. doi: 10.1016/j.biocel.2015.07.016

48. Terrill JR, Duong MN, Turner R, Le Guiner C, Boyatzis A, Kettle AJ,
et al. Levels of inflammation and oxidative stress, and a role for taurine
in dystropathology of the Golden Retriever Muscular Dystrophy dog
model for Duchenne Muscular Dystrophy. Redox Biol. (2016) 9:276–86.
doi: 10.1016/j.redox.2016.08.016

49. Khan SH, Ahmad N, Ahmad F, Kumar R. Naturally occurring organic
osmolytes: from cell physiology to disease prevention. IUBMB Life (2010)
62:891–5. doi: 10.1002/iub.406

50. De Paepe B, De Bleecker JL. The nonnecrotic invaded muscle fibers
of polymyositis and sporadic inclusion body myositis: on the interplay
of chemokines and stress proteins. Neurosci Lett. (2013) 535:18–23.
doi: 10.1016/j.neulet.2012.11.064

51. Warskulat U, Zhang F, Häussinger D. Taurine is an osmolyte in
rat liver macrophages (Kupffer cells). J Hepatol. (1997) 26:1340–7.
doi: 10.1016/S0168-8278(97)80470-9

52. Denkert C, Warskulat U, Hensel F, Häussinger D. Osmolyte strategy
in human monocytes and macrophages: involvement of p38MAPK

Frontiers in Neurology | www.frontiersin.org 12 October 2018 | Volume 9 | Article 846

https://doi.org/10.1242/jcs.03307
https://doi.org/10.1091/mbc.E10-02-0133
https://doi.org/10.1016/j.autrev.2009.02.026
https://doi.org/10.3934/Allergy.2017.1.31
https://doi.org/10.1212/WNL.58.12.1779
https://doi.org/10.1016/j.nmd.2012.04.012
https://doi.org/10.1016/S0960-8966(98)00126-6
https://doi.org/10.1007/s00401-004-0859-6
https://doi.org/10.1016/j.nmd.2011.07.007
https://doi.org/10.1056/NEJMcibr1303292
https://doi.org/10.1038/labinvest.2016.68
https://doi.org/10.3389/fphys.2018.00126
https://doi.org/10.1093/brain/aws046
https://doi.org/10.1016/j.nmd.2014.12.001
https://doi.org/10.1128/MCB.20.18.7024-7036.2000
https://doi.org/10.1096/fj.00-0463
https://doi.org/10.1016/j.ymgme.2008.05.008
https://doi.org/10.1006/bbrc.2000.3648
https://doi.org/10.1007/s00424-005-1499-y
https://doi.org/10.1016/j.eplepsyres.2011.02.014
https://doi.org/10.1152/ajprenal.1991.260.4.F494
https://doi.org/10.1146/annurev.immunol.20.091301.131133
https://doi.org/10.1002/jcp.21692
https://doi.org/10.1016/j.febslet.2014.01.005
https://doi.org/10.4049/jimmunol.168.10.5342
https://doi.org/10.1155/2017/5470831
https://doi.org/10.1016/j.yjmcc.2008.03.001
https://doi.org/10.1016/S0076-6879(07)28025-5
https://doi.org/10.1186/1479-5876-11-174
https://doi.org/10.1016/j.livsci.2006.04.031
https://doi.org/10.1093/rheumatology/keg084
https://doi.org/10.1016/j.biocel.2015.07.016
https://doi.org/10.1016/j.redox.2016.08.016
https://doi.org/10.1002/iub.406
https://doi.org/10.1016/j.neulet.2012.11.064
https://doi.org/10.1016/S0168-8278(97)80470-9
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


De Paepe et al. Osmolyte Pathway Activation in Muscle

in hyperosmotic induction of betaine and myoinositol transporters.
Arch Biochem Biophys. (1998) 354:172–80. doi: 10.1006/abbi.
1998.0661

53. Mantovani A, Sica A, Sozzani S, Allavena P, Vecchi A, Locati M.
The chemokine system in diverse forms of macrophage activation and
polarization. Trends Immunol. (2004) 25:677–86. doi: 10.1016/j.it.2004.
09.015

54. Erbel C, Rupp G, Domschke G, Linden F, Akhavanpoor M, Doesch AO, et al.
Differential regulation of aldose reductase expression during macrophage
polarization depends on hyperglycemia. Innate Immun. (2016) 22:230–7.
doi: 10.1177/1753425916632053

55. Choi S, You S, KimD, Choi SY, KwonHM, KimHS, et al. Transcription factor
NFAT5 promotes macrophage survival in rheumatoid arthritis. J Clin Invest.
(2017) 127:954–69. doi: 10.1172/JCI87880

56. Trama J, Go WY, Ho SN. The osmoprotective function of the NFAT5
transcription factor in T cell development and activation. J Immunol. (2002)
169:5477–88. doi: 10.4049/jimmunol.169.10.5477

57. Kleinewietfeld M, Manzel A, Totze J, Kvakan H, Yosef N, Linker RA,
et al. Sodium chloride drives autoimmune disease by the induction of
pathogenic TH17 cells. Nature (2013) 496:518–22. doi: 10.1038/nature
11868

58. Tournadre A, Miossec P. Interleukin-17 in inflammatory myopathies. Curr
Rheumatol Rep. (2012) 14:252–6. doi: 10.1007/s11926-012-0242-x

59. Trama J, Lu Q, Hawley RG, Ho SN. The NFAT-related protein
NFATL1 (TonEBP/NFAT5) is induced upon T cell activation in
a calcineurin-dependent manner. J Immunol. (2000) 165:4884–94.
doi: 10.4049/jimmunol.165.9.4884

60. Jauliac S, Lopez-Rodriguez C, Shaw LM, Brown LF, Rao A, Toker A. The role
of NFAT transcription factors in integrin-mediated carcinoma invasion. Nat
Cell Biol. (2002) 4:540–4. doi: 10.1038/ncb816

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 De Paepe, Zschüntzsch, Šokčević, Weis, Schmidt and De Bleecker.
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