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Inactivation of ATG13 stimulates chronic demyelinating pathologies
in muscle-serving nerves and spinal cord
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Abstract
Chronic muscle fatigue is a condition characterized by debilitating muscle weakness and pain. Based on our recent finding
to study the potential effect of mMTOR on ATG13 inactivation in chronic muscle fatigue, we report that biweekly oral
administration with MHY 14835, a potent inducer of mTOR, develops chronic illness in mice resulting in severe muscle
weakness. As a mechanism, we observed that MHY 1485 feeding impaired ATG13-dependent autophagy, caused the
infiltration of inflammatory M1 macrophages (M), upregulated IL6 and RANTES by STAT3 activation, and augmented
demyelination in muscle-serving nerve fibers. Interestingly, these mice displayed worsened muscle fatigue during 2-day
post-treadmill exercise, suggesting the critical role of chronic mTOR activation in potential PEM pathogenesis. Interestingly,
ATGI13-repressor mice exhibited enhanced infiltration of M1Mg cells, STAT3 activation, demyelination of nerve fibers, and

PEM-like symptoms, suggesting the potential role of ATG13 impairment in post-exertional fatigue.

Highlights

The potential role of mTOR activation in post-exertional fatigue is highlighted.
As a molecular mechanism, mTOR activation augments autophagy impairment via ATG13 inactivation.
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Autophagy impairment induces IL-6 and RANTES via STAT3, demyelinates nerves in the muscle and spinal cord.

ATG13 repressor mice (Tg-ATG13) displayed inflammatory demyelination and post-treadmill fatigue.
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Abbreviations

mTOR Mammalian target of rapamycin

mTORC1 MTOR complex 1

EMG Electromyogram

PEM Post-exertional malaise

ATG13 Autophagy-related protein 13

ULK1 Unc-51 like autophagy activating kinasel

LC3 Microtubule-associated protein 1A/1B-light
chain 3

STAT3 Signal transducer and activator of transcrip-
tion 3

RANTES Regulated upon Activation, Normal T cell
Expressed, and Secreted

IL-6 Interleukin 6

1P Immunoprecipitation

1B Immunoblot

ChIP Chromatin immunoprecipitation

MFI Mean fluorescence intensity

Bwt Body weight

Mo Macrophage

DAB Diaminobenzidine

IF Immunofluorescence

ir Immunoreactive
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Introduction

ME/CES is a chronic inflammatory disease characterized
by severe muscle fatigue, pain, and cognitive impairment
[1]. The most reliable pathological symptom of ME/CFS
is post-exertional malaise (PEM) [2], which is persistent
muscle fatigue and pain after treadmill exercise [3, 4].
Upon treadmill exercise, patients are often reported to have
a “crash” or “collapse” with severe and prolonged mental
and physical tiredness [5, 6]. Sometimes, the post-exertional
fatigue becomes so severe that the patient remains bedridden
for a long time [6]. However, until now, the molecular
mechanism of PEM is poorly understood, primarily due to
the unavailability of a reliable disease model that successfully
displays PEM pathology after treadmill exercise.

Recently, our research [7] identified that ATG13, an early
autophagy protein, was phosphorylated and elevated in the
serum of a small cohort (n=10) of ME/CFS patients, sug-
gesting a potential role of ATG13 inactivation and subsequent
autophagy impairment in ME/CFS. ATG13 initiates autophago-
some formation by forming a core complex with ULK1 (Unc-51
Like Autophagy Activating Kinase 1), FIP200, and ATG101
[8]. The mammalian target of rapamycin complex 1 (mTORC1),
an intracellular serine/threonine kinase complex, phosphorylates
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ATG13 at its serine residue, disrupts the formation of an
autophagy complex, and as a result, the autophagy process is
inhibited [9, 10]. Interestingly, our research [7] also identified
that the serum samples of ME/CFS patients were associated
with elevated levels of phosphorylated ATG13 in serine residue.
That phosphorylated ATG13 was observed to induce microglial
activation via engagement with the receptor of advanced glyco-
protein, or RAGE. Since the phosphorylation of ATG13 was
augmented due to the upstream activation of mTORCI [11],
we are interested in studying the crosstalk between mTOR and
ATG13 in the pathogenesis of ME/CFS. Therefore, in our cur-
rent paper, we attempted to make a drug-induced mouse model
with a chemical induction of mTORCI1 by the compound MHY-
1485. MHY-1485 is a potent cell-permeable mTOR activator
[12, 13] that targets the ATP domain of mTOR. A cell culture
study demonstrated that MHY 1485 inhibited the autophagy
process in HEK293T cells by inhibiting the fusion of the
autophagosome with the lysosome [12]. Moreover, a cell cul-
ture study suggests that MHY-1485 potentially promotes fertility
in females once treated in combination with an AKT agonist
[14]. Howeyver, the effects of MHY 1485 in the chronic activation
of mTOR, autophagy impairment, inflammatory changes, and
resultant muscle fatigue had not been tested in vivo.

A dose-dependent feeding study followed by a bilateral
EMG recording analysis demonstrated that oral administration
of 5 mg/kg bwt MHY-1485, a selective agonist of mTOR, once
an alternative day for 2 weeks induced S355 phosphorylation
of ATG13, autophagy impairment, and severe muscle fatigue in
3- to 4-week-old female B6 mice. Immunohistochemical studies
in muscle biopsies revealed that the mTOR-mediated autophagy
impairment induced an elevated infiltration of M1 macrophages
(M1M¢), demyelinating response in nerve bundles and nerve
fibers serving skeletal muscle, and apoptosis in muscle cells.
While investigating the molecular mechanism, our research
highlighted that the chronic activation of mTOR triggered the
activation of STAT3 following upregulations of inflammatory
cytokines such as IL6 and RANTES. The direct role of ATG13
inactivation in muscle fatigue was further corroborated by a
post-treadmill fatigue assessment study in our in-house trans-
genic ATG13 suppressor mouse model (Tg-ATG13), in which a
single-session treadmill exercise at a speed of 14 rpm for 7 min
exacerbated muscle fatigue even after 2 days. Taken together,
our present study highlighted a molecular mechanism of chronic
mTOR activation in ATG13 inactivation to trigger a demyelinat-
ing response resulting in chronic muscle fatigue in mice.

Materials and methods

Reagents, plasmids, and antibodies

MHY 1485 (Cat # B5853), puromycin (Cat #A3740;
50 mg), and Ampicillin (Cat #A2510; 1 g) were purchased

from Apex Bio (Houston, TX). Luria Broth (Miller’s)
powder (100 g) was purchased from Innovating Science.
Methylcellulose solution (3%) (CAS No.: 9004-67-5)
was purchased from Carolina (Burlington, NC). HA-
hULK1 was a gift from Do-Hyung Kim (Addgene plas-
mid # 31,963; http://n2t.net/addgene:31963; RRID:
Addgene_31963). FLAG-hAtg13 plasmid was a gift from
Noboru Mizushima (Addgene plasmid # 22,872; http://
n2t.net/addgene:22872; RRID: Addgene_22872). GFP-
LC3 plasmid was a gift from Jayanta Debnath (Addgene
plasmid # 22,405; http://n2t.net/addgene:22405; RRID:
Addgene_22405). Cloning of IL6 promoter and site-
directed mutation of IL6 promoter were performed by
GeneCopoeia (Rockville, MD). HEK293T cells and C20
human microglial cell line were gifted by Prof. Leggy A.
Arnold of the University of Wisconsin-Milwaukee. All
antibodies were enlisted below in Table 1 detailing dilu-
tion, application, and vendors.

RayBio® C-Series Human Inflammation Antibody
Array (Cat# AAH-INF-3) was purchased from Ray-
Biotech (Norcross, GA 30092). A Human IL6 ELISA
kit was purchased from BD Biosciences (Cat#555220).
The Human RANTES ELISA kit was purchased from
Abcam (Cat# ab100633). SuperScript® III Platinum®
SYBR® Green One-Step qRT-PCR Kit, 100 rxns (Cat
# 11736051; Lot#2,416,961) was purchased from Life
Technologies (ThermoFisher Scientific). IRDye® 700
STAT3 Consensus Oligonucleotide for EMSA was pur-
chased from LI-COR Bioscience (P/N: 829-07922).
Novex™ WedgeWell™ 4-12% Tris—Glycine gel (Cat#
XP04122BOX; Lot # 21,122,230) for immunoblot and 6%
DNA retardation gel (Cat# EC6365BOX; Lot# 22,012,742)
for EMSA were purchased from Invitrogen (ThermoFisher
Scientific). LysoTracker™ Red DND-99 (Cat # 1.7528)
was purchased from ThermoFisher Scientific.

Animal housing and treatment

Male and female B6 mice (3- to 4-week and 5- to 6-week
old) were purchased from the Jackson Laboratory. The
animal maintenance, behavioral analysis, and surgical pro-
cedure were approved by the IACUC (protocol: 21-22#28)
and IBC (protocol#B22.014) committees of the Univer-
sity of Wisconsin-Milwaukee (UWM). Mice were housed
in ventilated micro-isolator cages in an environmentally
controlled vivarium (7:00 A.M./7:00 P.M. light cycle; tem-
perature maintained at 21-23 °C; humidity 35-55%) at the
animal research center (ARC) of UWM. Tg-ATG13 mouse
strain [MO-146703355 (041527-UCD-RESUS)] was
developed by the Mutant Mouse Resource and Research
Center (MMRRC) of UC Davis upon request. These ani-
mals were maintained, genotyped, bred, and tested under
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Tablg 1 .LiSt of antibodies and Antibody Host/isotype Vendor (catalogue) Application  Dilution

applications
Anti-HA Rabbit / IgG Proteintech (51,064-2-AP) WB 1:500
Anti-FLAG Mouse / IgG2b  Proteintech (66,008—4-1 g) WB 1:500
Anti-LC3 Rabbit / IgG Proteintech (14,600-1-AP) WB 1:500
Anti-IL6 Rabbit / IgG Proteintech (21,865—1-AP) WB 1:500
Anti-Bactin Mouse/IgG RnD Systems (MAB8929) WB 1:1000
Anti-Phospho (Y705) STAT3  Rabbit / IgG Cell Signaling Tech (9145 T)  WB/IHC/IF  1:500
Anti-Phospho (S727) STAT3  Rabbit/ IgG Cell Signaling Tech (9134 T) WB 1:500
Anti-ATG13 Rabbit/IgG Invitrogen (18258-1-AP) WB 1:500
Anti-Phospho (S355) ATG13  Rabbit/IgG Cell Signaling Tech (46329S) WB 1:500
Anti-Tuj1 Mouse/IgG Invitrogen (MA1-118) IF 1:500
Anti-WDFY3 Mouse/IgG Invitrogen (MAS5-48,715) IF/THC 1:500
Anti-IBA1 Rabbit/IgG Millipore Sigma (ZRB1177)  IF 1:500

WB western blot, /F immunofluorescence, /HC immunohistochemistry

protocol no. 22-23 #20. Animals were provided standard
mouse chow and water ad libitum and closely monitored
for health and overall well-being daily by veterinary staff
and the investigator. After 2 days of resting period, mice
were gavaged with 0, 2, 5, and 10 mg/kg bwt MHY 1485
with a micro-cannulated blunt-tipped gavage needle (24G
curved) every alternate day for 2 weeks. MHY 1485 was
suspended in 0.05% (v/v) methylcellulose solution. Before
feeding, animals were weighed, and vitals such as body
temperature and heart rate were monitored with MouseStat
Jr. (Kent Scientific). In the beginning, a pilot study (n=35)
was performed for dose optimization, tolerance, age, and
gender sensitivity of the drug. Later, the same study was
repeated with n=10 animals per group. After 2 weeks
of feeding, animals were monitored for gross movement,
EMG recording, and post-treadmill analysis for another
7 days. After that, molecular studies were performed in
muscle, brain, and splenic tissue. Results are confirmed
with three different experiments at p < 0.05 significance.

Collection of human serum samples

Serum samples were collected, and the questionnaire
data were previously collected [7] under the supervision
of Dr. Daniel Peterson (Sierra Internal Medicine, Incline
Village, NV) (Western IRB#20,201,812). Blood samples
were centrifuged, and serum samples were aliquoted and
then immediately frozen at — 80 °C. Each sample was
given a unique identification number and recorded both
in a notebook and Microsoft Excel with a date and signa-
ture as per the IRB-approved protocol. Samples were then
delivered to our research facility in UWM on dry ice over-
night. Upon receipt, samples were processed and assayed
immediately. Questionnaire and de-identified clinical data
are stored in a secure, limited-access Redcap sever data-
base managed by the Research Staff and Clinical Fellow at
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Sierra Internal Medicine. Patient records were maintained
with privacy policy guidelines set by Sierra Internal Medi-
cine. The sample cohort used in the study was previously
reported elsewhere [15].

Promoter analysis and chromatin
immunoprecipitation (ChIP) assay

Promoter sequences of IL6 and RANTES were
extracted from chromosomes #7 (PubMed.gov Seq. ID:
NG_011640.1) and 17 (PubMed.gov Seq ID: 259,906,039),
respectively. After that, with the help of Matlnspector
(Genomatix software suite), these sequences were ana-
lyzed for STAT3 binding sites; resultant responsive ele-
ments of STAT3 protein were identified with matrix match
score > 0.9 and then displayed with a bit score diagram.
Next, primer sequences were designed from 125 to 150 bp
of nucleotides around the response element. Primer design-
ing was performed with the help of the “primer blast” mod-
ule of PubMed (Link: https://www.ncbi.nlm.nih.gov/tools/
primer-blast/). Primers used to amplify sonicated DNA are
as follows.

IL6 promoter (product length =145 bp)

Sense: S’"AGACCTGGTTTGGGGATCTTAAT 3'; Anti-
sense: 5’ AGCAATGAGCTGGTCTCCCA 3'.

RANTES promoter (product length =90 bp)

Sense: 5' TGTTGTCCCCAAGAAAGCGG 3'; Antisense: 5’
GGAAAAATTTCTCTGCTGACATCCT 3'.

Recruitment of STAT3 to the IL6 and RANTES promot-
ers had been analyzed in mouse primary microglial cells
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in vitro by ChIP as described previously [16]. Briefly, cells
were treated with 5 uM MHY 1485 for 5 h under serum-
free condition, fixed with 4% paraformaldehyde, quenched
with 5 M glycine, washed, extracted for nuclear fraction
(Abcam nuclear extraction kit; Cat# ab113474), sonicated
(Swift lab ultrasonic processor; pulse sonication at 25 kHz)
in Tris—EDTA buffer (Ph 7.6), incubated with antibodies at
rotating condition overnight followed by pulling down with
protein A agarose, dissociated the DNA—protein complex
with Chelex® 100 (Sigma), centrifuged, and then performed
real-time PCR with aforementioned primers via SYBR
Green detection method.

Electrophoretic mobility shift assay (EMSA)

EMSA was performed in mouse microglial cells as described
below. Mouse primary microglial cells were treated with 0,
2, and 5 uM MHY 1485 for 2 h, followed by nuclear frac-
tionation with a nuclear extraction kit (Abcam). After that,
the reaction was performed with 2 pL. 10X Binding Buffer
(100 mM Tris, 500 mM KCI, 10 mM DTT; pH 7.5)+1
uL of Poly(dledC) 1 pg/uL in 10 mM Tris, 1 mM EDTA;
pH 7.5+2 pL of 25 mM DTT/2.5% Tween®20 + 10 pL of
water + 1 uL of IRDye 700 NFxB + 2 pL of nuclear extract
(5 ug) (=total 20 pL reaction). During that reaction, 6%
DNA gel was pre-run at 0.5% TBE for 30 min (120 V), and
then the reaction mixture was loaded and electrophoresed for
90 min at 90 V. The gel was carefully transferred in a glass
tray and imaged at Li-Cor Odyssey Sa imager at 200 um
resolution.

GFP-LC3 and Lysotracker fluorimetry assay

HEK?293T cells were cultured in a 96-well plate for fluor-
imetry and in an 8-well chamber slide for immunofluores-
cence imaging. Once reached 75% confluency, cells were
transfected with 0.25 pg of GFP-LC3 plasmid via Lipo-
fectamine™ 3000 transfection reagent as per the manu-
facturer’s protocol. After 24 h, cells were starved for an
additional 24 h to induce autophagy and then treated with
increasing doses of MHY 1485 for 5 h. Dose-dependent
effect of MHY 1485 on the expression of GFP-LC3 was
assessed by fluorimetric reading at Ex: Em =485/535 nm in
the Victor X 3 fluorescence platereader. For lysosomal quan-
tification, cells were labeled with 50 nM of LysoTracker™
Red DND-99 (initial conc: 1 mM; diluted with serum-free
media 1:20,000) and incubated at 37 °C for 30 min. For
fluorimetry, cells were scanned at Ex: Em=540/576 nm in
a Victor X 3 fluorescence plate reader. For immunofluores-
cence, cells were fixed with chilled methanol, kept at—20 °C
overnight, washed with 1 X PBS, and then imaged at a Hund
Wetzlar fluorescence microscope at the FITC (GFP-LC3)
and TRITC (Lysotracker) channels.

Real-time PCR analysis

RNA isolation was performed with a Gene Jet RNA
purification kit (Lot # 01199835; Thermo Scientific)
provided with RNA purification columns, lysis buffer, wash
buffers (1 & 2), and elution buffer. Briefly, 300 pL of lysis
buffer (supplemented with fME) was added in each well of 6
wells with 75% confluent microglial cells, or in another case,
25 pg of homogenized muscle tissue was lysed with 500
UL of lysis buffer, passed through the purification column,
washed with wash buffers, and then eluted with elution
buffer. After RNA isolation, 1 pg of RNA was analyzed
for PCR via a SYBR green detection strategy with the help
of SuperScript® III Platinum® SYBR® Green One-Step
gRT-PCR Kit. Relevant primers of IL6 and RANTES were
designed by the “Pick primer” module of the https://ncbi.
nlm.nih.gov/ online tool.

Immunoblot assay

Immunoblot assay was performed as described before
[7]. Briefly, cells and tissue lysates were mixed with 5X
Laemmli buffer, electrophoresed in 4-12% Tris—Glycine
gel in tris—glycine SDS running buffer, transferred in
a nitrocellulose membrane (P/N 926-31,090; Li-Cor
Biosciences, Lincoln, NE) in tris—glycine transfer buffer,
incubated with appropriate primary antibodies overnight
under shaking condition, labeled with IRDye700 and
800-tagged secondary antibodies for 2 h at r.t in an orbital
shaker, and then imaged in Odyssey Sa imager at 200 pm
resolution.

Immunohistochemical analyses

Immunohistochemical (IHC) analyses were performed as
described elsewhere [17]. Briefly, muscle and brain tissue
were mounted in a paraffin-embedded block and then sec-
tioned at a thickness of four microns (Children’s Research
Center, Medical College of Wisconsin, Milwaukee, WI).
Paraffin-embedded sections were then processed through a
series of dippings in Coplin jar chambers filled with Xylene,
100%, 70%, 50%, and 20% ethanol, and finally rehydrated
with water as per standard IHC protocol. After that, blocking
was performed with 2% BSA-containing blocking buffer and
then treated with primary antibodies overnight in a humidi-
fied chamber at room temperature. Next, tissue sections were
washed three times with 1X PBST (PBS +0.05% Tween)
buffer, followed by incubation with a biotinylated second-
ary antibody. For double labeling, AP (alkaline peroxidase)-
tagged anti-rabbit and biotin-tagged anti-mouse antibodies
were used as recommended by the dual IHC kit (Abcam dual
THC Kit; Cat # ab210059). For immunofluorescence (IF)
analysis, FITC- and TRITC- conjugated mouse and rabbit
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2° antibodies (Jackson ImmunoResearch) were used. Briefly,
tissue slides were deparaffinized, retrieved for antigen by
the citrate buffer (pH 5.5), blocked with 2% horse serum,
treated with primary antibodies (1:100-1:250 dilution),
washed with 1 X TBST (3 times), incubated with FITC-
or TRITC-labeled antibodies, washed again with 1XTBST
(3 times; added DAPI in the final wash), and finally cover
slipped. Images were captured by an Olympus fluorescence
microscope.

MFI (mean fluorescence intensity) was counted by Fiji-
Imagel software. Briefly, the image of interest was opened
from the “File” tab, followed by splitting channels from the
“Color” option of the “Image” tab. Then, the green or red
channel images were selected for MFI calculation by select-
ing the “Mean gray value” under the “Set Measurements” of
the “Analyze” tab. After that, the polygon tool was used to
select the region of interest, and the MFI value was acquired
by clicking the “Ctrl +M” button on the keyboard.

Cell counting was performed in CaptaVision + software
(Accu-Scope Inc.). Briefly, the image was opened and cali-
brated to 6 pixel/um unit based on the resolution of the raw
image. Under the “Measure” tool, the “Manual Class count-
ing” option was selected, followed by clicking on each target
cell.

We performed Bielschowsky’s silver staining to deter-
mine myelin integrity as described elsewhere [18]. Briefly,
the slide was deparaffinized, stained with 10% silver nitrate,
washed with dH20, incubated with silver hydroxide, fol-
lowed by washing with 0.1% ammonium hydroxide, and
finally developed color with a developing solution of 0.2 ml
37% formaldehyde, 12 ml dH20, 12.5 pL 20% nitric acid,
0.05 g citric acid, and 50 mL silver hydroxide.

Behavioral assessment of muscle fatigue: grip
strength, EMG, treadmill exercise, and gross
movement analysis

Muscle fatigue was assessed by grip strength analysis. The
grip strength apparatus is a metal T-shaped hook, which
is attached to a wooden horizontal bar tightly fixed with a
wooden pole. The hook is placed 10 in. high from the cage
top so that the mouse can safely land on the cage if it fails to
grip the hook or is unable to suspend freely. Grip strength
latency is the time taken to remain on the bar before landing
on the cage top. Untreated control mice grip the bar, curl up
the body, and then climb on the apparatus freely. The test
is terminated after 180 s if the mouse does not come down
willingly to the cage. The affected mouse was found to be
incapable of holding the bar, suspending the body, or even
climbing up on the hook. The latency was recorded by a
stopwatch.

For EMG recording, the mouse was anesthetized and
placed on a surgical table with the dorsal side facing up.
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The fur layer was carefully cut so that the biceps femoris
muscles were exposed in both hind limbs. The lumbar region
of the spinal cord was also made visible. Surface electrodes
were placed on both sides of the femoral muscle, and the
reference electrode was placed on the lumbar spinal cord.
The fur was carefully placed in its original position, sealed
with surgical glue, and allowed the animal to completely
awaken. The three-pronged surface electrodes were placed
on the muscle surface and attached with self-adhesive fabric.
The fur layer was carefully stitched with tissue adhesive.
Saline (0.9% NaCl) was injected intraperitoneally immedi-
ately after surgery, and the subsequent recovery was per-
formed in a heated pad. Once fully regained consciousness,
EMG recording was performed both in control and diseased
mice (n=5). The EMG signals were recorded in ADInstru-
ments Powerlab and then amplified (Bio Amp Powerlab) at
a sampling rate of 2 kHz. The result was displayed in Chart
software at a resolution of 10-50 uV. The reference was
recorded at a range of —5 to 5 mV.

Columbus XR4 (S/n APM933AT-I) mouse treadmill
was used to evaluate muscle fatigue in mice. Briefly, each
mouse was placed on a motorized conveyor belt. Initial pre-
conditioning was conducted at low speed (5 rpm) for 1 min,
and then the speed increased to 15 rpm for another 14 min.
The end of the track was blocked with cardboard to prevent
escape.

After the treadmill exercise, each mouse was evaluated
for gross movement in an open-field acrylic arena (Stoelting
Co; Cat # 60,100). The arena is a 40-cm square box with a
transparent wall and detachable fiber base designed for easy
cleaning. The movement was recorded with the Stoelting
digital USB camera (Cat#10-000-332) attached to the ceil-
ing from a suspension bar. The camera is linked to ANY-
maze video tracking software with the connecting cable. For
each trial, horizontal activity, total distance, movement time,
resting time, and tracking plot were derived. Each recording
was performed after 2 min of the acclimatization period.

Barnes maze

Barnes maze analysis was performed as described elsewhere
[19]. The Barnes maze was a blue metal circular appara-
tus which is 75 cm in diameter (Stoelting™ 60,270) and
placed on a tripod stand. This maze contains 19 false square
boxes at a 5 cm gap and one escape box, which was attached
to a black escape tunnel underneath. Distinct spatial cues
were located all around the maze and were kept constant
throughout the study. To explore if the treadmill exercise
impaired the hippocampus-dependent spatial learning abili-
ties in mice, we performed Barnes maze analysis in these
mice once the Treadmill study was completed (day 5 after
treadmill exercise). Each mouse was trained 3 times a day
for 2 consecutive days. Day 3 is a resting day, and day 4 is
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a test day. During the test, each mouse was carefully placed
in the middle of the arena inside of a cylindrical start cham-
ber. After 10 s, the start chamber was removed, and the
mouse was allowed to move around the maze to find the
escape tunnel. The session ended when the mouse entered
the baited tunnel. Total time (latency), errors (no. of false
attempts before finding the escape tunnel), and track plot
were acquired by the ANY-Maze video tracking software.

Statistical analysis

Results were confirmed by three different experiments in
n=10 animals per group. Following is the justification of
animal numbers. N = £ X”E(zl_p) = 1,232x(3ﬁi(21_o,99) =7. For
adverse outcomes, three additional animals were included
per group. Therefore, N=10 animals per group. N=sam-
ple size; Z is the z score, which is 1.28 for power 0.8; p is
the population proportion. For a 99% confidence interval,
p will be 0.01. (1-p)=(1-0.01) =0.99; ¢ is the margin of
error =0.05. There was no bias in gender selection in the
initial stage of the project. However, MHY 1485 feeding
caused fatigue only in female mice. For two groups, either
an unpaired #-test or non-parametric Mann—Whitney U test
(due to low sample size and failure to pass the normality
test) was adopted with p <0.05. For more than one group,
a one-way ANOVA was adopted considering treatment of
MHY 1485 or genotype as a single effector. ROUT outlier
handing analysis was performed before running one-way
ANOVA. Tukey’s posthoc analysis was performed to test
the homogeneity of variances.

Results

MHY 1485 induces chronic muscle fatigue in 3-
to 4-week-old female B6 mice

In ME/CEFS patients, ATG13 was found to be inactivated by
serine phosphorylation and upregulated in the serum [7].
Since the ATG13 is a downstream target of mMTOR, next, we
wanted to study the role of chronic activation of mTOR in
the pathogenesis of chronic muscle fatigue. To test the role
of chronic activation of mTOR, we first adopted a molecular
strategy to chemically induce mTOR activation in mice. In
our current study, MHY 1485, a selective agonist of mTOR,
was suspended at 0.5% methylcellulose and orally gavaged
at a dose of 2, 5, and 10 mg/kg bwt (n= 10 per group) to
3- to 4-week-old B6 mice every alternate day for 14 days
(Schema: Supplementary Fig. 1A). Before feeding, mice
were randomized based on gender and divided into four
groups: vehicle, 2, 5, and 10 mg/kg bwt MHY 1485. Health
vitals such as initial body weight, body temperature, and
blood pressure were recorded. After 1 week, significant

mortality was noticed in the 10 mg/kg bwt group as 50%
of female mice were deceased (Supplementary Fig. 1B).
However, there was no mortality observed in female mice
with 2 and 5 mg/kg bwt groups. These mice survived acute
vital changes such as hypothermia (Supplementary Fig. 1C),
reduced blood pressure (Supplementary Fig. 1D), and fre-
quent freezing episodes until 7 days after the first dose.
After that, these mice regained normal body temperature
and blood pressure, even though the heart rate was observed
to be lower until 2 weeks of feeding. Both 2 and 5 mg/kg
groups survived until the end of the experiment timeline
(1 month after the last dose) with severe fatigue. Interest-
ingly, feeding with 5 mg/kg bwt MHY 1485 resulted in sig-
nificant immobility in 70% of female mice (n=7 out of 10).
Apparently, female mice in 5 mg/kg bwt MHY 1485
displayed slow movement with periodic freezing at rest-
ing conditions. These mice did not gain any body weight
(Supplementary Fig. 1E) and size (Fig. 1A) when com-
pared with vehicle-fed mice throughout the study, sug-
gesting that MHY 1485 might cause a significant deficit in
muscle growth. While studying the drug metabolism, our
pharmacokinetic (PK) study revealed that the serum level of
MHY 1485 increased as early as 15 min, achieved maximum
at 45 min, and retained until 6 h after a single gavaging of
MHY 1485 at a dose of 5 mg/kg bwt (Fig. 1B).
Interestingly, male mice across all different groups gained
body weight and size over time. That observation intrigued
us to study muscle fatigue in these female mice. Muscle
fatigue can be quantitatively monitored with the EMG
recording method. Therefore, next, we performed EMG
recording under resting conditions (Fig. 1C). Briefly, two
2 mm electrodes were placed bilaterally on the surface of
the left and right biceps femoris muscle, and a reference
electrode was placed at the center position on the lower spi-
nal cord (Fig. 1C). The EMG recording was performed at
a resolution of 50 uV and the reference recording at 3 mV
resolution. Vehicle-fed mice displayed characteristic nor-
mal EMG waves (Fig. 1D (i and ii)), whereas mice treated
with 5 mg/kg bwt MHY 1485 displayed an abnormal pattern
of EMG waves with repetitive bursts followed by inactivity
indicating potential myokymic changes (Fig. 1D (iii and iv))
in the muscle. Myokymic waves are characteristic of inflam-
matory denervation at muscle fibers. The reference electrode
was placed in the spinal cord, and EMG signals through the
reference electrode displayed a consistent pattern of waves
in both groups (Fig. 1E). To further confirm muscle fatigue,
we performed grip strength analyses on these mice (Fig. 1F;
(i and ii)). Accordingly, increasing doses of MHY 1485 were
found to reduce grip strength latency in female mice (Fig. 1F
(ii1)) with a significant drop after 4 days of feeding and
continued to be decreased with increasing time of feeding.
Moreover, gross movement analyses in the ANY-maze open-
filed arena (Stoelting Company, IL) (Fig. 1G, H) followed
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«Fig. 1 MHY 1485 induces muscle fatigue in female B6 mice. A
Three- to four-week-old B6 mice (n=10; 5 male+5 female/group)
were orally administered with MHY 1485 (labeled as “MHY”’; mixed
with 0.05% methylcellulose), every alternate day for 2 weeks. Rep-
resentative images displayed the difference in body lengths between
vehicle and 5 mg/kg MHY-fed animals. B Pharmacokinetic (PK)
study to assess the bioavailability of MHY1485 in serum samples
of mice (n=3) after 0, 15, 30, 60, 90, 120, and 180 min of feeding
via gavage. Results are mean+SEM of three independent experi-
ments. C Electrode placement strategy followed by D spontaneous
EMG recording on the biceps femoris muscle of B6 mice. L stands
for left, R for right, and the middle electrode is the reference elec-
trode. The low-resolution unmagnified and high-resolution magni-
fied EMG waves were shown for vehicles (i and ii) and (iii and iv)
MHY1485-fed mice, respectively. E Reference EMG waves were
observed to be consistent between groups. F Grip strength analysis
in (i) the vehicle and (ii) MHY groups displayed significantly reduced
(iii) latency measured on 4-, 8-, and 12-days post-drug treatment.
*#p <0.001 and ***p <0.0005 versus respective vehicle groups. The
significance of the mean was tested with two-way ANOVA consider-
ing treatment and days as two effectors. Track plots represented gross
motor activities of G vehicle- and H MHY-fed animals in open-field
apparatus. I Total distance and J immobile time were measured in the
vehicle (green dots) and MHY-fed (red dots) groups (n=38 per group).
*#F¥p <0.0005 and ***p<0.001 versus MHY group compared to
vehicle-fed group as derived by Mann—Whitney non-parametric test.
Results are mean+SEM of three independent experiments. K (i)
Immunoblot assay of S2448phospho-mTOR (pmTOR), total mTOR
(t mTOR), Raptor, and beta-actin (p-actin) were performed in mus-
cle lysate. (ii) Relative densitometry analyses of tmTOR and pmTOR
after normalizing with respective -actin band densities (ImageJ soft-
ware). **p<0.01 versus control as derived by an unpaired r-test. L
(1) Immunoblot analyses of S355phospho-ATG13 (pATG13)), total
ATG13 (tATG13), and beta-actin were performed in the biceps
muscle. (ii) Relative densitometry analysis indicated **p<0.01
(=0.0028) versus vehicle. M Representative images are WDFY3-
stained muscle tissue sections of (i) vehicle and (ii)) MHY 1485 (5 mg/
kg)-fed mice (n=>5). Insets are high-magnification images. Arrow-
heads indicate autophagosomes. N Dual immunofluorescence analy-
sis of IBA1 (green) and WDFY3 (red) to detect the autophagosomes
(WDFY3-ir red circles) in macrophage cells infiltrated in muscle tis-
sue of vehicle-fed mouse. The detailed quantification analyses were
performed in Supplementary Fig. 5. All raw blots were shown in Sup-
plementary Fig. 10 and dotted histogram analysis for the quantifica-
tion of autophagosome counts was shown in Supplementary Fig. 4

by the assessment of the total distance traveled (Fig. 1I) and
immobility time (Fig. 1J) confirmed that mice fed with 5 mg/
kg bwt MHY 1485 displayed significant muscle fatigue com-
pared to vehicle-fed mice. The movement deficit can be due
to the loss of dopaminergic neuronal function in the basal
ganglia. Therefore, we tested the levels of tyrosine hydroxy-
lase (TH) enzyme in the striatal tissue of both vehicle- and
MHY-fed mice (Supplementary Fig. 2A, B). The dissection
strategy was previously described [17]. The result demon-
strated that there was no loss of TH in MHY-fed groups,
nullifying the role of dopaminergic neuronal loss in move-
ment impairment. While monitoring mTOR activation, our
immunoblot results revealed that 2 weeks of MHY feeding
significantly upregulated the level of Serine 2448-phospho-
rylated mTOR (Fig. 1K (i and ii)), whereas no change was

observed in the total level of mTOR and Raptor, an essential
factor of active mTOR complex 1. Moreover, our IB results
indicated that the activation of mTOR was accompanied by
the upregulation of S355-phosphorylated ATG13 (Fig. IL (i
and ii)) without altering the level of total ATG13. IB results
were normalized with p-actin as a loading control.

Functionally active ATG13 forms a complex with ULK1,
ATG101, and FIP200 at the early stage of autophagy [20].
Therefore, to explore the inactivation of ATG13, next, we
monitored the formation of a complex between ATG13 and
ULKI1. To evaluate that, HEK293T cells were co-transfected
with FLAG-ATG13 and HA-ULKI1. Autophagy was induced
following 24 h of starvation under serum-free conditions.
Different doses of MHY 1485 were added in these cells for
2 h before IP, followed by IB analyses. Interestingly, IP with
HA followed by IB with FLAG and IP with FLAG follow-
ing IB with HA indicated that 5 uM of MHY significantly
impaired the formation of ATG13 and ULK1 complex after
2 h of starvation (Supplementary Fig. 3A), confirming the
direct role of MHY 1485 in the inactivation of ATG13.

A reduction in the number of autophagosomes does
not necessarily indicate the impairment of autophagy.
Induction of lysosomal function causing increased
turnover of autophagosomes also displayed less num-
bers of autophagosomes. Therefore, next, we wanted to
assess if the MHY 1485-mediated inactivation of ATG13
impaired the autophagy process [2], sparing lysosomal
function. To test that, HEK293T cells, pre-transfected
with eGFP-tagged LC3 (egfp-Ic3) plasmid, were serum-
starved for 24 h followed by 2 h of treatment with 5 uM
MHY 1485. Thirty minutes before plate-reading, cells
were treated with 50 nM of LysoTracker™ Red DND-
99 (Ex: Em =577 nm/590 nm) and incubated at 37 °C.
Accordingly, MHY 1485 significantly inhibited the num-
ber of autophagosomes, as indicated by the reduced GFP
signal (Supplementary Fig. 3B). However, there is no
change in the lysotracker signal across different treat-
ment groups (Supplementary Fig. 3C), suggesting that
MHY 1485 inhibits the formation of autophagosomes but
does not alter the lysosomal function or lysosomal bio-
genesis. To further substantiate this, we performed fluo-
rescence imaging of these HEK293T cells. Our results
indicated that there was an induced autophagy process
in starving conditions. However, 5 upM of MHY strongly
inhibited the numbers of eGFP-LC3-ir autophagosomes
but not lysotracker-ir lysosomes (Supplementary Fig. 3D).
The total number of lysosomes remained the same. Nev-
ertheless, the LC3 immunoblot analyses indicated that
the serum starving induced the expression of LC3-II in
HEK?293T cells, whereas 5 uM MHY shifted the upregu-
lation of the LC3-II isoform, indicating the impairment
of the autophagy process (Supplementary Fig. 3E, F).
Next, we assessed the cytotoxicity of MHY 1485 by LDH
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«Fig.2 MHY 1485 stimulates the infiltration and activation of Ml
macrophage (M1M¢@) in muscle tissue. H&E staining in biceps mus-
cle tissue of A vehicle and B MHY 1485-fed mice (5 mg/kg). The
infiltration of mononuclear cells (blue dots) was visible after 2 weeks
of gavaging with MHY-1485 (alternative days at a dose of 5 mg/kg;
n=_38/group). DAB immunostaining of serial Sects. (5 um gap) by C
CD4 and D CDS8 antibodies demonstrated that these mononuclear
cells were neither CD4-ir nor CD8-ir T cells. E and F are quantita-
tive estimations of CD4- and CD8-ir cells, respectively. The quan-
tification is done per 1 sq. mm parenchyma around blood vessels
(n=>5/group). A total of 6 and 8 independent images per group were
included for the quantifications of CD4 and CDS8-ir cells, respectively.
A non-parametric Mann—Whitney test was performed, and the result-
ant p-values were included on the histograms. IBA1 staining by DAB
method in G vehicle- and H MHY-fed mice. I Quantification analyses
of IBA1-ir cells were performed in 20 images (2 images from n=10/
group) in ImageJ software and plotted as dotted histograms in Graph-
Pad Prism software. J Dual IF staining of IBA1 (green) and M1 M¢
marker CD40 (red) followed by K the quantification of CD40-ir cells
were performed (total 20 images from two images in n=10/group).
Unpaired r-tests were performed to test the significance of means
between groups. ***p <0.0001 vs. vehicle as confirmed by paramet-
ric unpaired #-test. L Representative image of dual immunostaining of
IBA1 and iNOS in the vehicle (left) and MHY-fed mice. Results are
confirmed after three independent experiments

assay. We observed that 5 uM of MHY did not induce
any apoptotic signals in HEK293T cells, nullifying the
possibility of cell death as a confounding error; however,
higher doses with more than 10 uM concentration induced
LDH release (Supplementary Fig. 3G).

Since the activation of mTOR followed by ATG13
phosphorylation impairs the formation of autophagosome,
resulting in autophagy impairment, next, we performed
immunohistochemistry analysis of WDFY3 protein, an
essential marker of the autophagosome, in the muscle tis-
sue of vehicle- (Fig. 1M (i)) and 5 mg/kg MHY (Fig. IM
(i1))-fed mice (n =35 per group). Accordingly, we observed
that MHY-feeding significantly attenuated the numbers of
WDFY3-immunoreactive autophagosomes compared to
the vehicle group (Supplementary Fig. 4), suggesting that
the chronic activation of mTOR followed by ATG13 phos-
phorylation impairs the formation of autophagosomes and
inhibits the autophagy process.

Collectively, our results suggest that oral gavaging of
MHY 1485 stimulated chronic activation of mTOR fol-
lowing the phosphorylation of ATG13, impairment of
autophagy in muscle, and induction of significant muscle
fatigue in B6 mice.

Oral administration of MHY 1485 stimulated
infiltration and activation of M1 macrophages
in muscle tissue

Next, we wanted to study how the chronic activation of
mTOR following autophagy impairment contributed to
muscle pathology in female B6 mice. While examining the

morphology of WDFY3-ir bodies closely (inset; Fig. 1M
(i and ii)), hematoxylin-stained cells were found to be
surrounded by autophagosomes in muscle parenchyma.
These cells are morphologically similar to macrophages.
Accordingly, we performed a dual immunostaining of mac-
rophage marker IBA1 together with WDFY3 in vehicle- and
MHY-fed mice (Supplementary Fig. 5A). Interestingly, we
observed that the autophagy process was highly operative
in muscle infiltrating macrophages (Fig. 1N) in vehicle-fed
mice, which was strongly attenuated in muscle tissue of
MHY-fed mice (Supplementary Fig. SA). Interestingly, our
correlation study (Supplementary Fig. 5B) further corrobo-
rated that there was a strong negative correlation between
IBA1-ir cells and WDFY3-ir autophagosomes in skeletal
muscle tissue, suggesting the autophagy impairment could
play an essential role in the activation and infiltration of
macrophage in muscle tissue.

Autophagy impairment is known to exacerbate inflam-
mation in chronic inflammatory [21-23] and autoimmune
diseases [24, 25]. Therefore, next, we wanted to explore if
chronic mTOR activation resulting in autophagy impair-
ment augmented inflammation in skeletal muscle tissue. At
first, our hematoxylin and eosin (H&E) staining in biceps
muscle tissue displayed that there was a severe infiltration
of mononuclear cells in the muscle parenchyma of MHY-
fed (Fig. 2B) but not vehicle-fed (Fig. 2A) B6 female mice,
indicating the potential role of chronic mTOR activation in
the inflammatory mononucleosis in skeletal muscle tissue.
However, DAB immunostaining of CD4 (Fig. 2C) and CD8
(Fig. 2D) in serial sections of muscle tissue followed by
quantification analyses (Fig. 2E, F) revealed that neither
CD4%" nor CD8™° T cells were found to be infiltrated in
muscle parenchyma through the surrounding blood vessel.
Interestingly, DAB immunostaining of IBA1, a marker pro-
tein of macrophage (M), in the muscle tissue (Fig. 2G, H)
followed by a quantification study (Fig. 2I) revealed that
these infiltrated mononuclear cells were primarily mac-
rophages. Moreover, a dual IF analysis of CD40, the surface
marker of inflammatory the M1 subtype of Mg, along with
pan-M@ marker IBA1 (Fig. 2J) followed by a quantifica-
tion (Fig. 2K) study revealed that 2 weeks of MHY-feeding
strongly upregulated the expression of M1M¢g marker CD40,
suggesting that the chronic activation of mTOR induced the
infiltration of M1Mg cells. Dual IF staining of IBA1 with
another M@-derived inflammatory marker iNOS (Fig. 2L)
displayed an upregulated expression of iNOS in the MHY-
fed group compared to vehicle-fed groups, further suggest-
ing that these cells were truly inflammatory M1Me.

Next, we were interested in studying how these infiltrated
MI1Mg cells elicited inflammatory changes in muscle cells.
At first, we adopted Bielschowsky’s silver staining pro-
cedure to monitor the myelin integrity in muscle-serving
nerve fibers. The horizontally sectioned muscle fibers were
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«Fig.3 MHY1485 augments demyelinating response in muscle and
spinal cord. A Bielschowsky’s silver staining of nerve fibers in hor-
izontally sectioned biceps muscle tissue exhibits the loss of myelin
integrity (blue arrow) in MHY-fed mice (n=>5/group). B Dual IF
analyses of myelin marker MBP and axonal marker TUJ-1 were per-
formed in muscle-serving nerve bundles of the vehicle and SIM-fed
mice. Transverse (dorsoventral) sectioning of the biceps muscle was
performed to expose the nerve bundle. C Horizontal (anteroposterior
axis) sectioning of muscle tissue followed by dual IF staining demon-
strated a lateral view of MBP (green) and TUJ-1 (red) stained nerve
fibers serving skeletal muscle (biceps) tissue. D MFI (mean fluores-
cence intensity) was calculated as described in the method section.
Briefly, 10 nerve bundles were randomly selected from 5 different
images with a total of 50 selections per group. MFI was calculated
in the green channel for MBP and the red channel for TUJ1 in each
nerve fiber. After that, the ratio was measured and plotted as a scatter
histogram. An unpaired -test was performed to test the significance
of the mean between groups that resulted in ***p <(0.005 versus con-
trol. E TUNEL staining followed by F quantification studies indicate
that there was moderate but significant cell loss in MHY-fed muscle
tissue. ****p<(0.0001 versus vehicle as indicated by a non-para-
metric Mann—Whitney U test (24 images were assessed from n=5/
group). G Luxol Fast Blue (LFB) staining exhibits the loss of mye-
lin in the ventral horn of the lumbar spinal cord tissue of MHY-fed
(lower panel), but not vehicle-fed (upper panel) mice. The demyeli-
nating region was magnified and shown insetr. H Eight LFB-stained
spinal cord tissue were randomly selected per group followed by
measuring the area of the entire image and that of only LFB-ir region
in the area measuring tool of CaptaVision+ (Accu-scope INC.) soft-
ware. The result was shown by a dot histogram plot. Mann—Whitney
U test revealed ****p <0.0001 versus control in 9 spinal cord images
collected from n=35 mice/group. I IF staining of myelin marker MBP
(red) in the demyelinated ventral horn of the lumbar spinal cord of
vehicle- (upper panel) and MHY- (lower panel) fed mice. The mag-
nified images were shown inset. J IF analysis of M1 M@ marker
CDA40 (green) in the demyelinated ventral region of the spinal cord in
MHY-fed mice. Nuclei were stained with DAPI (blue). K A paramet-
ric Pearson correlation analysis was shown in a scatter plot between
the % of MBP-ir area of the spinal cord (Y-axis) and CD40-ir cells
(X-axis) in 27 spinal cord images. Results are confirmed after three
independent experiments in n=35 mice per group

stained with 10% silver nitrate as discussed in the method
section. The high-resolution images of nerve terminals were
visualized under a phase contrast microscope and recorded
atx 100 magnification (Fig. 3A). The myelin layers in vehi-
cle-fed mice were observed to strongly adhere to muscle
parenchyma. However, we observed that the oral administra-
tion of MHY 1485 significantly compromised the integrity
of myelin layers on muscle fibers, as indicated with lightly
colored, disintegrated, and vacuolated myelin layers on mus-
cle parenchyma. Next, a dual immunostaining method of
myelin marker MBP and axonal marker TUJ1 was adopted
to evaluate the myelin integrity (Fig. 3B). The presence of
myelin layers as indicated with strong MBP staining was
expected to mask axons as indicated with less TUJ1 signal.
Accordingly, the dual immunostaining of MBP and TUJ1 in
transversely sectioned muscle tissue indicated that the integ-
rity of myelin layers in the muscle-serving nerve terminal

of the MHY-fed group was severely compromised, and as
a result, the TUJ1-ir axons were exposed, whereas MBP-ir
myelin layers remained tightly wrapped around axonal fibers
of vehicle-fed mice. The integrity of myelinated nerve fib-
ers was further evaluated in horizontally sectioned muscle
fibers by similar dual immunostaining of MBP and TUJ1
(Fig. 3C), which indicated that the oral administration of
MHY, but not the vehicle, significantly damaged the myelin
integrity. Moreover, the quantitative estimation of the ratio
between the MFI of MBP and that of TUJ1 (Fig. 3D) con-
firmed that indeed there was a strong demyelinating response
in the muscle fibers after chronic mTOR activation. Next,
we evaluated if the chronic administration of MHY 1485
caused apoptosis in muscle cells. Interestingly, our TUNEL
staining identified the TUNEL™"® apoptotic signals (Fig. 3E)
in the muscle cells around the blood vessel, where strong
infiltration of mononuclear cells was observed. The result
was further confirmed by quantification analysis (Fig. 3F).
Skeletal muscle-serving efferent nerve fibers originated at
the ventral horn of the spinal cord. Therefore, next, we were
interested in exploring the myelin integrity in the ventral
part of the spinal cord. Accordingly. LFB staining in the dor-
soventrally sectioned spinal cord tissue (Fig. 3G) indicated a
strong reduction of myelin staining, particularly in the ven-
tral spinal tissue of MHY-fed mice. Accordingly, the quan-
titative estimation was performed to measure the volume of
the LFB-stained region compared to the total volume of spi-
nal cord tissue on a percent scale, and the resultant analyses
further demonstrated that chronic MHY feeding truly gen-
erated a demyelinating response in the ventral horn region
of the spinal cord (Fig. 3H). The demyelinating response in
spinal cord tissue was further evaluated by IF staining with
MBP (Fig. 3I). To study the role of M1Mg cells (CNS sub-
type is M1 microglia) in spinal cord demyelination, a CD40
immunostaining analysis was adopted. Interestingly, our
analysis identified that there was an infiltration of CD40-ir
MIMg cells (Fig. 3J) in the demyelinated spinal cord tissue.
Nevertheless, a parametric correlation analysis between the
MBP-ir area of the spinal cord and the number of CD40-ir
cells (Fig. 3K) further revealed that MHY feeding caused
the demyelinating response in the spinal cord following the
infiltration of activated M1Mg cells. Collectively, our results
suggest that the severe infiltration of M1Me causing the
demyelinating response in muscle-serving nerves resulted
in the apoptosis of muscle cells.

Chronic mTOR activation is required
for the expressions of IL-6 and RANTES
via activation of STAT3 in muscle tissue

So far, our results suggest that chronic administration of

MHY 1485 following mTOR activation recruited inflamma-
tory M1Mg¢ cells and implemented a demyelinating response
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in muscle tissue. Next, we wanted to explore the effect of
chronic mTOR activation on the expressions of inflamma-
tory cytokines in these cell types. First, a cytokine array
of 40 different cytokines revealed that 5 uM MHY-1485,
but not solvent control (DMSO), significantly induced the

€20 Human Microglia

expressions of IL6 and RANTES (Fig. 4A), but not other
inflammatory cytokines such as IL-1, TNFa, IL12, or IFN-y
in human C20 microglial cells. Upregulations of inflam-
matory chemokines such as MCP-1, MIP-1a, and eotaxin
were also not observed. The result was further confirmed
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Fig.4 MHY1485 upregulates IL6 and RANTES. A An antibody
array of 40 inflammatory cytokines (RayBiotech) was performed in
the supernatants of C20 human microglial cells treated with 5 uM
of MHY1485 for 48 h. Control sup was collected from microglia
treated with DMSO for 48 h. The red arrow shows the IL6 expres-
sion, whereas the blue arrow indicates the RANTES expression. B
Realtime mRNA expressions of IL6 were monitored in microglia
treated with 1, 2, and 5 pM of MHY for 5 h under serum-free con-
ditions. **p <0.01 versus control as measured with the Mann—Whit-
ney non-parametric test. C Realtime mRNA expressions of RANTES
were monitored in human microglial cells treated with 1, 2, and 5 uM
of MHY 1485 for 5 h under serum-free conditions. **p <0.01 versus
control as measured with the Mann—Whitney test. D Immunoblot
analysis of IL6 (~20 kDa) was performed in human microglial cells
after treating increasing doses of MHY 1485 for 24 h. The resultant
expression was normalized with respective B-actin expressions fol-
lowed by analyzing E relative density. **p<0.01 versus control
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(Mann—Whitney test). F At 14 days, after the last dose of MHY 1485
feeding blood collection was carried out via cardiac puncture method,
serum was isolated in heparin tube, and then performed a similar
antibody array method of 40 inflammatory cytokines. Red and blue
arrows indicate IL6 and RANTES expressions, respectively. ELISA
analyses of G IL6 and H RANTES in the serum samples were per-
formed (n=8/group). Non-parametric Mann—Whitney test represents
*#%p <0.005 (=0.0002) versus vehicle. Realtime mRNA expres-
sions of I IL6 and J RANTES were performed in muscle tissue of
vehicle and MHY-fed mice (n=5 per group). The non-parametric
Mann—Whitney tests represent **p <0.01 and *p <0.05 versus vehi-
cle. Results are mean+SEM of three different experiments. K IL6
and L. RANTES concentrations were also measured by quantitative
ELISA methods in sera of n=8 healthy and age-matched n=8 ME/
CFS patients. Mann—Whitney tests represent *p<0.05 (=0.0407)
and ***p<0.005 (=0.0002) versus the control group. Results are
mean + SEM of three different experiments
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by quantitative real-time PCR analyses of IL6 (Fig. 4B) and
RANTES (Fig. 4C) and IB of IL6 (Fig. 4D), followed by
relative densitometric quantification (Fig. 4E). Next, a simi-
lar cytokine array in the serum samples of mice dosed with
5 mg/kg bwt MHY 1485 resulted in similar upregulations in
both IL6 and RANTES but not other cytokines (Fig. 4F).
Subsequent ELISA analyses of IL6 (Fig. 4G) and RANTES
(Fig. 4H) in the plasma of MHY 1485-treated mice (n=35)
further confirmed that both cytokines were strongly upregu-
lated after 2 weeks of feeding with 5 mg/kg bwt MHY 1485.
Apart from myeloid-lineage macrophage or microglia cells,
both these cytokines are also found to be profusely expressed
in muscle cells and therefore called myokines. Interest-
ingly, mRNA analyses revealed that upon 2 weeks of feed-
ing with 5 mg/kg bwt MHY 1485, gene expressions of IL6
(Fig. 4I) and RANTES (Fig. 4]) were significantly upregu-
lated in muscle tissue. To explore the clinical relevance of
these findings, plasma samples of eight control and eight
age-matched ME/CFS patients were analyzed for ELISA
analyses of IL6 (Fig. 4K) and RANTES (Fig. 4L). Interest-
ingly, strong elevations of IL6 and RANTES were observed
in the plasma samples of ME/CFS patients, suggesting that
MHY 1485-induced upregulations of IL6 and RANTES are
pathologically relevant to ME/CFS. To explore the direct
role of mTOR in the upregulations of IL6 and RANTES,
the de novo expression of mTOR was attenuated by mTOR
siRNA (Supplementary Fig. 6A, B) in MHY-treated C20
microglial cells, followed by IL6 (Supplementary Fig. 6C)
and RANTES (Supplementary Fig. 6D) protein expressions.
MHY-1485 failed to upregulate IL6 and RANTES once the
expression of mTOR was attenuated in microglial cells, sug-
gesting the direct role of mTOR in the upregulations of IL6
and RANTES in microglial cells.

Next, we were interested in exploring how MHY 1485 stim-
ulated the expressions of IL6 and RANTES. Upon activation,
mTOR activates STAT3 via phosphorylation at its Serine 727
and Tyrosine 705 residues [26, 27]. To test these possibilities,
human microglial cells were stimulated with 1, 2, and 5 uM
of MHY 1485 for 2 h, then fractionated for nuclear extract,
and finally analyzed for IB. Interestingly, MHY 1485 dose-
dependently induced the phosphorylation and subsequent
nuclear translocation of Y705P STAT3, but not S727P STAT3
(Fig. 5A). The result was normalized with H3 histone. This
result indicates the possible role of MHY 1485-induced Y705
phosphorylation of STAT?3 in the transcriptional regulations of
IL6 and RANTES. To further confirm, these nuclear extracts
were probed with an oligonucleotide probe of STAT3 and run
for an EMSSA gel-shift assay. Based on that result, MHY 1485
dose-dependently induced the DNA-binding of STATS3
(Fig. 5B), suggesting that MHY 1485 induced the transcrip-
tional activity of STAT3. Interestingly, subsequent promoter
analysis of IL6 at chromosome 7 detected a consensus STAT3
response element (Fig. 5C). A chromatin immunoprecipitation

(ChIP) by STAT3 antibody study followed by real-time PCR
with IL6 promoter-specific primers indicated that MHY 1485
directly induced the recruitment of STAT3 at the IL6 promoter
(Fig. 5D, E). The specificity of ChIP was validated by the
IP with IgG (Fig. 5F). Similarly, a canonical STAT3 binding
site was also observed in the RANTES promoter (Fig. 5G),
and the subsequent ChIP analyses revealed that upon MHY
treatment, there was an augmented recruitment of STAT3
(Fig. 5H, I) in the RANTES promoter of C20 microglial
cells. The specificity of STAT3 recruitment was further con-
firmed by the negative PCR data in the IgG-pulled fraction
(Fig. 5J). To evaluate the role of STAT3 in inducing the tran-
scription of IL6, next, we performed a GFP reporter assay,
in which IL6 promoter with STAT3 response element was
cloned upstream of GFP reporter (p""£%). The GFP construct
was then transfected to human microglial cells, followed by
treatment with different doses of MH1485 for 5 h. Interest-
ingly, increasing doses of MHY 1485 stimulated GFP reporter
activity (Fig. 5K), as shown by a fluorometric assay measured
with Ex: Em =480 nm/535 nm signal ratio. To further validate
the result, we performed a site-directed mutagenesis of the
STATS3 response element at the IL6 promoter (p"/2%) followed
by the transfection in human microglial cells (Fig. SL). Sub-
sequent fluorimetric analysis revealed that increasing doses
of MHY 1485 were unable to induce the GFP reporter activ-
ity once cells were transfected with the p*'*% promoter. While
exploring the effect of MHY 1485 feeding on the activation of
STAT3 in skeletal muscle, our DAB staining indicated that the
oral administration of MHY significantly stimulated the levels
of Y705PSTAT3 (Fig. 5M) in the epithelium of biceps mus-
cle tissue compared to control. Further analysis revealed that
these Y705PSTAT3-ir cells were mostly IBA1-ir macrophages
(Fig. 5N). Collectively, our results suggest that the chronic
mTOR activation followed by the STAT3 phosphorylation at
its Tyr 705 is critical for the upregulation of IL6 and RANTES
in infiltrated M1M¢ cells, leading to the chronic inflammation
and demyelinating response in muscle tissue.

Suppression of ATG13 in ATG13 repressor
(Tg-ATG13) mice showed severe but transient
post-exertional fatigue

A pathological hallmark of chronic fatigue syndrome is
post-exertional fatigue. Does chronic mTOR activation
feeding exacerbate muscle fatigue after treadmill exercise?
To answer that question, we performed a single-session
treadmill exercise trial in vehicle- (Fig. 6A) and MHY 1485
(5 mg/kg)-fed (Fig. 6B) mice. Mice were fed with MHY 1485
(5 mg/kg) on alternative days for 2 weeks, rested for 1 week,
and then subjected to treadmill exercise for monitoring the
post-exertional fatigue. The overall movement was moni-
tored 1 day before, immediately after, and 2 days after tread-
mill exercise in an ANY-maze infrared sensor-controlled
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«Fig.5 The essential role of STAT3 in MHY 1485-mediated expres-
sion of IL6 and RANTES. A Immunoblot analyses of mTOR with
phosphorylated tyrosine 705 (pY705) and phosphorylated Serine727
(pS727) in the nuclear extracts of human C20 microglial cells treated
with 1, 2, and 5 uM of MHY1485. Histone 3 (H3) immunoblot
analysis was performed as a control. (Insef) Densitometric analyses
were done in Image] followed by normalization with respective H3
bands. B EMSA analysis of STAT3 (probed with STAT3 oligonucleo-
tide; Li-Cor Bioscience) in the nuclear extracts of human microglial
cells treated with 1 and 2 uM MHY 1485 (NC=negative control).
The raw blot is shown in Supplementary Fig. 10. C The promoter
analysis of the human IL6 promoter at chromosome 7 displays the
detailed location and sequence of consensus STAT3 responsive ele-
ment. D Chromatin immunoprecipitation (ChIP) analysis of STAT3-
and IgG-pulled DNA (product length=123 bp) surrounding STAT3
responsive element of IL6 promoter. Chromosomal DNA was isolated
from blue =input; green=control; and red=5 pM MHY 1485-treated
microglial cells, performed with ChIP, and the resultant real-time
PCR amplification data suggests increased binding of STAT3 at IL6
promoter. Fold increases in E anti-STAT3- and F IgG-pulled down
DNA were displayed after normalizing the Ct value of MHY-pulled
down DNA with the Ct value of the input. *p <0.05 versus control
and ns=no significance. Results were mean+SD of three differ-
ent experiments. G Human RANTES promoter map at chromosome
17 with location and sequence. H Realtime PCR amplification of
human RANTES promoter pulled down by anti-STAT3 antibody
in human microglial cells treated with 5 yM MHY 1485 (red). Con-
trol cells were treated with DMSO (green), and input (blue) was no
antibody-treated group. Fold-increase of chromosomal DNA sur-
rounding the STAT3-responsive element of the RANTES promoter
was quantified after pulling down with I STAT3 antibody and J
IgG. The result was further quantified with relative Ct analyses in
(K) anti-STAT3 and (L) IgG-pulled DNA after normalizing with
input Ct. *p<0.05 versus control and ns=no significance. Results
were mean=+SD after three different experiments. K GFP-reporter
assay of wild-type IL6 promoter cloned at STAT3 response element
tagged GFP at the N-terminus region (p"”'%). The promoter clone
was transfected in HEK293T cells followed by stimulation with 1, 2,
and 5 UM of MHY 1485, and the resultant GFP signal was quantified
with Ex: Em =485 nm:535 nm. Results are mean + SD of three differ-
ent experiments. *p <0.05 versus control and ns=no significance. L
Site-directed mutagenesis of STAT3-response element of human IL6
promoter followed by the construction of a GFP reporter clone was
performed. A dose-dependent effect of MHY 1485 on the expression
of GFP reporter was evaluated in HEK293T cells. ns=no signifi-
cance. M DAB immunostaining of Y705PSTAT3 in skeletal muscle
tissue (biceps muscle biopsies) of vehicle- and 5 mg/kg MHY 1485-
fed mice (n=>5/group). The representative image was derived from
muscle epithelium. N Dual IF analysis of Y705PSTAT3 and mac-
rophage-marker IBA1 in epithelial tissue of vehicle- and MHY-fed
mice (n=>5/per group). Insets are magnified images of respective
enclosed areas. Nuclei were stained with DAPI

open-field arena. Animals were subjected to running on the
treadmill at a speed of 14 rpm for 15 min following 1 min of
acclimatization at a speed of 8 rpm. The baseline movement
recorded one day before the treadmill exercise was found to
be moderate but significantly diminished (Supplementary
Fig. 7A) in MHY-fed mice (Fig. 6B; first row) compared
to vehicle-fed mice (n=>5 per group) (Fig. 6A; first row).
The treadmill exercise implemented acute but temporary
fatigue immediately after treadmill exercise in both vehicles-
(Fig. 6A; second row) and MHY-fed (Fig. 6B; second row)

groups, as shown by track-plot analyses. However, quantita-
tive measurement of average speed (Supplementary Fig. 7A)
indicated that MHY-fed mice displayed severe acute fatigue
with significantly less physical movement compared to
vehicle-fed mice. Interestingly, 2 days of complete rest
completely recovered the vehicle-fed mice (Fig. 6A; third
row). However, MHY-fed mice continued to display severe
impairment of physical movement even after 2 days of com-
plete rest, as indicated by our track-plot analysis (Fig. 6B;
third row), followed by quantitative measurement of aver-
age speed (Supplementary Fig. 7A) in the arena. Since our
results indicate that the functional inactivation of ATG13
implements muscle fatigue, next we wanted to develop a
unique transgenic mouse model to study the direct role of
ATG13 in post-exertional fatigue. Embryonic ablation of the
atgl3 gene is lethal in the fetal stage. Therefore, we gener-
ated a knock-out first ATG13-repressor mouse (Tg-ATG13)
in which a lacZ repressor element was inserted upstream of
exon 5 of its argl3 gene (Fig. 6C). The generated ATG13
strain was genotyped for the presence of a 499 bp long
transgene (Fig. 6D). We also monitored the expression of
the atgl3 gene by semiquantitative and real-time PCR (Sup-
plementary Fig. 8A, B) to confirm the genetic suppression
of the atg/3 gene in Tg-ATG13 mice. Interestingly, while
recording the baseline movement, Tg-ATG13 mice displayed
a significantly slow movement as monitored by a track-plot
analysis (Fig. 6E; first row) followed by a quantitative anal-
ysis of average speed (Supplementary Fig. 7A). Accord-
ingly, a single-session treadmill exercise implemented acute
fatigue with significantly impaired gross movement activ-
ity, as shown by our track-plot analysis (Fig. 6E; second
row). The result showed complete immobility or “crash”
in 20% of Tg-ATG13 (n=2 out of 5 mice) mice. Our track-
plot analysis further demonstrated that 2 days of complete
rest was unable to restore the baseline physical activity in
Tg-ATG13 mice (Fig. 6E; third row). However, we did not
see any changes in neurocognitive behavior in these animals
as tested by Barnes maze analyses. Neither MHY-fed nor
Tg-AG13 mice showed any impairment in spatial learning
compared to NTG mice after a single session of treadmill
exercise (Supplementary Fig. 7B, C). To understand the
muscle fatigue of Tg-ATG13 mice at the molecular level,
we performed EMG recording analyses in the biceps femo-
ris muscle of 5 to 6-week-old non-transgenic (NTg) wild-
type (Fig. 6F) and Tg-ATG13 (Fig. 6G) mice 1 day before,
immediately after, and 2 days after treadmill exercise. The
non-invasive ring electrode was attached, removed, and
re-attached to the surface of the biceps muscle to record
muscle waves during different time points without causing
any physical discomfort to mice. Accordingly, the baseline
muscle waves were calculated for both NTg and Tg-ATG13
mice 1 day before treadmill exercise. However, immediately
after treadmill exercise, the recorded EMG for Tg-ATG13,
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«Fig.6 mTOR-ATG13 crosstalk in post-exertional fatigue. After
14 days of the vehicle and MHY 1485 (5 mg/kg), gavaging, 5- to
6-week-old female B6 mice (n=28/ group) were subjected to tread-
mill running at a speed of 14 rpm for 15 min. Representative images
(n=3/group) were open field gross movement of A vehicle and B
MHY-fed 3- to 4-week-old female B6 mice (n=28) before, imme-
diately after, and 2 days after treadmill exercise. C A schema of
a genetic map for the generation of ATG13 suppressor mice (Tg-
ATG13). A lacZ repressor cassette was inserted in front of crucial
exon 5 of the atgl3 gene. D PCR strategy to genotype these mice to
identify the transgene of 499 bp (T =transgenic; N =non-transgenic).
E Five- to six-week-old female ATG13-KO (n=8) mice were sub-
jected to a treadmill tolerance test at a speed of 14 rpm. The cut-off
time limit is 15 min. The gross movement was monitored before,
immediately after, and 2 days after treadmill exercise were recorded,
and representative images for n=3 mice were displayed. EMG
recordings in F wild-type littermate and G Tg-ATG13 mice before,
0 days after, and 2 days after treadmill exercise. Results are confirmed
after three different experiments

but not NTg mice (Fig. 6F; second row), exhibited low-fre-
quency muscle waves with periodic bursts (Fig. 6G; second
row) characteristic of myokymia. Interestingly, these low-
frequency myokymic muscle waves became more prominent
and intense 2 days after post treadmill exercise (Fig. 6G;
third row), suggesting that ATG13 ablation is critical in the
development of post-exertional fatigue in mice.

Next, we wanted to study the molecular role of ATG13 in
inducing muscle fatigue in the Tg-ATG13 mouse model. At
first, WDFY3 staining (Fig. 7A) followed by a quantification
study (Fig. 7B) revealed that there was a significant impair-
ment of autophagy in Tg-ATG13, but not NTg, mice. While
evaluating the inflammatory mononucleosis as a downstream
event of autophagy impairment, a subsequent H&E staining
revealed that there was a strong infiltration of blood-borne
mononuclear cells in the vasculature and epithelial layers of
muscle tissue in Tg-ATG13, but not NTg, mice (Fig. 7C),
suggesting that the suppression of ATG13 may be involved
in the induction of inflammation in the muscle tissue of Tg-
ATG13 mice. Further characterization of these mononuclear
cells by immunohistochemical analyses revealed that these
cells were IBA 1-ir macrophages (Fig. 7D). Moreover, a sub-
sequent dual immunofluorescence study (Fig. 7E) followed
by a quantification analysis (Fig. 7F) indicated that these
IBA1-ir cells were also CD40-ir cells, suggesting that the
suppression of ATG13 stimulated the induction and infil-
tration of M1M¢ cells in the skeletal muscle tissue of Tg-
ATG13 mice. Interestingly, a dual immunostaining analy-
sis of IBA1 and Y705PSTAT?3 indicated that there was a
strong activation of STAT3 in these cells, and upon activa-
tion, Y705PSTAT3 was found to be translocated in nuclei
(Fig. 7G) of these infiltrated M1Mg cells, suggesting that
Tg-ATG13 mice may display the potential inflammatory
demyelination response in muscle tissue. Accordingly, we
adopted Bielschowsky’s silver staining procedure to identify
myelin integrity in muscle tissue. In NTg mice, we observed

normal dark-stained myelinated axonal fibers as indicated by
the red arrowhead (Supplementary Fig. 9). However, similar
staining indicated significantly less myelin as identified by
thin dark lines in the muscle tissue of Ttg-ATG13 mice.
Dual IF staining of MBP (green) and TUJ1 (red) in muscle-
serving nerve bundles (Fig. 7H) showed that the MBP-ir
myelin layer is tightly wrapped around TUJ1-ir axonal fibers
in NTg mice, whereas the integrity of the myelin layer is
compromised in the TUJ1-ir nerve bundle Tg-ATG13 mice.
The loss of myelin integrity in Tg-ATG13 mice was further
quantified (Fig. 7I) by measuring the correlation of MFI
between MBP and TUJ1 (n=35 per group). Next, we were
interested in exploring the myelin integrity in the muscle-
serving efferent nerve fibers originating from the ventral
horn of the spinal cord. Interestingly, the myelin staining by
the LFB method (Fig. 7J) indicated that the myelin integrity
was severely compromised in Tg-ATG13, but not NTg, mice.

Collectively, our current study highlights a novel signal-
ing mechanism of muscle fatigue and post-exertional fatigue
with the following cascade of events, including chronic
mTOR activation, the inactivation of ATG13 followed by
impairment of autophagy, induction of inflammatory mono-
nucleosis, production of inflammatory IL6 and RANTES
via STAT3 activation, and finally demyelination of muscle
serving nerve fibers.

Discussion

Chemically induced chronic activation of mTOR
induces muscle fatigue in young female mice

ME/CEFS is a chronic multisystem disease characterized by
extreme muscle fatigue, pain, and inflammation. One of the
hallmark symptoms of this illness is post-exertional malaise
(PEM), which is severe muscle fatigue and pain after physical
or mental exercise. Until now, the molecular mechanism of
PEM is poorly understood. Primary limitations that impede
understanding molecular mechanisms are as follows: First,
there is a shortage of sufficient post-mortem biospecimens such
as the brain, spinal cord, and muscle tissue. Second, the disease
is highly heterogeneous with unknown etiology. Finally, there
is no disease-relevant animal model to study the molecular
mechanism of PEM. In our current manuscript, we attempted
to decipher the molecular mechanism of PEM by introducing
a drug-induced mouse model in which the chronic activation
of mTOR plays a critical role in inducing muscle fatigue and
PEM-like symptoms. MHY 1485, a pharmacological agonist
of mTOR, was administered orally at 2, 5, and 10 mg/kg bwt
doses to 3- to 4-week-old C57BL/6 mice on alternate days
for 2 weeks. Starting from the 3rd dose, severe acute fatigue
was observed predominantly in female mice. Nine out of 10
female mice displayed fatigue pathology, whereas 3 out of 10
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«Fig.7 Evaluations of inflammatory changes in Tg-ATGI13 mice.
A Dual IF analysis of IBA1 and WDFY3 in the biceps muscle of
5- to 6-week-old female wild-type littermate (NTg) and Tg-ATG13
mice (n=>5/group). White arrows indicate autophagosomes. B Dot-
ted boxplot analysis for quantifying WDFY3-ir autophagosomes in
the muscle epithelium. A total of 10 images (two images per mouse;
n=>5/group) were included for counting. An unpaired r-test revealed
*##%p <0.001 versus NTg. C H&E staining in biceps femoris muscle
of 5- to 6-week-old female wild-type littermate and Tg-ATG13 mice
(n=3). D DAB immunostaining of IBA1 in blood vessels surround-
ing the muscle fibers in wild-type and Tg-ATG13 mice. E Dual IF
analyses of M1M¢ marker CD40 (red) and macrophage marker IBA1
(green) in muscle tissue of 5- to 6-week-old female wild-type and
Tg-ATG13 (n=5) mice. F The dotted boxplot represents the quanti-
fication of IBA1-ir and CD40-ir cells in per sq. mm. area of muscle
epithelium. A total of 10 images (two images per animal; n=5/group)
were analyzed in both NTg and Tg-ATG13 mice. An unpaired #-test
was performed to test the significance of the mean between the two
groups, which resulted in ****p <0.0001 vs. NTg. G Representative
image was a dual IF analysis of IBA1 and Y705PSTATS3 in biceps
muscle tissue of 5- to 6-week-old female NTg and Tg-ATG13 mice
(n=5). Nuclei were stained with DAPI. H A representative image
of dual IF staining of myelin marker MBP and axonal marker TUJ1
in nerve bundles of NTg and Tg-ATG13 female mice. I A para-
metric Pearson correlation analysis of MFIs between MBP- and
TUJ1-ir nerve fibers. Mean Fluorescence Intensities (MFI) of MBP
were measured at ImageJ software in total 40 nerve fibers were ran-
domly included (20 NTg+20 Tg-ATG13; n=5 mice per group))
and then plotted as a scatter plot. J LFB staining of spinal cord sec-
tions of 5- to 6-week-old wild-type and Tg-ATG13 mice. Results are
mean +SEM of three independent experiments in n=>5 animals per

group

male mice showed mild to moderate weakness. The fatigue
was observed to be severe in female mice treated with 5 and
10 mg/kg bwt doses. The dosing regimen was optimized after
three stages of experiments. Initially, daily dosing of 10 mg/
kg bwt dose of MHY 1485 caused significant mortality in 3- to
4-week-old female mice. To reverse mortality, we repeated the
same dosing experiment in 5- to 6-week-old mice. The moral-
ity was nullified; however, we did not observe any pathology
in 5- to 6-week-old female mice. In the final attempt, 3- to
4-week-old mice were dosed with 2, 5, and 10 mg/kg bwt of
MHY 1485 on every alternate day for 2 weeks. Interestingly,
that dosing regimen not only reversed mortality but generated
fatigue pathology in mice starting from the 3rd dose. Both
5 and 10 mg/kg bwt MHY 1485 generated significant fatigue
predominantly in female mice. However, the 10 mg/kg dose
was not continued as the 5 mg/kg dose displayed comparable
pathology without any mortality. The severe fatigue pathol-
ogy persisted until 2 weeks after the last dose. The extreme
fatigue was evaluated with moderate to severe loss of move-
ment, the reduction of grip strength, and low-frequency EMG
waves. We also observed a significant loss of muscle growth
evaluated with no gain in body weight and length. We also
observed hindlimb clasping in severely fatigued mice, indicat-
ing the potential spinal cord pathologies. Muscle fatigue was
evaluated with decreased grip strength latency, slowness in
movement, and myokymic EMG waves in the biceps femoris

muscle. However, this fatigue is transient, and after 2 weeks
of the last dose, mice recovered from movement deficit and
started to recover body weight.

Chronic activation of mTOR and post-exertional
fatigue

Exercise is an integral part of our healthy lifestyle, and stud-
ies suggest that routine exercise can prevent cognitive and
motor deficits. Reports indicate that mild and long-term
treadmill exercise improves cognitive abilities in patients
[28, 29] with Alzheimer’s disease (AD), ameliorates motor
deficit in patients [30] [31] with Parkinson’s disease (PD),
and helps faster recovery from traumatic brain injury (TBI)
[32-34] and stroke [35-37]. Treadmill exercise also benefits
patients with osteoarthritis and chronic arterial diseases.
Among all these health benefits, treadmill exercises prove
to be damaging in many ME/CFS patients with difficul-
ties in maintaining an upright posture, which is clinically
termed post-exertional malaise, or PEM. While analyz-
ing post-exertional fatigue in these mice after 1 week of
the last dose of MHY 1485, these mice were subjected to a
single-session treadmill exercise at a speed of 14 rpm for
15 min. Interestingly, 5 mg/kg MHY 1485-dosed female
mice displayed a complete loss of muscle strength or “crash”
pathology immediately after treadmill exercise as evaluated
by track-plot analysis. Two days of complete rest followed
by similar track plot studies revealed a severe loss of mus-
cle strength in MHY 1485-fed mice. In 40% of cases (n=2
out of 5 MHY 1485-fed female mice), this post-exertional
fatigue existed even after 4 days of a single-session treadmill
exercise. MHY 1485-fed mice displayed severe myokymic
changes in muscle tissue as indicated by surface EMG
recording in the biceps femoris leg muscle. Myokymic
changes in MHY-fed mice displayed low-frequency waves
with periodic bursts, which became more prominent after
treadmill exercise. Myokymic EMG waves indicated that
there was inflammatory demyelination in muscle-serving
nerve fibers.

The critical role of autophagy impairment in muscle
fatigue

While investigating the molecular mechanism, we first
identified that the chronic activation of mTORC1 impaired
autophagy via phosphorylation and inactivation of ATG13.
First, IB analyses revealed that 5 mg/kg dosing of MHY 1485
for 2 weeks increased S2448 phosphorylation without chang-
ing the protein levels of total mTOR and Raptor, indicating
the chronic activation of the mTORC1 complex. Second, a
subsequent IB analysis revealed that the activated mTORCI1
induced the phosphorylation at the S355 residue of ATG13,
suggesting the potential inactivation of ATG13 in muscle
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tissue. Third, an IP followed by IB analysis between HA-
ULK1 and FLAG-ATG13 further confirmed that MHY 1485
treatment significantly compromised the ATG13-dependent
early autophagy complex formation. Moreover, a relative
quantitative estimation of LC3 II-ir autophagosomes and
LysoTrackert"® lysosomes also revealed that MHY 1485
treatment significantly attenuated the numbers of de novo
synthesized LC3II-ir autophagosomes without altering the
numbers of lysosomes in HEK293T cells transfected with
eGFP-LC3, further suggesting the role of mTOR activa-
tion in the inhibition of newly synthesized autophagosomes
and subsequent autophagy impairment. Although a previ-
ous report (22,927,967) suggested that 2 uM MHY-1485
impaired the fusion of LC3-ir autophagosomes with lys-
osomes, we observed that 5 uM MHY-1485 inhibited the
formation of LC3-II-ir autophagosome without inducing
a cytotoxic response in cells. Accordingly, an IB analysis
indicated that the oral administration of 5 mg/kg MHY 1485
significantly reduced LC3-II level in muscle tissue of mice
kept under fasting conditions for 24 h, further suggesting
that the oral administration of MHY 1485 suppressed the
autophagosome formation in muscle tissue of mice. Fourth,
immunostaining of autophagosomes by WDFY3, followed
by the quantification study, further confirmed that oral
administration of MHY 1485 indeed impaired the formation
of autophagosomes in muscle tissue.

Autophagy impairment often leads to chronic inflamma-
tion [22, 38] in many metabolic diseases such as aging [39],
cancer [40], neuroinflammatory [41], and autoimmune disor-
ders [23]. However, its role was poorly understood in muscle
fatigue. Therefore, next, we wanted to study if the chronic
mTOR activation followed by autophagy impairment could
also stimulate inflammatory reactions in the muscle tis-
sue of MHY 1485-fed mice. One of the downstream targets
of mTOR is STAT3 [42]. Accordingly, we observed that
MHY 1485 stimulated Y705 phosphorylation of STAT3, fol-
lowed by nuclear translocation and binding to the promoters,
causing transcriptional upregulations of IL6 and RANTES.
Both IL6 [43, 44] and RANTES [45-54

ATG13 transgenic animals could be a critical tool to study
PEM-like pathologies.

Previously, we observed that ME/CFS pathogenesis could
be associated with elevated levels of phosphorylated and
inactivated ATG13 [7]. ATG13 plays a critical role in the
mTORC1-mediated inhibition of autophagy. Phosphorylation
of ATGI13 followed by its functional inactivation and
subsequent abortion from the early autophagy complex caused
autophagy impairment. Therefore, to explore the potential role
of ATG13 inactivation in ME/CFS, we generated a knock-
out first ATG13 transgenic or Tg-ATG13 mice in which a
lacz transcriptional repressor element was inserted upstream
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of exon 5, causing suppressed expression of ATG13. The
complete knocking-down of the atg13 gene causes embryonic
mortality. Therefore, our knockout first Tg-ATG13 mouse
model showed a severely suppressed atgl3 gene but not
complete ablation, resulting in significant suppression of
lethality. However, in some cases, we saw nearly-complete
penetrance of the transgene that causes significant retardation
of muscle growth. To avoid that confounding error, we chose
5- to 6-week-old female Tg-ATG13 mice with incomplete
penetrance of transgene having similar body weight (14-15 g)
compared to wild-type non-Tg mice. Interestingly, we
observed that female Tg-ATG13 mice displayed impaired
growth up to 3—4 weeks of age and then started gaining muscle
fatigue. While analyzing molecular mechanisms, Tg-ATG13
mice were found to have increased infiltration of M1Mg in
the muscle vasculature followed by a severe demyelinating
response in muscle-serving nerve fibers. Evaluation of muscle
fatigue in an open-field locomotion study combined with EMG
recording analysis also demonstrated that Tg-ATG13 mice
were associated with myokymic changes in muscle waves
resulting in muscle weakness and slow movement. Next, we
were interested in studying if Tg-ATG13 animals display
PEM-like pathologies. Both male and female Tg-ATG13
mice displayed muscle fatigue. However, male Tg-ATG13
mice had delayed symptoms and started showing fatigue after
5 months of age, whereas female Tg-ATG13 mice showed
muscle fatigue early at 6-8 weeks of age. Tg-ATG13 female
mice showed baseline fatigue before treadmill exercise, which
worsened immediately after treadmill exercise. Nearly 40% (3
out of 8) of mice showed complete immobility or “crash” after
immediate exercise. Interestingly, 2 days of complete rest was
unable to fully recover the post-exertional exhaustion in these
Tg-ATG13 mice, whereas NTg mice completely recovered.

Drawbacks and future direction

There are several drawbacks in our current manuscript
that provide little or less knowledge in understanding the
concept of PEM. The term “chronic fatigue” is broad,
heterogeneous, and the endpoint outcome of many meta-
bolic diseases. Our model highlights a specific molecular
mechanism that underlines how the inactivation of ATG13
and subsequent autophagy impairment cause demyelina-
tion and muscle weakness. There is a huge role of cardio-
vascular abnormalities in chronic fatigue, which was not
explored in this paper. Therefore, it will be far-fetched and
premature to conclude that our model satisfies the clinical
hallmarks of PEM. Second, we observed a diverse range
of chronic symptoms in male Tg-ATG13 mice, such as
hair loss or baldness, obesity, and infertility, which are not
yet established in chronic fatigue syndrome. Third, in our
model, the post-exertional fatigue is transient and sustains
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no longer than a week. However, in patients, the PEM per-
sists for weeks and even longer. Nevertheless, our model
highlights a specific component of muscle fatigue, which
is the chronic demyelination in muscle-serving nerve fiber,
and also highlights how that deficiency causes severe
muscle fatigue after treadmill exercise. Being encouraged
by our finding in deciphering the critical role of mTOR
activation in ME/CFS, recently we have launched a pilot
clinical trial of rapamycin (https://clinicaltrials.gov ID#
NCT06257420) in ME/CFS patients who have impaired
ATG13 metabolism. We screen ME/CFS patients with an
autophagy antibody array to detect elevated non-functional
ATG13 levels in their serum samples. The blood collection
has already been started, and the initial screening pro-
cess is currently in progress. After initial screening, the
patients will be treated with a low dose of rapamycin for
1 month by certified clinicians, followed by serum collec-
tion and subsequent detection of ATG13. The metabolic
normalization of ATG13 will then be correlated with their
behavioral and symptomatic improvements.

Therefore, taken together, our study delineated how
chronic activation of mTOR played a critical role in the
inhibition of ATG13 activation, impairment of autophagy,
induction of STAT3-mediated inflammation, and augmen-
tation of subsequent demyelinating response in muscle tis-
sue causing chronic muscle fatigue.
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