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Muscle stem cells contribute to long-term tissue
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Abstract

Background Over the past decade, advances in sepsis identification and management have resulted in decreased sep-
sis mortality. This increase in survivorship has highlighted a new clinical obstacle: chronic critical illness (CCI), for
which there are no effective treatment options. Up to half of sepsis survivors suffer from CCI, which can include
multi-organ dysfunction, chronic inflammation, muscle wasting, physical and mental disabilities, and enhanced frailty.
These symptoms prevent survivors from returning to regular day-to-day activities and are directly associated with poor
quality of life.

Methods Mice were subjected to cecal ligation and puncture (CLP) with daily chronic stress (DCS) as an in vivo model
to study sepsis late-effects/sequelae on skeletal muscle components. Longitudinal monitoring was performed via mag-
netic resonance imaging, skeletal muscle and/or muscle stem cell (MuSCs) assays (e.g., post-necropsy wet muscle
weights, minimum Feret diameter measurements, in vitro MuSC proliferation and differentiation, number of
regenerating myofibres and numbers of Pax7-positive nuclei per myofibre), post-sepsis whole muscle metabolomics
and MuSC isolation and high-content transcriptional profiling.

Results We report several findings supporting the hypothesis that MuSCs/muscle regeneration are critically involved
in post-sepsis muscle recovery. First, we show that genetic ablation of muscle stem cells (MuSCs) impairs post-sepsis
muscle recovery (maintenance of 5-8% average lean mass loss compared with controls). Second, we observe impaired
MuSCs expansion capacity and morphological defects at 26 days post-sepsis compared with control MuSCs (P < 0.001).
Third, when subjected to an experimental muscle injury, sepsis-recovered mice exhibited evidence of impaired muscle
regeneration compared with non-septic mice receiving the same muscle injury (CLP/DCS injured mean minimum Feret
is 92.1% of control injured, P < 0.01). Fourth, we performed a longitudinal RNA sequencing study on MuSCs isolated
from post-sepsis mice and found clear transcriptional differences in all post-sepsis samples compared with controls. At
Day 28, CLP/DCS mice satellite cells have multiple altered metabolic pathways, such as oxidative phosphorylation, mi-
tochondrial dysfunction, sirtuin signalling and oestrogen receptor signalling, compared with controls (P < 0.001).
Conclusions Our data show that MuSCs and muscle regeneration are required for effective post-sepsis muscle recovery
and that sepsis triggers morphological, functional, and transcriptional changes in MuSCs. Moving forward, we strive to
leverage a more complete understanding of post-sepsis MuSC/regenerative defects to identify and test novel therapies
that promote muscle recovery and improve quality of life in sepsis survivors.
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Introduction

Sepsis is defined as a detrimental host response to infection
that causes life-threatening organ dysfunction. An estimated
48.9 million people are affected by sepsis—a staggering num-
ber that is associated with roughly 20% of the worldwide
death toll.? In addition to initial life-threating complications,
~50% of all sepsis patients enter a chronic critical illness
(CCl) state, which is defined by a >14-day stay in intensive
care unit (ICU) and continued organ dysfunction.® Unfortu-
nately, the 6-month survival rate of patients in CCl is only
63%,” indicating that the initial sepsis infection is not the only
hurdle facing sepsis patients/survivors. Gentile and
colleagues® defined the host of long-term consequences
plaguing CCI patients as PICS, or persistent inflammation, im-
munosuppression and catabolism syndrome. PICS is now a
well-established phenomenon, believed to be a driving factor
in negative long-term patient outcomes,*” and recognized as
being particularly pervasive in the elderly sepsis patient
population.® Long-term outcomes include increased morbid-
ity, muscle wasting and weakness, increased cognitive dys-
function, extended stays in long-term care facilities, and fi-
nancial and emotional stress.’

Quiality of life is an important measure for determining the
total effects of an illness or injury on patients. Studies show
that severely septic patients exhibit a significantly decreased
quality of life (physically, mentally and/or health-related)
from short-term to multiple years post incident.®™° For ex-
ample, one study utilized the EQ-5D to measure quality of life
parameters of 580 patients from the ACCESS cohort'! who
were functionally independent before their diagnosis of se-
vere sepsis.’* Yende et al.*? found that after 6 months,
37.5% of patients reported problems with overall mobility,
43.7% with usual activities, and 20.5% with self-care. The
high prevalence of impaired mobility in sepsis survivors sug-
gests a major role of sepsis associated muscle wasting in
long-term patient functioning and recovery.**** In addition,
muscle wasting resulting from sepsis has been associated
with sepsis mortality,®> and interventions/rehabilitation for
muscle wasting have been proposed as a strategy to improve
patient outcomes.*®

Adult skeletal muscle is capable of regeneration in re-
sponse to injury, disease, exercise or normal daily use/wear-
and-tear.’” One key driving force underlying robust life-long
regenerative potential is the muscle stem cell, or satellite cell.
Satellite cells maintain their position on the periphery of
myofibres in a quiescent state until activation. They undergo
asymmetric division, whereby daughter cells either continue
towards terminal lineage differentiation or repopulate the
satellite cell pool.'” Studies show that impaired satellite cell
function or depleted satellite cell number negatively contrib-
utes to a wide variety of diseases and aging.*®*° Successful
targeting of muscle regeneration via satellite cell interven-
tions can improve muscle function in mouse models of

Duchenne muscular dystrophy?* and sarcopenia.?? Addition-
ally, several animal sepsis studies report atrophy of
gastrocnemius (GR),%® tibialis anterior (TA)** and soleus®*
muscles, solidifying the notion that understanding whether
skeletal muscle satellite cells are required for post-sepsis mus-
cle recovery and/or whether sepsis affects this population of
cells has the potential for broad impact. To date there are
no treatments available to prevent progression or increase
quality of life parameters/mobility in patients suffering
from CCI/PICS after sepsis. Accordingly, targeting muscle stem
cells holds promise as a potential therapeutic strategy to
improve patient day-to-day activity, job maintenance and
self-care for patients suffering from the long-term conse-
quences of sepsis.

In this study, we utilized the cecal ligation and puncture/
daily chronic stress (CLP/DCS) mouse model of surgical sepsis
to closely recapitulate the human condition.?®> Our main goal
was to address whether satellite cells contributed to
long-term sepsis recovery of lean mass. To this end, we
(i) longitudinally characterized lean muscle loss in mice post
CLP, (ii) utilized a genetic mouse model to establish the
necessity of satellite cells in lean mass recovery following
surgical sepsis, (iii) demonstrated that satellite cell number
is decreased in post-sepsis mice, (iv) leveraged in vitro studies
to highlight proliferative and morphological defects of satel-
lite cells harvested from recovered septic mice, (v) showed
that post-septic mice exhibit persistent deficits in muscle
regeneration and (vi) report widespread satellite cell tran-
scription changes that do not appear to be caused by
myofibre type-switching or as a compensatory mechanism
to changes in whole muscle metabolism. Understanding the
both the role of satellite cells in muscle recovery and the
effect of sepsis on this cell population will hopefully lead to
novel therapeutic strategies for formally septic patients suf-
fering from PICS/CCI.

Methods
Animals

All animal protocols were approved by the Mayo Clinic Insti-
tutional Animal Care and Use Committee (IACUC) and per-
formed at Mayo Clinic. C57BL/6J mice (catalog #000664)
were purchased from Jackson Laboratory. All mice used in
these studies were housed, and the Pax7-DTA (Pax7'c¢ERT%;
R26RP™)2® mice were bred, according to NIH guidelines for
the ethical treatment of animals in a pathogen-free facility
at Mayo Clinic (Rochester, MN) for a minimum of two weeks
before the start of the experiment. For induction of satellite
cell ablation in Pax7-DTA mice, intraperitoneal injection was
used to deliver 2-mg tamoxifen (TRC) in corn oil (Sigma) or
vehicle (corn oil) daily, for five consecutive days. All animals
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in this study were female, apart from the Pax7-DTA study
(Figures 2 and $4-55), and 7 months of age at time of surgery.
Mice for the Pax7-DTA investigation were male and between
6 and 7 months of age at surgery.

Cecal ligation and puncture and daily chronic stress
(DCS)

Procedures were performed essentially as described
previously,”®> with slight modifications, and by following the
Minimum Quality Threshold in Preclinical Sepsis Studies
(MQTiPSS)?” criteria. Briefly, mice were anesthetized using
isoflurane (Pirmal). The cecum was extracted from the abdo-
men and ligated 1.0 cm from the tip. One hole was punctured
at the end of the cecum with a 25-G (BD Biosciences) needle,
faecal matter released, and the cecum returned to the abdo-
men. All mice prior to surgery received 0.5-mg/kg buprenor-
phine SR-LAB (ZooPharm 0.5 mg/mL) and 4 mg/kg Meloxicam
SR (ZooPharm 2 mg/mL). Post-surgery, CLP mice received in-
traperitoneal injection of antibiotics (25 mg/kg of imipenem
monohydrate (LKT Labs or Med Chem Express) and 1-mL
warmed saline (BD) subcutaneously for resuscitation. Antibi-
otics were continued to be delivered two times per day, for
72 h. The first day post-surgery was used as a recovery day,
and starting the second day post-surgery, mice underwent
DCS using immobilization tubes (Kent Scientific) for 2h/day,
for seven consecutive days. Mice were monitored for health
and wellness throughout experiment. One mouse from the
Day 8 time point did not receive DCS on the first day (re-
ceived DCS same as rest of the mice until endpoint) as it dem-
onstrated distress, but not meeting humane end point crite-
rion. EchoMRI body composition analysis (Echo Medical
Systems) was used for determination of lean and fat mass.
In rare instances when a CLP/DCS mouse did not demon-
strate a decrease in lean mass (defined as lean mass >100%
from baseline), it was excluded from further analyses.

Serum levels of C-reactive protein and aspartate
aminotransferase activity

At time of harvest, cardiac puncture was used to collect blood,
placed in lithium heparin tubes (BD), and centrifuged at 13 000
RPM for 10 min. Serum was collected and stored at —80°C
until use. Mouse C-reactive protein (CRP) was measured using
a quantikine enzyme-linked immunosorbent assay (ELISA,
R&D System) and aspartate aminotransferase (AST) activity
was determined via a colorimetric assay (Sigma), both accord-
ing to the respective manufacturer protocols.

Immunofluorescence

The TA muscle was harvested from all mice and placed in a
30% sucrose sink overnight at 4°C. TAs were embedded in
O.C.T (Tissue-Tek) and cut in 8-um sections. All sections were
fixed using 4% paraformaldehyde solution (Thermo Fisher)
for 15 min at room temperature and washed twice (x2) with
Dulbecco’s phosphate-buffered saline (DPBS) (PBS—Gibco).
Permeabilization was performed using 0.5% Triton X-100
(Sigma) in PBS for 5 min at room temperature (RT), then
washed x2 in immunofluorescence buffer (IFB: 3% bovine se-
rum albumin [BSA, GoldBio], 0.2% Triton X-100 (Sigma), 0.2%
Tween-20 [Sigma], in PBS). Sections were blocked with IFB for
60 min at RT. MF-20 (DSHB) was diluted 1:2 and laminin
(Sigma) 1:250 in IFB and sections incubated overnight at
4°C. The following morning, sections were washed x2 with
IFB and incubated with secondary antibody, anti-mouse Alexa
Fluor 488 and anti-rabbit Alexa Fluor 647 (Invitrogen), at a
1:250 dilution in IFB for 45 min at RT. Sections were washed
x2 with IFB and incubated with DAPI (1:1000) diluted in IFB
for 10 min, washed x2 with PBS and Mowiol (EMD Millipore)
used for mounting. Images were taken with the Hamamatsu
ORCA-Flash 4.0 LT CMOS camera using Nikon NIS-Elements.
MyoVision v1.0 (https://www.uky.edu/chs/center-for-muscle-
biology/myovision,*®) was used for minimum Feret diameter
calculations. Each biological replicate (represented as a single
point on graph) contains minimum Feret diameters from
three images per sample.

Myofibre typing

TA sections were prepared as above. Sections were blocked
for 1 h at RT with the mouse-on-mouse blocking reagent
(Vector Laboratories). Sections were washed x2 with PBS
and incubated with BA-D5 (type | myofibres, supernatant,
1:100, DSHB), SC-71 (type lla myofibres, supernatant, 1:100,
DSHB), BF-F3 (type Ilb myofibres, concentrate, 1:100, DSHB),
and laminin (1:250, Sigma) diluted in 1% BSA at 37°C for
45 min. Sections were washed x2 with PBS and incubated
with the following Alexa Fluor secondary antibodies
(Invitrogen), diluted 1:250 in 1% BSA, at 37°C for 35 min:
anti-mouse 1gG2b-405, anti-mouse 1gG1-488, anti-mouse
IgM-594, and anti-rabbit 1gG-647. Sections were washed with
PBS x2, mounted with Mowiol and imaged at x4 using the
Hamamatsu ORCA-Flash 4.0 LT CMOS camera using Nikon
NIS-Elements. Image)?® cell counter was used to manually as-
sess myofibre types for quantification. All TA sections were
negative for type | myofibres and were therefore
not included in the myofibre typing quantification graph in
Figure IF.
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Satellite cell isolation, culture, proliferation and
differentiation

Satellite cell isolation was performed as previously
described.*® Briefly, all hindlimb muscles were harvested,
minced and dissociated using 0.2% collagenase Il (Gibco) with
agitation at 37°C for 1 h. Digested samples underwent
straining to remove nondigested/large objects. A Satellite Cell
Isolation Kit (Miltenyi) was used following manufacturing in-
structions to isolate satellite cells. Once isolated, satellite cells
were grown in growth media containing DMEM/F12 (Gibco)
plus 20% foetal bovine serum (FBS—Gibco), 10% horse serum
(HS—Gibco), 1% chick embryo extract (Life Science Produc-
tion), 1% penicillin—streptomycin (PenStrep—Gibco), 0.1%
Amphotericin B (Corning) and 0.2% Fibroblast Growth Factor
2 (GoldBio). Satellite cells were maintained at 37°C and 5% ox-
ygen. To assess proliferation, cells were plated at 500 cells per
square centimetre and 1000 cells per square centimetre and
maintained in growth media until spontaneous differentia-
tion. Myogenic differentiation was performed by seeding
wells at 1000 cells per square centimetre and given differenti-
ation media containing DMEM/F12 with 2% HS and 1%
PenStrep. Both proliferation and differentiation of cells was
monitored by IncuCyte ZOOM (Essen BioScience) and their
measures exported via masking analysis (exclusion of linear
objects in proliferation studies, threshold: eccentricity
<0.96) in IncuCyte ZOOM 2016B. Each biological replicate
contains the average of eight replicate wells with four images
per well.

RNAscope and Pax7 quantification

RNAscope was performed as described by the manufacturer
(Advanced Cell Diagnostics, Inc. [ACD]) using the RNAscope
2.5 HD Assay-RED kit (Document Number 322360-USM) with
minor modifications. Briefly, tissue sections were fixed with
4% PFA (Thermo) for 15 min at RT. Tissues were dehydrated
in 5-min steps of 50% ethanol, 70% ethanol, 100% ethanol
and second fresh 100% ethanol. Sections were pretreated
with hydrogen peroxide (ACD) for 10 min at RT then
RNAscope Protease IV (ACD) for 30 min at RT. 1X PBS was
used to wash sections x2. Pax7, positive control, and negative
control probes (ACD) were added to tissue sections and incu-
bated at 40°C for 2 h. Slides were washed x2 with 1X wash
buffer (ACD) and either continued with the protocol or
paused overnight in 5X SSC (Sigma) at RT. Amplification Steps
1-6 occurred as stated in the manual, with the exception that
AMPS5 was incubated for 45 min. A 1:60 ratio of RED-B:RED-A
(ACD) was added to all sections and incubated for 10 min at
RT. Slides were stained with 50% haematoxylin (Sigma) and
mounted with EcoMount (ACD). Images were taken with
the Nikon DS-Fi3 camera using Nikon NIS-Elements. Pax7-
positive nuclei were quantified manually and then divided

by the number of myofibres per image. Each biological repli-
cate (represented as a single point on graph) is the average
calculation of Pax7-positive nuclei per myofibre from four
to six images.

RNA sequencing and analysis

Satellite cells were isolated as described above. Total RNA
was extracted using TRIzol reagent (Invitrogen) and chloro-
form (Sigma) and isolation via the Qiagen RNeasy Kkit.
Harvested satellite cells from two to three mice were pooled
for each RNA sample. CLP/DCS Day 28 satellite cell data
(Figures 5 and S8) were derived from cells isolated on Days
27 and 28, with Day 28 being used as the label. GENEWIZ,
LLC, performed the library preparation and RNA sequencing
to hit counts as follows: RNA concentration was determined
using Qubit 2.0 Fluorometer (Life Technologies), RNA integ-
rity scores with 4200TapeStation (Agilent Technologies),
and rRNA depletion with Ribozero rRNA Removal Kit
(Hlumina). NEBNext Ultra RNA Library Prep Kit for lllumina
(NEB) was used according to manufacturer’s protocol.
Sequencing was performed on the Illlumina HiSeq using
2 x 150 paired-end configuration. HiSeq Control Software
was used for image analysis and base calling. FASTQ files
were generated from the raw sequence data using lllumina’s
bcl2fastqg 2.17 software. Reads were trimmed Vvia
Trimmomatic (v.0.36) and aligned to Mus musculus ENSEMBL
genome via STAR aligner (v.2.5.2b). Subread package (v.1.5.2)
with counts feature was used to calculate unique gene hit
counts. We further converted hit counts to FPKM via Galaxy
(https://usegalaxy.org).

TIBCO Spotfire Analyst 7.11.2.4 was used perform principal
component analysis and calculate significant genes
(2 < log2FC < —2, P < 0.05) between CLP/DCS Days 4, 8
and 28 versus control. Hierarchical clustering was performed
utilizing those significant genes via clustering method: com-
plete linkage and distance measure: correlation. Significant
genes, found as described directly above between CLP/DCS
Day 4 and control (—1.75 > log2FC > 1.75, P < 0.05), CLP/
DCS Day 8 and control (—2 > log2FC > 2, P < 0.05) and
CLP/DCS 28 and control (—1.25 > log2FC < 1.25, P < 0.05)
were uploaded into ingenuity pathway analysis (IPA,>!
v.70750971) to identify altered pathways.

Whole muscle metabolomics

A minimum of 40 mg of gastrocnemius muscle was sent to
Metabolon Inc. for untargeted metabolomic analysis using
an ultrahigh performance liquid chromatography-tandem
mass spectroscopy unit according to their standardized pipe-
line. Statistical analyses from gastrocnemius metabolomics
were performed by Metabolon using Student’s t-test with
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Welch’s correction. Metabolites were uploaded to
MetaboAnalyst 5.0°% to log transform and Pareto scale data
to produce a 3D principal component analysis (PCA) plot, per-
form hierarchical clustering using the top 25 altered metabo-
lites and identify altered metabolic pathways.

Statistical analyses

GraphPad Prism 9 (versions 9.0.0-9.3.0) were used for all sta-
tistical analyses. Student’s t-tests were unpaired, and one-
and two-way ANOVAs were performed with Bonferroni mul-
tiple comparisons (BMC). Minimum Feret values were
analysed in pairwise comparisons using nonlinear regression.
Survival data were analysed using Kaplan—Meier simple sur-
vival analysis. Significance was defined as P < 0.05, see leg-
ends for further detail. All numerical data are reported as
mean * SEM, except for minimum Feret diameter measures
which are mean £ SD.

Results

Utilization of cecal ligation and puncture and daily
chronic stress as a murine model of surgical sepsis
results in loss of lean mass

The first goal of this study was to assess the extent of physi-
ological changes in skeletal muscle that occur in the CLP/DCS
mouse model. Mice underwent CLP surgery on Day 1, with
baseline measurements on Day 0O, followed by resuscitation
with saline. Antibiotics were delivered after surgery and con-
tinued twice per day, for 3 days, to mimic in-patient
treatment.”® DCS was administered for 2 h every day, over
7 days, starting on Day 3 to mimic stress and lack of move-
ment in ICU patients. In these cohorts, 100% of control mice
and ~93% of CLP/DCS mice survived to the experimental end-
point of 27/28 days (Figure IA) or in combined studies
assessing acute survival, 100% control mice and ~82% of
CLP/DCS mice (Figure S1A). To longitudinally monitor sepsis
progression in our model, we measured serum levels of CRP
(a marker of inflammation found to be increased in both
mouse and human sepsis studies),®*3* and AST activity, an
indicator of liver dysfunction found to be increased in both
mouse and pig models of sepsis®>*° (Figure 1B). Both CRP
and AST were increased at CLP/DCS Day 4 (+67.90 + 10.97%
and +95.59 + 28.66%, respectively). At CLP/DCS Day 8, CRP
levels were trending up (+26.19 + 10.97%, P = 0.0692) while
AST levels were increased, but not statistically significant
(+56.93 + 28.66%, P = 0.166). Interestingly, CRP levels
dropped to control levels by CLP/DCS Day 28, while AST levels
remained significantly elevated (+86.9 + 28.66%) (Figure 1B).

Maximum weight loss in CLP/DCS mice was at Day 5 (4 days
post-CLP) with a decrease of 12.47 + 1.17% weight compared

with controls. CLP/DCS did not have a significantly decreased
body weight compared with control mice by Day 26
(4.10 £ 1.45%), demonstrating that CLP/DCS mice recovered
to near baseline weight measurements (97.90%)
(Figure S1B). We also evaluated longitudinal fat and lean
mass by magnetic resonance imaging (EchoMRI) two times
per week. During the first week, CLP/DCS mice lost the
highest amount of lean mass at Day 3 (~10%) and fat mass
at Day 7 (~59%) compared with baseline values (Figures 1C
and SIC, respectively). CLP/DCS mice maintained a significant
loss of lean mass at Day 10 (~8%) and by the fourth week,
Day 26, of recovery from CLP/DCS, mice recovered to near
baseline measurements of lean and fat mass (97.5% and
+6.4%, respectively). To address whether CLP, versus DCS,
was the largest contributor to the response demonstrated
in the results above, we also assessed a CLP only group in
conjunction with the previous study (Figure S2, contains data
found in Figures 1A, C—D and S1B-D). CLP and CLP/DCS out-
comes were largely similar with respect to survival
(Figure SZ2A), body mass (Figure S2B), and fat mass
(Figure S2C). Of note, post-sepsis recovery of lean mass from
CLP/DCS mice was more protracted when compared to CLP
alone (recovery by Day 13 versus Day 10, Figure S2D).

Harvested wet weights of CLP/DCS tibialis anterior (TA),
gastrocnemius (GR), and fat pad (fat) were evaluated at Days
4, 8 and 28. All values were normalized to baseline body
weight to account for any variation in mouse size (baseline
body mass and raw wet masses can be found in Figure S3).
All three groups were reduced in CLP/DCS mice at Day 4
when compared with control: TA mass was decreased by
27.52 + 5.71%, GR by 25.79 + 10.67% (P = 0.06) and fat by
41.30 * 11.29%. CLP/DCS Day 8 GR was decreased by
12.02 £ 10.91% compared with controls but was not statisti-
cally different, nor was it by experimental endpoint
(15.38 £ 10.67%). At Day 8, CLP/DCS mice maintained a signif-
icantly decreased TA mass (18.33 + 5.84%), but not by Day 28
(7.020 + 5.52%, Figure 1ID). Fat mass was significantly de-
creased at both CLP/DCS Days 8 and 28 (66.03 + 11.55%
and 41.78 + 10.88%, respectively) versus controls
(Figure SID). Little difference was noted between CLP/DCS
and CLP harvested wet weights of TA, GR and fat mass
(Figure SZE).

Consistent with decreased TA mass, TA cross-sections
stained for laminin and nuclei demonstrated visual differ-
ences in myofibre size at CLP/DCS Day 8 (Figure IE—top).
MyoVision-based myofibre quantification of minimum Feret
diameter confirmed these observations, whereby CLP/DCS
Day 8 TAs were significantly reduced in size compared
with all other CLP/DCS time points and control (Figure 1E—
bottom). Lastly, myofibre typing of TA cross-sections was per-
formed and stained for laminin, type |, type lla, type llb and
type lIx (unstained) myofibres. TA sections contained no type
I myofibres but demonstrated an increase in type llb
myofibres in CLP/DCS Day 4, a trend at Day 8
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Figure 1 Characterization of muscle loss and recovery in CLP/DCS mice. (A) Combined cecal ligation and puncture (CLP)/daily chronic stress (DCS)
Kaplan—Meier survival curve versus control mice to experiment endpoint. (B) Serum levels of mouse C-reactive protein (CRP) and aspartate amino-
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cation of minimum Feret diameter (bottom) of tibialis anterior (TA) cross-sections from control, Days 4, 8 and 28 CLP/DCS mice. Green = laminin,
Blue = DAPI. Images are representative and x20 with scale bar = 200 um. See Table S1 for all P value comparisons. (F) Immunofluorescence images
(top) and quantification (bottom) of tibialis anterior (TA) myofibre typing from control, Days 4, 8 and 28 CLP/DCS mice. Red = type llb,
Green = type lla, Unstained = type Ilx, White = laminin. Images are representative and x20 with scale bar = 100 um. Data from muscle mass/minimum
Feret diameter/myofibre typing were harvested on Day 27 or 28 and are labelled as Day 28. B = log-rank test. C, E, G = One-way ANOVA with
Bonferroni multiple comparisons (BMC). D = Two-way ANOVA with BMC. F = nonlinear fit pairwise comparisons. Significance: *P < 0.05,
#*/8p < 0.01, ***/"P < 0.001. (B) n = 12-13. (C-D) n = 16-45. (E) n = 11-14. (F) n = 5. (G) n = 10-14. Each n = one mouse.
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(13.61 £ 3.92% and 9.50 + 4.01%, respectively), a decrease in
type lIx fibres in CLP/DCS Days 4 and 8 mice (10.34 + 3.29%
and 8.52 + 3.37%, respectively) and a decrease in type lla fi-
bres at CLP/DCS Day 4 (3.27 + 1.20%) versus control (Figure
IF).

Satellite cells are required for post-surgical sepsis
muscle recovery

Lean mass was significantly decreased in CLP/DCS mice, but
near complete lean mass recovery/regeneration was ob-
served by the end of 2 weeks post-CLP (Figure 7). As muscle
stem cells, or satellite cells, have been previously shown to
be necessary for muscle regeneration,’® we wanted to
determine whether the muscle stem cell population was
necessary for this recovery in post-surgical sepsis mice. We
utilized the established Pax7-DTA mouse model to allow for
genetic ablation of Pax7 expressing cells upon tamoxifen
administration.?® Mice were separated into four groups, con-
trol or CLP/DCS treated with either vehicle or tamoxifen and
allowed a washout period of 10 days before proceeding with
CLP/DCS (Figure 2A). We noted little difference in experi-
mental survival between CLP/DCS vehicle and tamoxifen
groups (Figure S4A). Longitudinal body weight studies re-
vealed that both CLP/DCS groups lost a significant amount
of body weight over the first few days post-surgery. By Day
8, the CLP/DCS groups recovered enough body weight to
reach non-significance but maintained a lower mass trend
throughout the rest of the experimental timeline
(Figure S4B). EchoMRI scans revealed CLP/DCS vehicle
treated mice lost ~6—-8% lean mass compared with controls
in the first week post-surgery, but rapidly gained lean mass
between Days 7 and 10 and maintained lean mass through-
out the remainder of the experimental timeframe (Figure
2B, purple vs. orange and grey lines). Strikingly, CLP/DCS ta-
moxifen treated mice lost ~8.5-11% lean mass in the first
week and maintained an ~5-8% lean mass loss throughout
the experiment when compared with control groups (Figure
2B, green vs. orange and grey lines). Both CLP/DCS groups
lost between ~55% and 70% fat mass on Day 4, followed
by recovery of fat mass from Days 4 to 19 to where no sta-
tistical differences were detected in CLP/DCS groups versus
controls (Figure S4C).

TA muscle cross-sections were stained for laminin and
DAPI and minimum Feret diameter quantified across groups
(Figure 2C). While no differences were observed between
control groups (difference of 1.2), CLP/DCS tamoxifen had
a significantly reduced minimum Feret diameter compared
with CLP/DCS vehicle (difference of 3.9), control vehicle
mice (difference of 2.78) and trending versus control ta-
moxifen mice (P = 0.056, difference of 1.58) (Figure 2C—
bottom). We next queried whether post-necropsy TA, GR
or fat mass was altered between groups (baseline body

mass and raw wet masses can be found in Figure S5).
Although there were no significant differences in TA wet
weights when normalized to baseline body weight, there
was a trend in progression of decreased weight, where
control vehicle > control tamoxifen > CLP/DCS
vehicle > CLP/DCS tamoxifen (Figure S4D). CLP/DCS tamox-
ifen mice did exhibit significantly reduced GR weight when
compared with control vehicle (20.73 + 6.14%), with no
other significant differences between groups (Figure S4E).
CLP/DCS tamoxifen mice had significantly decreased fat
mass compared with the CLP/DCS vehicle group
(65.62 + 20.49%) but not versus control vehicle or control
tamoxifen (Figure S4F). To validate that the phenotype of
impaired muscle recovery was due to satellite cell reduc-
tion (not necessarily a complete ablation of the satellite cell
population), we used RNA in situ hybridization (RNAscope)
to identify (Figure 2D—top) and quantify Pax7-positive
cells/nuclei (Figure 2D—bottom). The control vehicle group
had significantly more Pax7-positive nuclei per myofibre
compared with all other groups. No differences in the num-
ber of Pax7-positive cells were seen between control ta-
moxifen, CLP/DCS vehicle and CLP/DCS tamoxifen groups
(Figure 2D—bottom).

Primary satellite cells isolated from recovered CLP/
DCS mice have altered proliferation and
morphological characteristics

We next aimed to assess the ability of satellite cells to prolif-
erate and differentiate (two main functional stem cell hall-
marks) when harvested from previously septic mice. We har-
vested primary muscle stem cells from control or CLP/DCS
mice at Days 4 and 26 post-procedure. Proliferating CLP/
DCS Day 4 satellite cells exhibited increased proliferation dy-
namics as evidenced by changes in field confluence (fold
change 4.18 + 0.82) (Figures 3A, B—left) and object count
(fold change 1.93 + 0.52) (Figure 3B—middle), with no
change in average object area (Figure 3B—right) when com-
pared with control cells at 56 h post-isolation. We found no
difference in the fold change of confluence in satellite cells
isolated from CLP/DCS mice at Day 26 (Figures 3C, D—left).
We did however observe that by the 40-h mark, the number
of CLP/DCS Day 26 cells declined (Figure 3D—middle)
whereas the average area increased (Figure 3D—right) com-
pared with control cells.

There were no significant differences in satellite cell differ-
entiation parameters measured (confluence, object count
and average area) at either Day 4 or Day 26 in CLP/DCS satel-
lite cells compared with controls (Figures S6A, B). Further-
more, we evaluated myotube morphology from differenti-
ated satellite cells and found that Day 4 CLP/DCS myotubes
had an increase in myotube width, but not length, while
Day 26 CLP/DCS myotubes had no difference in width but
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Figure 2 Satellite cell reduction reduces muscle regeneration capacity in cecal ligation and puncture/daily chronic stress (CLP/DCS) mice. (A) Timeline
representing male Pax7-DTA mice treated for five consecutive daily injections of tamoxifen or vehicle, 15 days before surgery. Percentage change from
baseline of (B) lean mass. (C) Immunofluorescence images (top) and quantification of minimum Feret diameter (bottom) of tibialis anterior (TA) cross
sections from either vehicle or tamoxifen control and CLP/DCS mice. Green = laminin, Blue = DAPI. Images are x20 with scale bar = 200 um. (D) Pax7
staining (top) and quantification of Pax7-positive nuclei per myofibre (bottom) of tibialis anterior (TA) cross-sections from vehicle or tamoxifen control
and CLP/DCS mice. Purple = haematoxylin (nuclei), Red = Pax7. Images are x40 with scale bar = 50 um. All images are representative. B = Two-way
ANOVA with Bonferroni multiple comparisons (BMC) where *significant vs. control vehicle and control tamoxifen, Asignificant vs. control tamoxifen,
and %signiﬁcant vs. control vehicle, P < 0.05. C = nonlinear fit pairwise comparisons. D = One-way ANOVA with BMC where significance = *P < 0.05,
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Figure 3 Satellite cells from cecal ligation and puncture/daily chronic stress (CLP/DCS) mice demonstrate intrinsic alterations in proliferation based on
time post-sepsis infection. (A, B) Muscle stem cell (MuSC) measurements of proliferation from control and CLP/DCS Day 4 mice. (A) Representative
images of time 0, 26 h and 60 h of proliferation. Left image is x10 with location of inset box (white dashed square). Right image is inset. (B) Quanti-
fication over time of MuSC (left) confluence, (middle) object count and (right) object area. (C, D) Control and Day 26 CLP/DCS proliferation measure-
ments of MuSCs. (C) Representative images of time 0, 20 h and 40 h of proliferation. Left image is x10 with location of inset box (white dashed square).
Right image is inset. (D) Quantification over time of MuSC (left) confluence, (middle) object count and (right) object area. All x10 images are repre-
sentative with scale bar = 300 um. B and D = One-way ANOVA with Bonferroni multiple comparisons (BMC) where significance is *P < 0.05,
&p < 0.01, P < 0.001. Day 4 (B), n = 3-5. Day 26 (D), n = 2-5. Each n = satellite cells isolated from a single mouse.

had a trend towards increased myotube length when com- and morphometric differences when compared with control
pared with controls (Figures S6C, D). Taken together, satellite  cells—differences that appear to be related to timing of
cells isolated from previously septic mice exhibit functional post-sepsis isolation/analysis.
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Secondary injury/insult reveals an impaired muscle
regeneration response in previously septic mice

Given (1) observations that satellite cells are required for op-
timal muscle recovery post-sepsis and (2) in vitro data sug-
gesting morphological/functional defects in Day 26 satellite
cells, we next asked if muscle regeneration is compromised
in previously septic mice. On Day 23 (22 days post-CLP sur-
gery), mice received an intramuscular injection of either bar-
ium chloride (BaCl,; injury) or saline (vehicle) in the TA mus-
cle (Figure 4A). Injured (or control) muscles were harvested
on Day 50 (28 days post-BaCl,/chemical injury) and sectioned
and stained for laminin and DAPI to quantify myofibre
widths. We observed morphological differences in myofibre
shape and size when visually comparing control or CLP/DCS
vehicle and injury groups (Figure 4B—top). Minimum Feret
diameter quantification by MyoVision confirmed that the
CLP/DCS injury group had a significantly decreased mean
compared with all other groups (Figure 48B—bottom).

We next wanted to determine whether MuSCs were able
to expand in injured post-sepsis mice. RNAscope was used
to identify Pax7-positive nuclei (Figure 4C—top) and quantifi-
cation revealed a modest (53%), though not statistically sig-
nificant, reduction in Pax7-positive nuclei per myofibre in
CLP/DCS vehicle treated mice compared with control vehicle
mice (0.019 vs 0.041 Pax7-positive nuclei per myofibre, re-
spectively) (Figure 4C—bottom). At experimental endpoint
(Day 50), control vehicle and control injury mice did not ex-
hibit differences in Pax7 cell number. There was, however,
an increase in Pax7-positive nuclei per myofibre in CLP/DCS
injury versus CLP/DCS vebhicle treated mice (Figure 4C—bot-
tom). Furthermore, quantification of the number of
regenerating myofibres was performed to further assess po-
tential differences in tissue regeneration. There was no signif-
icant difference in the percentages of regenerating myofibres
between control and CLP/DCS vehicle or injury mice, al-
though there was a trend towards fewer regenerating
myofibres in the injury CLP/DCS vs control injury groups
(Figure S7A). In addition, there were no differences in the
number of centrally located nuclei in regenerating myofibres
in control vs CLP/DCS mice in either vehicle or injured mice
(Figures S7B, C).

Transcriptome analyses of satellite cells isolated
from previously septic mice reveal persistent
alterations in cellular metabolism

We next performed transcriptome (RNA-sequencing) analy-
ses of freshly isolated satellite cells from control and CLP/
DCS mice at Days 4, 8, and 28 to better understand molecular
changes associated with observed functional deficits. PCA
across all samples and transcripts demonstrated clear cluster-
ing of CLP/DCS Day 4 (red) and Day 8 (purple) samples away

from controls (blue), while CLP/DCS Day 28 (yellow) and con-
trol samples appear more closely related/overlapping in 2D
PCA space (Figure 5A). Hierarchical clustering (HCC) analysis
revealed two main branches, of which controls were grouped
under one branch while the majority of sepsis samples
grouped under the second branch (all but one Day 28 CLP/
DCS sample). In the second main branch, each CLP/DCS sam-
ple clustered well based on time point (Figure 5B). Compari-
son of differentially expressed genes (DEGs) across all CLP/
DCS time points versus control (see Figure S8 for top DEGs
per CLP/DCS time point) indicated little overlap between
Day 28 and Days 4 and 8. Conversely, Days 4 and 8 exhibited
substantial overlap in DEGs, but also maintained a high num-
ber of unique genes at each time point (Figure 5C).

Utilizing IPA, we assessed altered biological pathways be-
tween the control and CLP/DCS Day 4 (Table S7), Day 8
(Table S8) and Day 28 (Table S9) samples. As we were initially
interested in the long-term effects of sepsis on satellite cells,
we focused on the top 25 altered pathways between CLP/
DCS day 28 versus control, of which many were
metabolism-focused pathways. Further, there was significant
overlap between transcripts associated with each of the top
4 altered pathways (i.e., oxidative phosphorylation, mito-
chondrial dysfunction, sirtuin signalling pathway, and
oestrogen receptor signalling, Figure 5D)—alterations that
persisted in CLP/DCS Day 28 satellite cells versus control cells
(Figure 5E). These transcripts, including Ndufa6, Ndufbs,
Ndufb11, Sdhb, Sdhc, Sdhd, Cycl, Uqcrc2, Cox4il, Cox7b,
Atp5d and Atp5e, are all integral for functioning of mitochon-
drial complexes 1-5 in oxidative phosphorylation and are top
candidates as mediators of long-term, post-sepsis satellite
cell dysfunction and impaired muscle regeneration.

Whole muscle metabolomics from post-septic mice
do not reveal persistent mitochondrial metabolism-
related defects

Our results above suggest a sustained increase in compo-
nents necessary for oxidative phosphorylation, across all five
mitochondrial complexes, in satellite cells after sepsis induc-
tion via CLP/DCS. We next sought to query whole muscle me-
tabolism to better understand the global/macroenvironment
context in which satellite cells reside. GR muscle from con-
trol, CLP/DCS Days 4, 8 and 28 mice underwent untargeted
metabolomic profiling. 3D PCA analysis using all metabolic
signatures revealed similar clustering trends as those ob-
served via satellite cell RNA sequencing, where more overlap
was seen between control and CLP/DCS Day 28 samples,
while CLP/DCS Days 4 and 8 clustered distinctly (Figure 6A).
HCC utilizing the top 25 altered metabolites revealed two
main branches, one containing the control and CLP/DCS Day
28 samples and the second containing the CLP/DCS Days 4
and 8 samples (Figure 6B). Interestingly, numerous metabo-

Journal of Cachexia, Sarcopenia and Muscle 2023; 14: 1424-1440
DOI: 10.1002/jcsm.13214



R.E. Schmitt et al.

1434
(A)
|
0 1
Base CLP
(B)
[0}
3]
5
_ >
o
c
o
(@)
P
.: .
g
[0}
5]
5
0n| >
o
Q
o
o
>
=)
g

Relative frequency (percentages)

.

=

Time (days)

[ [

3 9 23
DCS DCS Injury
Start End

DAPI

Lam

50
Harvest

Merged

Min Feret
16+
,
124 !
H!
T T ‘B‘Elr =
40 60 80 100
Bin Center
-8 Control (Vehicle) (44.16 + 13.52)
Control (Injury) (43.07 £ 19.10) *
*
-#- CLP/DCS (Vehicle) (43.86 + 13.32) I *

CLP/DCS (Injury) (39.68  18.63)

*
*

©

Injury Vehicle Injury Vehicle

Pax7+ Nuclei/Myofiber

4
‘ 50 pm
= O
(]
>
=
o
v >
[N
= (@)
-
0
>,
‘— O
w
.,‘
4
0.25
0.20 *
0.15
0.10 3
0.05- .
A
0.00 | T - .
Control CLP/DCS CLP/DCS
Vehicle Vehicle Injury

Figure 4 Muscle recovery deficit in post-sepsis mice with secondary muscle injury. (A) Timeline depicting experimental setup of second insult to mus-
cle in control and cecal ligation and puncture/daily chronic stress (CLP/DCS) mice. (B) Immunofluorescence images (top) and minimum Feret diameter
quantification (bottom) of tibialis anterior (TA) cross-sections in control or CLP/DCS mice that received vehicle or BaCl, (injured) injections.
Green = laminin, Blue = DAPI. Images are x20 with scale bar = 200 pm. (C) Pax7 staining (top) and quantification of Pax7-postive nuclei per myofibre
of TA cross-sections from vehicle or injured control and CLP/DCS mice. Purple = haematoxylin (nuclei), Red = Pax7. Images are x40 with scale
bar = 50 um. All images are representative. B = nonlinear fit pairwise comparisons, see Table S6 for all P values from all comparisons. C = One-way
ANOVA with Bonferroni multiple comparisons (BMC). Significance is *P < 0.05, **P < 0.01, ***P < 0.001. N = 3-6. Each n = one mouse.

Journal of Cachexia, Sarcopenia and Muscle 2023; 14: 1424-1440

DOI: 10.1002/jcsm.13214



Post-sepsis muscle regrowth requires satellite cells 1435

(A) PoA (C) Day4 Day 8
Comp.1 vs. Comp.2 . Control
. Py & ” @ CLP/DCS Day 4
" ® @ CLP/DCS Day 8
o CLP/DCS Day 28
60 o © (] ay
40
20 .
o -20 O
E o« e}
-60 O .
-80 .
-100 [ )
-120 24
-160 . ’

Sample Key

@ Control

@ CLP/DCS Day 4
@ CLP/DCS Day 8

CLP/DCS Day 28

Colors
@ WVax (13.46)
@ 500
() Min (0.00)
B -log(p-value)  (E) Oxidative Phosphorylation
[ z-score
_ Ndufb8-|
Complex | NdufA6-
L Ndufb11-
__ Sdhb-|
10 : : ! ! Sdhc-
c c > o Complex Il
Kl RS © £
® B 2 § L Sdhd-
g = g 2 Cyc1-
= 2 o 2 Complex IlI [
3 &) £ o) Ugere2-
S = = 3
< @ @
o ‘.g E, § . [ Cox7b|
o
2 S <‘I:) x omplex IV Cosait ]
© = (o
© [3) E] S
2 2 £ o) Atp5d-
3 = ® g Complex V [
E Atp5e-

Control Day4 Day8 Day28
CLP/DCS

Journal of Cachexia, Sarcopenia and Muscle 2023; 14: 1424-1440
DOI: 10.1002/jcsm.13214



1436

R.E. Schmitt et al.

Figure 5 Post-septic satellite cell RNA seq reveals metabolic defects potential contributions to long term functional deficits. Combined experiment (A)
principal component analysis (PCA) of control and cecal ligation and puncture/daily chronic stress (CLP/DCS) Days 4, 8 and 28 utilizing all gene tran-
scriptomic data. (B) Hierarchical clustering by means of combined differentially expressed genes from CLP/DCS Days 4, 8 and 28 versus control using
2 < Log2FC < —2, P < 0.05. (C) Venn diagram illustrating the overlap in significantly altered genes in CLP/DCS Days 4, 8 and 28 samples versus control,
where 2 < Log2FC < —2, P < 0.05. (D) Top 4 altered pathways from ingenuity pathway analysis (IPA) in CLP/DCS Day 28 versus control samples. Or-
ange bars indicate z-score, blue bars indicate -log(P-value). (E) Heatmap of significantly altered oxidative phosphorylation genes in CLP/DCS Day 28
versus control (depicted as Log2 transcript expression [FPKM] of CLP/DCS Days 4, 8 and 28 as a fold change from control) that are represented in more
than one of the top 4 altered pathways from IPA; Ndufa6, Ndufb8 transcript variant 1, Ndufb11, Sdhb, Sdhc, Sdhd, Cycl, Uqcrc2, Cox4il transcript
variant 1, Cox7b, Atp4d transcript variant 2 and Atp5e. Significance indicated is versus control. B = Clustering method: complete linkage; distance mea-
sure: correlation. £ = One-way ANOVA with Bonferroni multiple comparisons (BMC) whereby significance is *P < 0.05, **P < 0.01, ***P < 0.001.
n = 4-5. Each n = pooled satellite cells isolated from 2—3 mice. Satellite cells harvested from mice on Day 27 or 28 are labelled as Day 28.

lites (including amino acids) that are found increased in
septic patient serum/plasma or in septic non-survivors com-
pared with survivors>® are also increased in CLP/DCS muscle
(Figure 6C).

We next analysed the top up- and down-regulated metab-
olites for each CLP/DCS time point versus control (see top 10
differentially abundant metabolites in Figure S9) in
MetaboAnalyst to determine the top altered metabolic path-
ways in CLP/DCS Days 4, 8 and 28 (Figures S10A—C). Although
there are some potential indicators that mitochondrial func-
tion is altered during these time points (e.g., nicotinate and
nicotinamide metabolism and beta oxidation of very long
chain fatty acids), a clear mitochondrial metabolism deficit
was not observed. Further, metabolites more specifically re-
lated to mitochondrial function—such as oxidative phosphor-
ylation (Figure 6D) and the tricarboxylic acid cycle (Figure 6E)
—did not reveal clear changes indicative of sustained mito-
chondrial dysfunction. These data suggest that the altered
mitochondrial signature found in satellite cells is likely not a
simple reflection or consequence of widespread whole mus-
cle mitochondria defects.

Discussion

Many sepsis survivors suffer from long-term health conse-
qguences that significantly compromise quality of life. Cur-
rently, there are few treatments available addressing these
chronic issues. Understanding how tissues/organs are last-
ingly impacted by sepsis is of high clinical importance given
the growing number of sepsis cases/sepsis survivors world-
wide. To this end, numerous studies have investigated the
detrimental role of sepsis on skeletal muscle and other or-
gans/tissues such as adipose tissue and the gut
microbiome.>’3° That said, the majority of studies to date
evaluated the effect of sepsis on these tissues/organs during
a very narrow post-sepsis timeframe that failed to capture
long-term sequelae. This lack of extended post-sepsis fol-
low-up highlights a major gap in the field, especially consider-
ing that molecular changes associated with acute and late
sepsis phases are distinct. For example, a previous study re-
cently characterized changes in the microenvironment of mu-

rine skeletal muscle and adipose tissue at one day and one
month post-sepsis.>® While patterns of cell type abundance
shifts were observed across many cell types in both tissues,
closer examination revealed natural killer cells and
T-memory cells in one month post-sepsis samples, whereas
T-regulatory and T-memory cells characterized immune cell
diversity in one month post-sepsis adipose tissue. Notably,
none of these populations were appreciably present in con-
trol or 1 day post-sepsis mice.*® While just one example,
these data highlight that post-sepsis tissue microenvironment
remodelling is tissue specific and that acute and chronic
phases are dynamic and distinct.

A number of tissue stem cell populations are known to be
impacted during and following sepsis. Zhang et al. demon-
strated that lipopolysaccharide activates the Toll-like recep-
tor 4 (TLR4) in haematopoietic stem cells (HSCs) [S1]. Subse-
quently, two downstream pathways of TLR4, myeloid
differentiation factor 88 (MYD88) and TIR-domain-containing
adapter-inducing interferon B (TRIF) are activated [S1]. Each
of these pathways uniquely impacts overall stem cell func-
tion, whereby MYD88 causes myelosuppression and TRIF
causes persistent injury to the HSC population [S1]. Further-
more, we previously showed a significant loss of adipose
stem cells in both 1-day and 1-month post-septic mice.*®
These findings implicate widespread post-sepsis stem cell dis-
ruption that may contribute to adverse, long-term conse-
quences of tissue dysfunction. As muscle wasting is observed
in both human sepsis*>** and animal models of sepsis®® [S2],
we sought to query the impact of sepsis on skeletal muscle
stem cells. Our study is the first to demonstrate the necessity
of muscle stem cells for full recovery of lean mass in a murine
surgical model of sepsis. Although our results are not the first
to implicate metabolic defects in the post-sepsis satellite cell
population [S3], it is the first study that reports an unbiased
longitudinal assessment of the satellite cell transcriptome
from post-septic mice.

We observed a substantial number of transcripts encoding
proteins of mitochondrial complexes |-V within the top 4 al-
tered pathways (oxidative phosphorylation, mitochondrial
dysfunction, sirtuin signalling pathway, and oestrogen recep-
tor signalling) in CLP/DCS Day 28 versus control satellite cells.
As metabolic state is important for proper cell function, this
metabolic switch in post-septic satellite cells—in conjunction
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Figure 6 Alterations in post-septic gastrocnemius metabolites do not align with metabolic changes observed in satellite cells. (A) 3D principal compo-
nent analysis (PCA) plot (MetaboAnalyst) utilizing all control, Days 4, 8 and day 28 cecal ligation and puncture/daily chronic stress (CLP/DCS) gastroc-
nemius metabolite levels. (B) Hierarchical clustering (MetaboAnalyst) of control, CLP/DCS days 4, 8 and 28 using the top 25 altered metabolites. (C)
Heatmap depicting increased scaled intensity values, as fold change from control, of metabolites in CLP/DCS gastrocnemius (GR) that are also in-
creased in serum/plasma of septic versus healthy patients or increased in non-surviving versus surviving sepsis patients. Significance indicated is versus
control values. (D, E) Scaled intensity levels of metabolites involved in oxidative phosphorylation (D) or the tricarboxylic acid (TCA) cycle (E) in control,
Days 4, 8 and 28 CLP/DCS mice. GR muscles that were harvested on Day 27 or 28 are labelled as Day 28. B = Clustering method: complete; distance
measure: Euclidean. C—E = Student’s unpaired t-test with Welch’s correction (Metabolon). Significance is *P < 0.05, **P < 0.01, ***P < 0.001. N=6
per group. Each n = one mouse. C6, hexanoylcarnitine; C8, octanoylcarnitine; C10, decanoylcarnitine; C16, palmitoylcarnitine; ceramidel, ceramide
(d18:1/14:0, d16:1/16:0); ceramidez, ceramide (d18:2/24:1, d18:1/24:2).
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with changes in satellite cell morphology and decreased pro-
liferation (Figure 3D)—suggests a potential connection be-
tween these molecular observations and satellite cell dys-
function. Further investigation is certainly needed to
address this potential relationship. Additionally, metabolism
is tightly linked to overall muscle function, regeneration and
disease [S4-S6]. Examples include key roles for oxidative
phosphorylation and oxidative stress in muscle disease
aetiology (i.e., DMD) [S7] as well as muscle stem cell fate de-
cisions [S8]. Moreover, multiple studies show that targeting
mitochondrial metabolic dysfunction can improve disease se-
verity and/or outlook. First, in diabetic and obese mouse
models for example, activation of mitochondrial glycerol
3-phosphate dehydrogenase, the rate-limiting step in the
glycerophosphate shuttle, improved muscle regeneration pa-
rameters (increased myofibre cross-sectional area, increased
number of myofibres with centrally located nuclei and in-
creased expression of myogenin) as well as increasing overall
muscle weight [S9]. Second, a recent cancer cachexia study
reported increased fatty acid oxidation in the muscle
resulting from proinflammatory signals that led to increased
oxidative stress and p38MAPK stress signalling [S10]. Treat-
ment of tumour-bearing mice with etomoxir, an inhibitor of
fatty acid oxidation, improved body weight, increased muscle
cross sectional area and increased myosin heavy-chain ex-
pression [S10]. Third, a small clinical trial involving adults with
Becker muscular dystrophy found that treatment with
(—)-epicatechin was able to increase mitochondrial biogene-
sis markers, skeletal muscle growth markers and markers of
skeletal muscle regeneration [S11]. These and other studies,
combined with our findings reported here, underscore the
importance of understanding foundational principles of how
metabolism, satellite cells and muscle homeostasis are im-
pacted by various stressors, including sepsis.

While, our study is an important step towards understand-
ing the role of satellite cells in post-sepsis muscle recovery,
there are some limitations to consider. First, our animal stud-
ies were performed predominantly using female mice, and
thus, sex differences were not able to be queried here. Some
previous human studies indicate that females may have in-
creased sepsis survivability [S12, S13], which led us to initially
use female mice. Nonetheless, future rigorous investigation
into the male response is needed. Second, food intake and
activity were not taken into consideration in our results, lead-
ing to the potential that these variables could play a role in
selected study outcomes. Lastly, we used the TA muscle for
histology (i.e., myofibre typing and minimum Feret diameter
measurements) and GR for metabolomics which may not be
completely reflective of all types of skeletal muscle responses
to sepsis in the hindlimb from which satellite cells were iso-
lated. Further studies would be needed addressing the
long-term effect of sepsis on additional skeletal muscle types
both in the hindlimb and in other anatomical locations. Even
with such limitations, new hypotheses for the role of satellite

cells in sepsis-related atrophy recovery and the effect of sep-
sis on satellite cells can be gleaned. As mentioned above, we
hypothesize that the transcriptional changes in satellite cells
(likely representing an altered metabolic state) is leading to
functional satellite cell deficits (i.e., reduced proliferation
and morphology changes, Figure 3). Thus, post-septic mice
(even if ostensibly ‘recovered’) harbour a compromised satel-
lite cell pool making them susceptible to future muscle loss or
even the ability to completely recover pre-sepsis lean mass
levels (Figure 4). Understanding why these changes persist
in satellite cells is an important question, but at the very
least, these changes do not appear to be caused by myofibre
type switching or as a consequence of whole muscle mito-
chondrial dysfunction.

Muscle wasting is associated with sepsis mortality,*> and
thus preventing and/or rescuing muscle wasting outcomes
may help further improve sepsis survivability. In addition to
survivability, improving self-reliance, the ability to perform
daily activities, and/or to maintain employment would (1) in-
crease overall quality of life and (2) likely reduce the number
of sepsis survivors that develop depression, as losing inde-
pendence and income is likely to lead to lead to unhappiness
and/or discontent. Future work would benefit from studies of
how these deficits in muscle regeneration post-sepsis is af-
fected by age and/or other comorbidities (such as obesity
and diabetes) as the aged population, >65 years, accounts
for 40% of sepsis cases and tend to have a more severe reac-
tion (i.e., higher SOFA scores than other ages) and worse out-
come (i.e., death and disability) [S14].

The value of targeting muscle wasting during and following
sepsis is clear. A key outstanding question is how to best tar-
get disease or trauma-associated muscle wasting. Targeting/
limiting muscle catabolism is one approach that is popular
among many in the muscle wasting field. On the other hand,
boosting and/or promoting muscle regeneration (via stem
cell manipulation or modulation of the muscle microenviron-
ment) is gaining traction as a way to not necessarily elimi-
nate, prevent or reverse muscle wasting, but rather to slow
the rate of atrophy or accelerate recovery. While this study
confirmed and highlighted the key role of muscle stem cells
during sepsis recovery, next steps include determining how
to best manipulate this cell compartment/the regenerative
process without interfering with other recovery/repair pro-
cesses in other affected tissues. If successful, a regenerative
medicine-based approach may indeed be a powerful way to
limit long-term chronic illness and improve the lives of count-
less sepsis survivors.
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