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Abstract

The accumulation of advanced glycation end-products (AGEs) may be involved in
the mechanism of skeletal muscle atrophy. However, the involvement of the receptor for
AGEs (RAGE) axis in microgravity-induced skeletal muscle atrophy has not been
investigated. Therefore, the purpose of the present study was to investigate the effect of
RAGE inhibition on microgravity-induced skeletal muscle atrophy and the related
molecular responses. Male C57BL/6NCr mice subjected to a 1-week hindlimb suspension
lead to muscle atrophy in soleus and plantaris but not extensor digitorum longus muscle,
accompanied by increases in RAGE expression. However, treatment with a RAGE
antagonist (FPS-ZM1, intraperitoneal, 1 mg/kg/day) during hindlimb suspension
ameliorated the atrophic responses in soleus muscle. Further, muscle mass inversely
correlated with the accumulation of AGEs (methylglyoxal-modified proteins and Ne-
(carboxymethyl) lysine-modified proteins) in soleus muscle. The expression of
proinflammatory cytokines, tumor necrosis factor-a, interleukin-1p, and interleukin-6 in
soleus muscle was enhanced in response to hindlimb suspension, but these changes were
attenuated by FPS-ZM1 treatment. Protein ubiquitination and ubiquitin E3 ligase (muscle
RING finger 1) expression in soleus muscle were elevated following hindlimb suspension,
and these increments were suppressed by FPS-ZM1 treatment. Our findings indicate that
the AGE-RAGE axis is upregulated in unloaded atrophied skeletal muscle, and that
RAGE inhibition ameliorates microgravity-induced skeletal muscle atrophy by reducing

proinflammatory cytokine expression and ubiquitin-proteasome system activation.
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1. Introduction

Skeletal muscle mass is regulated by the balance between protein synthesis and
degradation, which increase and reduce it, respectively. Skeletal muscle atrophy can be
caused by several physiological and pathological conditions, such as unloading, aging,
malnutrition, burns, diabetes, cancer cachexia, sepsis, chronic renal failure, and chronic
obstructive pulmonary disease [1]. In particular, exposure to microgravity environments
has been well reported to result in marked skeletal muscle atrophy accompanied by the
changes of morphological, metabolic, and contractile properties [2].

Recently, glycation can been shown to be involved in the mechanism of skeletal
muscle atrophy [3, 4]. Glycation is non-enzymatic reaction between reducing sugars or
aldehydes with proteins, DNA, or lipids, resulting in the formation of glycation adducts
and advanced glycation end-products (AGEs). Glycation results in cell and tissue damage
by inhibiting the biological functions of proteins and activating the AGE receptor
(receptor for advanced glycation end-products, RAGE) [5]. Epidemiological studies have
shown that AGE accumulation is associated with low skeletal muscle quality [6, 7]. In
addition, experimental studies have demonstrated that the treatment of cultured muscle
cells with AGEs induces muscle atrophy [3, 8] and that long-term consumption of an
AGE-containing diet results in the accumulation of AGEs in skeletal muscle and muscle
dysfunction [9].

AGE:s stimulate several signaling pathways via a series of cell surface receptors, the
most studied of which is RAGE, a multi-ligand member of the immunoglobulin
superfamily. The involvement of the AGE-RAGE axis in several diseases, including
diabetic complications, cardiovascular disease, Alzheimer’s disease, and osteoporosis is
well established [10]. In this context, a variety of RAGE antagonists are now available
for preclinical and clinical studies [11, 12]. For example, TTP488 (azeliragon), which is
an orally-active small-molecule antagonist of RAGE, improves cognitive function in
Alzheimer disease patients by inhibiting inflammation and amyloid-f accumulation [13].
FPS-ZM1, which was identified by screening 5,000 compounds for their ability to inhibit
RAGE and amyloid-p interaction, can block amyloid-p-induced cellular stress in RAGE-
expressing brain endothelium, neurons, and microglia [14].

It has been shown that AGEs induce muscle atrophy via RAGE-mediated signaling

in cultured muscle cells [3] and that AGE-induced impairment in insulin signaling is



mediated by RAGE in cultured muscle cells and rats [15]. Furthermore, a recent study
has shown that pharmacological inhibition of RAGE ameliorates the aging-induced loss
of muscle mass in middle-aged mice [16]. These evidences suggest that inhibition of the
AGE-RAGE axis may be an effective means of treating skeletal muscle atrophy under
conditions in which the AGE-RAGE axis is activated. However, it has not been
investigated whether the AGE-RAGE axis is activated on microgravity environment, or
whether inhibition of the AGE-RAGE axis ameliorates microgravity-induced skeletal
muscle atrophy and the related molecular responses. In the present study, therefore, we
investigated the involvement of AGE-RAGE axis, by using the RAGE antagonist, FPS-
ZM1, in skeletal muscle atrophy following hindlimb suspension, which is a well-

established approach to create a ground-based model of microgravity.



2. Materials and Methods
2.1. Animals

Male 10-week-old C57BL/6NCr mice were purchased from Shimizu Breeding
Laboratories (Kyoto, Japan), housed in a room maintained at 22—24°C, under a 12:12 h
light/dark cycle, and fed a standard laboratory diet and water ad libitum. All animal
procedures were carried out in accordance with the Guide for the Care and Use of
Laboratory Animals published by the National Institutes of Health (Bethesda, MD, USA)
and were approved by the Kyoto University Graduate School of Human and

Environmental Studies (approval number: 28-A-2).

2.2. Hindlimb suspension procedure

Experiment 1: Mice were divided into two groups: a control (n = 8) and a hindlimb
suspension (HS, n = 6) group. The HS group was subjected to continuous hindlimb
suspension for 1 week, as described previously [17]. After the experimental period, soleus,
plantaris, and extensor digitorum longus (EDL) muscles were dissected from each mouse
under anesthesia and used for western blotting. Blood samples were collected from a
carotid artery into tubes containing heparin as an anticoagulant, and plasma was separated
by centrifugation at 8,000 x g for 15 min and used for the measurement of fluorescence
intensity, corresponding to AGE concentration. Age-matched animals that did not
undergo hindlimb suspension were used as controls. The fluorescence intensity
corresponding to AGE concentration was measured using 360 nm excitation and 460 nm
emission wavelengths on a Synergy LX Multi-Mode Microplate Reader (BioTek,
Winooski, VT, USA). The intensity levels were normalized to protein content and are
expressed in arbitrary units.

Experiment 2: Mice were divided into three groups: a control group (n = 16), a
hindlimb suspension group (n = 18), and a hindlimb suspension +FPS-ZM1 group (n =
16). Mice in the HS group were subjected to continuous hindlimb suspension for 1 week.
Mice in the hindlimb suspension +FPS-ZM1 group were injected daily intraperitoneally
with 1 mg/kg FPS-ZM1 (Millipore, Burlington, MA, USA) during the hindlimb
suspension procedure, and the mice in the hindlimb suspension group were injected daily
the equal volume of saline as a treatment control. The dose of FPS-ZM1 used was as

previously published [18]. After the experimental period, soleus muscles were dissected



from each mouse under anesthesia and weighed. A separate set of right muscle (n = 8-
10/group) and left muscle (n = 8-10/group) were frozen in liquid nitrogen and used for
western blotting and real-time RT-PCR analysis, respectively. Another separate set of
right muscle (n = 8/group) was immediately frozen in 2-methylbutane cooled with liquid
nitrogen and used for muscle fiber cross-sectional area (CSA) analysis. Age-matched

animals that did not undergo hindlimb suspension were used as controls.

2.3. Sample preparation and western blotting

Sample preparation and western blot analysis were performed as described previously
[19]. Muscles were homogenized in ice-cold lysis buffer (1:40 w/v) containing 20 mM
Tris-HCI (pH 7.4), 1% Triton-X, 50 mM NacCl, 250 mM sucrose, 50 mM NaF, 5 mM
sodium pyrophosphate, 2 mM dithiothreitol, 4 mg/L leupeptin, 50 mg/L trypsin inhibitor,
0.1 mM benzamidine, and 0.5 mM phenylmethylsulfonyl fluoride, then the homogenates
were centrifuged at 16,000 x g for 30 min at 4°C, and the supernatants were collected.

The samples were separated by SDS-PAGE using 4-15% polyacrylamide gels, then
proteins were transferred to polyvinylidene fluoride membranes (Bio-Rad Laboratories.
Hercules, CA, USA). Next, the membranes were blocked for 1 h using Western BLoT
Blocking Buffer (Takara Bio, Otsu, Japan) and incubated overnight at 4°C with primary
antibodies: RAGE (sc-365154, Santa Cruz Biotechnology, Santa Cruz, CA, USA), MyHC
slow-type (sc-32733, Santa Cruz Biotechnology), MG-modified protein (MMG-030n,
JalCA, Shizuoka, Japan), Ne-(carboxymethyl) lysine (KH001, Trans Genic, Kobe, Japan),
AGE-R1 (sc-74408, Santa Cruz Biotechnology), glyoxalase 1 (GTX628890, Gene Tex,
Darmstadt, Irvine, CA), aldose reductase (sc-166918, Santa Cruz Biotechnology),
ALDH2 (sc-100496, Santa Cruz Biotechnology), TNFa (sc-52746, Santa Cruz
Biotechnology), IL-1B (sc-52012, Santa Cruz Biotechnology), IL-6 (sc-57315, Santa
Cruz Biotechnology), K48-linkage specific polyubiquitin (4298, Cell Signaling
Technology, Danvers, MA, USA), MuRF1 (sc-398608, Santa Cruz Biotechnology), Ulk1
(8054, Cell Signaling Technology), phospho-Ulkl Ser’®’ (6888, Cell Signaling
Technology), LC3 (2775, Cell Signaling Technology), p62 (5114, Cell Signaling
Technology), p70S6K (9202, Cell Signaling Technology), or phospho-p70S6K Thr**’
(9234, Cell Signaling Technology). The membranes were then washed with Tris-buffered
saline containing 0.1% Tween 20 (TBS-T, pH 7.5) and incubated with corresponding



secondary antibodies for 1 h at room temperature. After a final wash with TBS-T, protein
bands were visualized using ECL Select (GE Healthcare, Buckinghamshire, UK) and a
bioimaging analyzer (LuminoGraph II, ATTO, Tokyo, Japan). The relative band
intensities were quantified and normalized to total protein by staining membranes with
Coomassie Brilliant Blue (CBB). Phosphorylation level was expressed as the ratio of the
phosphorylated form to the total form. For the quantification of MG-modified protein,
CML-modified protein, and K48-ubiquitinated protein, the signal intensity of full-

molecular-weight was quantified.

2.4. Real-time RT-PCR analysis

Real-time RT-PCR analysis were performed as described previously [9]. Total RNA
was extracted from frozen muscles using the RNeasy Mini Kit (Qiagen, Venlo,
Netherlands). RNA was reverse-transcribed into cDNA using PrimeScript RT Master
Mix (Perfect Real Time, Takara Bio). The synthesized cDNA was subjected to real-time
RT-PCR (Step One Real Time System, Applied Biosystems, Carlsbad, CA, USA) using
SYBR Premix Ex Taqg (Takara Bio) and then analyzed using StepOne Software v2.3
(Applied Biosystems). The relative fold- difference in expression was calculated using
the comparative CT method. Ribosomal protein S18 (Rps18) was used as a reference gene.
The primers used were as follows: Trim63, 5°>-AGGACTCCTGCAGAGTGACCAA-3’
(forward) and 5’-TTCTCGTCCAGGATGGCGTA-3> (reverse); Fbxo32, 5’-

TGTCCTTGAATTCAGCAAGCAAAC-3’ (forward) and 5’-
TGTGGCCATCCATTATTTCCAG-3’ (reverse); Wwpl, 5’-
GACATGGCCACTGCTTCAC-3’ (forward) and 5’-
GGAGGTCAATTAACGGCTCTG-3’ (reverse); and Rps18, 5’-
TTGGTGAGGTCAATGTCTGCTTT-3’ (forward) and 5’-

AAGTTTCAGCACATCCTGCGAGT-3’ (reverse).

2.5. Muscle fiber CSA analysis

To measure the CSA of individual fibers, muscle cryostat sections were stained for
laminin by the standard immunohistochemical technique [20]. Briefly, frozen serial
sections (7 pm) were cut from the midbelly of soleus muscles at -20°C and mounted on

glass slides. Cross sections were fixed with 4% paraformaldehyde for 15 min, and then



were post-fixed in ice-cold methanol for 15 min. Sections were blocked for 30 min by
using Blocking One Histo (Nacalai tesque, Kyoto, Japan). Then, samples were incubated
with the primary antibodies for rabbit polyclonal anti-laminin (L9393, Sigma, St. Louis,
MO, USA) overnight at 4°C. Sections were then incubated with the second antibodies for
Alexa Fluor 488-conjugated anti-rabbit IgG (Jackson Immunoresearch, West Grove, PA,
USA) for 1 h at room temperature. A cover glass was then placed above the section
covering Vector Shield (Vector Laboratories, Burlingame, CA, USA). Fiber CSA (~150
fibers/muscle) was automatically measured as the internal laminin-unstained area by

using ImageJ.

2.6. Statistical analysis

Data are expressed as means = SE. Differences between two groups were analyzed
using Student’s t-test. Multiple means were analyzed using the parametric Tukey—Kramer
or non-parametric Steel-Dwass multiple comparisons tests, as appropriate. The
interrelationships between the relative muscle mass and the levels of AGEs were assessed
using Pearson’s correlation. Values were considered statistically significant when P <
0.05. Effect size was classified using Cohen's r (r =0.10, small; 0.30, medium; 0.50, large).
Effect size is a quantitative measure of the magnitude for the difference between two
means and is useful for interpreting biological significance of results rather than just their
statistical significance, and further contributes to compare effects across studies (e.g.
meta-analytic study) and animal welfare because this index is often used when
determining sample size in a planning study [21]. All statistical analyses were performed
using Ekuseru-Toukei 2012 software (Social Survey Research Information, Tokyo,

Japan).
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3. Results
3.1. The AGE-RAGE axis is activated in atrophied muscle by hindlimb suspension
To investigate whether the AGE-RAGE axis is activated by hindlimb suspension, we
evaluated the fluorescence intensity of AGEs in plasma and the RAGE expression in
soleus, plantaris, and EDL muscle after hindlimb suspension. Several AGEs demonstrate
characteristic fluorescence, and therefore the fluorescence intensity is a measure of the
accumulation of AGEs [22]. After 1-week hindlimb suspension, the fluorescence intensity
of the plasma was significantly elevated (Figure 1A). Both soleus (CON, 0.33 + 0.01; HS,
0.28 £ 0.01 mg/g, P=0.001, r = 0.75), and plantaris (CON, 0.63 = 0.01; HS, 0.56 + 0.01
mg/g, P <0.001, r = 0.78) mass normalize to body mass were significantly reduced by
hindlimb suspension, but not EDL (CON, 0.40 = 0.01; HS, 0.41 £ 0.01 mg/g, P=0.43,r
= 0.21). Consistent with this muscle atrophic response, RAGE expression was elevated
in soleus and plantaris muscle but not EDL muscle in response to hindlimb suspension

(Figure 1B).

3.2. RAGE inhibition ameliorates soleus muscle atrophy induced by hindlimb
suspension

To determine whether RAGE inhibition ameliorates skeletal muscle atrophy, we
investigated the effect of treatment with the RAGE antagonist, FPS-ZMI1, on soleus
muscle mass, muscle fiber CSA, and the expression of slow-type myosin heavy chain
(MyHC), because skeletal muscle atrophy preferentially affects specific fiber types, and
i1s generally accompanied by a slow-to-fast shift in fiber type and MyHC isoform
phenotype during unloading-induced skeletal muscle atrophy [23]. Following hindlimb
suspension for 1 week, the ratio of soleus to body mass was significantly lower, but FPS-
ZM1 treatment significantly ameliorated this reduction (Figure 2A). Correspondingly,
FPS-ZMI1 treatment partly cancelled the reduction of muscle fiber CSA (Figure 2B).
Further, the expression of slow-type MyHC was significantly downregulated by hindlimb
suspension, but FPS-ZM1 treatment tended to ameliorate this reduction with a large effect

size (Figure 2C).

3.3. RAGE inhibition suppresses AGE accumulation in soleus muscle induced by

hindlimb suspension
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To determine the effect of RAGE inhibition on AGE accumulation in atrophied
soleus muscle, we measured the levels of methylglyoxal (MG)-modified proteins and Ne-
(carboxymethyl) lysine (CML)-modified proteins following hindlimb suspension. MG-
derived AGEs and CML-derived AGEs are major glycated proteins found in tissues and
are ligands for RAGE [24, 25]. After 1-week hindlimb suspension, MG-modified proteins
and CML-modified proteins had accumulated in soleus muscle, but FPS-ZM1 treatment
significantly suppressed the accumulation of MG-modified proteinsand tended to
ameliorate the accumulation of CML-modified proteins with a middle effect size
(Figure 3A). Furthermore, the muscle levels of MG-modified proteins and CML-modified

proteins inversely correlated with soleus muscle mass (Figure 3B).

3.4. RAGE inhibition ameliorates the changes in expression of molecules regulating
AGE accumulation in soleus muscle induced by hindlimb suspension

To determine the effect of hindlimb suspension and RAGE inhibition on glycation-
defense systems, we measured the expression of AGE receptor 1 (AGE-R1), glyoxalase
1, aldose reductase, and aldehyde dehydrogenase (ALDH) 2 following hindlimb
suspension (Figure 4). AGE-R1, which is an integral plasma membrane protein, is
involved in the detoxification and clearance of AGEs [26], and glyoxalase 1, aldose
reductase, and ALDH are enzymes that contribute to the inhibition of AGE formation [27].
After 1-week hindlimb suspension, the expression of AGE-RI1, glyoxalase 1, aldose
reductase, and ALDH2 was significantly higher, but FPS-ZM1 treatment tended to

ameliorate this effect with a large effect size (Figure 4).

3.5. RAGE inhibition ameliorates the inflammatory response induced in soleus
muscle by hindlimb suspension

To determine the effects of RAGE inhibition on the inflammatory response, we
measured the expression of the proinflammatory cytokines tumor necrosis factor o
(TNFa), interleukin (IL)-1pB, and IL-6 (Figure 5). While IL-1p exists as a pro-IL-1p and
mature-IL-1p, we measured mature-IL-1f3 because mature form is only active [28]. The
expression of TNFa, IL-1p, and IL-6 was significantly increased by 1-week hindlimb
suspension, but FPS-ZM1 treatment significantly ameliorated the increase in expression

of TNFa, and tended to ameliorate the increases in IL-1P and IL-6 expression with a
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middle effect size (Figure 5).

3.6. RAGE inhibition ameliorates the activation of the ubiquitin-proteasome system
induced in soleus muscle by hindlimb suspension

To determine the effects of RAGE inhibition on the ubiquitin-proteasome system, we
measured the expression of ubiquitin E3 ligases and the levels of K48-ubiquitinated
proteins. After the 1-week hindlimb suspension period, muscle RING finger protein 1
(MuRF1) mRNA (7rim 63) (Figure 6A) and MuRF1 protein (Figure 6B) were
significantly upregulated, but FPS-ZM1 treatment significantly ameliorated these effects.
On the other hand, hindlimb suspension had no impact on the expression of atrogin-1
mRNA (Fbox32) and WW domain containing E3 ubiquitin protein ligase 1 (WWP1)
mRNA (Wwpl) (Figure 6A). The levels of K48 ubiquitinated proteins were significantly
higher after hindlimb suspension, but FPS-ZM1 treatment tended to ameliorate this effect
with a middle effect size (Figure 6B).

3.7. RAGE inhibition does not affect autophagy or the protein synthesis pathway in
soleus muscle following hindlimb suspension

To determine the effects of RAGE inhibition on autophagy and protein synthesis
pathways, we measured the levels of phosphorylation of Unc-51-like kinase 1 (Ulk1)
Ser””’, the microtubule-associated protein 1 light chain 3 (LC3) II-to-LC3I ratio, p62
expression, and the phosphorylation of 70-kDa ribosomal S6 kinase (p70S6K) at Thr*’
following hindlimb suspension (Figure 7). Ulkl Ser’*’ dephosphorylation, high LC3II-
to-LC3I ratio, and p62 breakdown are widely used as markers of autophagy and p70S6K

phosphorylation is the primary means of assessing the activity of the protein synthesis
757

2

pathway. After 1-week hindlimb suspension, the phosphorylation level of Ulkl Ser

p62 expression, and the phosphorylation level of p70S6K Thr*%”

were significantly lower,
and the LC31II-to-LC3I ratio was significantly higher. However, FPS-ZM1 treatment did

not ameliorate these effects (Figure 7).
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4. Discussion

We have made several novel findings in the present study regarding the involvement
of the AGE-RAGE axis in microgravity-induced skeletal muscle atrophy. First, 1-week
hindlimb suspension increased AGE levels and RAGE expression in atrophied soleus and
plantaris but not non-atrophied EDL muscle (Figure 1 and 3) or/and the circulation
(Figure 1). Second, RAGE inhibition ameliorated the soleus muscle atrophy caused by
hindlimb suspension (Figure 2) and proportionately reduced AGE accumulations (Figure
3). Third, hindlimb suspension increased the expression of receptors and enzymes
regulating AGE accumulation, and RAGE inhibition reduced these changes (Figure 4).
Fourth, RAGE inhibition reduced the upregulation of proinflammatory cytokine
expression (Figure 5) and the activation of the ubiquitin-proteasome system (Figure 6) in
response to hindlimb suspension. Finally, RAGE inhibition had no effect on the hindlimb
suspension-induced activation of autophagy and suppression of the protein synthesis
pathway (Figure 7).

AGEs accumulate in the human body with aging, including in the blood, lenses, skin,
aorta, liver, bone, brains, tendons, and skeletal muscles [29]. In the past decade, many
researchers have shown an inverse relationship between AGE accumulation in the blood
or skin and muscle mass and function in elderly people [6, 7]. The intracellular
accumulation of AGEs in skeletal muscle has also been shown in aged rats [30, 31].
Another study showed that treatment with alagebrium chloride, an AGE inhibitor,
ameliorated skeletal muscle atrophy in diabetic mice [3]. Following that report, our
previous studies also demonstrated that long-term AGE loading inhibits skeletal muscle
growth and the development of muscle functions, including tension and fatigue resistance,
by impairing myogenic capacity and cellular signal transduction [8, 9]. Taken together,
these findings suggest that AGE accumulation in the body is a cause of age- or diabetes-
induced skeletal muscle dysfunction. In the present study, we found that AGE
accumulation occurs in response to hindlimb suspension in only atrophied muscle (Figure
1 and 3) and correlates with muscle mass (Figure 3). Therefore, AGE accumulation may
be involved in microgravity-induced skeletal muscle atrophy.

Skeletal muscle possesses a series of defense mechanisms against glycation. AGE-
R1 is a scavenger receptor that is responsible for the detoxification and clearance of AGEs,

and there is an inverse relationship between AGE-R1 expression and AGE toxicity [26].
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Skeletal muscle AGE-R1 expression is lower in diet-induced obese mice, which also
show AGE accumulation, higher RAGE expression, and lower of myogenic capacity [32,
33]. These findings suggest that AGE-R1 expression may be lower in unloaded muscles,
which may contribute to muscle dysfunction. However, in the present study, we found
that AGE-R1 expression was higher in microgravity-induced atrophic muscle and that
this change was ameliorated by RAGE inhibition (Figure 4). Because AGE-R1 has been
shown to have a counter-regulatory effect on the AGE-RAGE axis [34], the upregulation
of AGE-R1 may be a compensatory mechanism to offset activation of the AGE-RAGE
axis during microgravity exposure.

In addition to AGE-R1, glyoxalase, aldose reductase, and aldehyde dehydrogenase
are considered to participate in the defense against AGEs accumulation [27]. Dysfunction
of MG detoxification causes the development of aging-associated diseases, such as
diabetes, renal failure, cardiovascular disease, and cancer [35]. Furthermore, a recent
study showed that the glyoxalase system is dysregulated in the skeletal muscle of diabetic
patients, thereby contributing to muscle insulin resistance [36]. A clinical trial conducted
in overweight and obese patients demonstrated that a drug that induces glyoxalase 1
activity reduces the risk of developing diabetes, potentially by reducing RAGE expression
[37]. The results of the present study, that glyoxalase 1, aldose reductase, and ALDH2
expression is high during hindlimb suspension (Figure 4), suggest that these enzymes
may have been upregulated in response to the increase in MG-derived AGE formation
during microgravity exposure, as in AGE-R1.

The inflammatory response, which involves the upregulation of proinflammatory
cytokines, such as TNFa, IL-1p, and IL-6, is thought to be involved in skeletal muscle
atrophy [38]. High TNFa, IL-1p, and IL-6 levels have been reported to be associated with
microgravity-induced muscle atrophy in humans [39] and rodents [40-43], and high
expression of TNFa, IL-1pB, and IL-6 mRNA was identified in the present study (Figure
5). In this context, it has been reported that the activation of RAGE is closely related to a
sustained inflammatory response [44]. A previous study showed that RAGE gene
promoter activity correlates with TNFa, IL-1, and IL-6 production in peripheral blood
mononuclear cells from diabetic patients [45]. In addition, a RAGE-neutralizing antibody
has been shown to reduce AGE-induced upregulation of IL-1 in mouse macrophages

[46]. In the present study, RAGE inhibition ameliorated the increases in TNFa, IL-1p,
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and IL-6 expression induced by hindlimb suspension (Figure 5). It has also been
previously reported that the inhibition of IL-6 ameliorates hindlimb suspension-induced
skeletal muscle atrophy [47]. Therefore, RAGE inhibition may ameliorate skeletal muscle
atrophy by reducing the expression of proinflammatory cytokines.

Proinflammatory cytokines are released from macrophages and neutrophils in
response to inflammatory stimuli. However, it is controversial that unloading stress
recruits macrophages and neutrophils into skeletal muscle. Some studies have shown that
the recruitment of macrophages and neutrophils did not occur in soleus muscle after 7 to
10 days hindlimb suspension [48, 49], whereas other study has reported the upregulation
of macrophages and neutrophils expressions [50]. In the present study, we did not check
the whole inflammatory process, and therefore it needs further studies to clear the
involvement of a series of inflammation processes in the RAGE-associated regulation of
muscle adaptations during microgravity exposure.

In conclusion, our findings indicate that the AGE-RAGE axis is upregulated in
skeletal muscle under microgravity environment, and that RAGE inhibition ameliorates
microgravity-induced skeletal muscle atrophy, proinflammatory cytokine expression, and
the activation of the ubiquitin-proteasome system. To the best of our knowledge, this is
the first study to show the involvement of the AGE-RAGE axis in skeletal muscle atrophy
induced by microgravity exposure. The present findings contribute to our understanding
of the complex molecular responses that occur during microgravity-associated skeletal

muscle adaptation.
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Figure Legends

Figure 1

The fluorescence intensity of advanced glycation end-products (AGEs) (A) and
receptor for AGEs (RAGE) expression (B) in soleus, plantaris, and extensor digitorum
longus (EDL) muscle after hindlimb suspension. Mice in the HS group were subjected to
continuous hindlimb suspension for 1 week. Age-matched mice that did not undergo
hindlimb suspension were used as controls (CON). The fluorescence intensity associated
with AGEs were measured using 360 nm excitation and 460 nm emission wavelengths.
The intensity levels are expressed in arbitrary units. Data are means = SE; n=6-8 per
group. Individual data points are indicated on the bar graph. Representative images of

immunoblots and CBB staining are shown. The value of effect size is listed in parentheses.

Figure 2

Soleus mass normalized to body mass (A), muscle fiber cross sectional area (CSA)
(B), and myosin heavy chain (MyHC) slow-type expression (C) after hindlimb suspension
and/or RAGE antagonist treatment. Mice in the HS group were subjected to continuous
hindlimb suspension for 1 week. Age-matched mice that did not undergo hindlimb
suspension were used as controls (CON). Mice in the HS + FPS-ZM1 group were injected
daily intraperitoneally with 1 mg/kg FPS-ZM1, a RAGE antagonist, during hindlimb
suspension. Data are means = SE; n=7-9 per group. Individual data points are indicated
on the bar graph. Representative images of immunofluorescence, immunoblots, and CBB

staining are shown. Scale bars, 50 um. The value of effect size is listed in parentheses.

Figure 3

The level of methylglyoxal (MG)-modified proteins and Ne-(carboxymethyl) lysine
(CML)-modified proteins after hindlimb suspension and/or RAGE antagonist treatment
(A), and the interaction between MG- or CML-modified protein level and muscle mass
(B). For the quantification of MG-modified proteins and CML-modified proteins, the
signal intensity of full-molecular-weight were quantified. Data are means = SE; n=8 per
group. Individual data points are indicated on the bar graph. Representative images of

immunoblots and CBB staining are shown. The value of effect size is listed in parentheses.
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Figure 4

The expression of AGE receptor 1 (AGE-R1), glyoxalase 1, aldose reductase, and
aldehyde dehydrogenase (ALDH) 2 after hindlimb suspension and/or RAGE antagonist
treatment. Data are means = SE; n=8 per group. Individual data points are indicated on
the bar graph. Representative images of immunoblots and CBB staining are shown. The

value of effect size is listed in parentheses.

Figure 5

The expression of tumor necrosis factor (TNF) a, interleukin (IL)-1p, and IL-6 after
hindlimb suspension and/or RAGE antagonist treatment. Data are means + SE; n=8 per
group. Individual data points are indicated on the bar graph. Representative images of

immunoblots and CBB staining are shown. The value of effect size is listed in parentheses.

Figure 6

The expression of Trim63, Fbox32, and Wwpl mRNA (A), and muscle-specific
RING finger 1 (MuRF1) protein and K48-ubiquitinated proteins (K48-Ub) (B) after
hindlimb suspension and/or RAGE antagonist treatment. For the quantification of K48-
ubiquitinated proteins, the signal intensity of full-molecular-weight were quantified. Data
are means = SE; n=7-8 per group. Individual data points are indicated on the bar graph.
Representative images of immunoblots and CBB staining are shown. The value of effect

size is listed in parentheses.

Figure 7

The phosphorylation level of Unc-51-like kinase 1 (Ulk1) Ser’’, the microtubule-
associated protein 1 light chain 3 (LC3) II/LC3I ratio, p62 expression, and the
phosphorylation level of 70-kDa ribosomal S6 kinase (p70S6K) Thr*® after hindlimb
suspension and/or RAGE antagonist treatment. Data are means + SE; n=6—8 per group.
Individual data points are indicated on the bar graph. Representative images of

immunoblots and CBB staining are shown. The value of effect size is listed in parentheses.
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