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Abstract

Background There is a clear relationship between quantitative measures of fitness (e.g., VO, max) and outcomes
after surgical procedures. Whether or not fitness is a modifiable risk factor and what underlying biological processes
drive these changes are not known. The purpose of this study was to evaluate the moderate exercise training effect
on sepsis outcomes (survival) as well as the hepatic biological response. We chose to study the liver because it plays a
central role in the regulation of immune defense during systemic infection and receives blood flow directly from the
origin of infection (gut) in the cecal ligation and puncture (CLP) model.

Methods We randomized 50 male (&) and female (Q) Sprague—Dawley rats (10 weeks, 340 g) to 3 weeks of treadmill
exercise training, performed CLP to induce polymicrobial “sepsis,”and monitored survival for five days (Part ). In paral-
lel (Part I1), we randomized 60 rats to control/sedentary (G1), exercise (G2), exercise +sham surgery (G3), CLP/sepsis
(G4), exercise+CLP [12 h (G5) and 24 h (G6)], euthanized at 12 or 24 h, and explored molecular pathways related to
exercise and sepsis survival in hepatic tissue and serum.

Results Three weeks of exercise training significantly increased rat survival following CLP (polymicrobial sepsis). CLP
increased inflammatory markers (e.g., TNF-a, IL-6), which were attenuated by exercise. Sepsis suppressed the SOD and
Nrf2 expression, and exercise before sepsis restored SOD and Nrf2 levels near the baseline. CLP led to increased HIF1a
expression and oxidative and nitrosative stress, the latter of which were attenuated by exercise. Haptoglobin expres-
sion levels were increased in CLP animals, which was significantly amplified in exercise + CLP (24 h) rats.

Conclusions Moderate exercise training (3 weeks) increased the survival in rats exposed to CLP, which was associ-
ated with less inflammation, less oxidative and nitrosative stress, and activation of antioxidant defense pathways.
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Introduction

Quantitative measures of fitness (e.g., maximal VO,, aer-
obic threshold) predict morbidity and mortality follow-
ing a variety of major surgical procedures [1-3]. Other
indicators of physical fitness, such as walking distance,
functional leg strength, grip strength, inspiratory muscle
strength, and gait speed, have also been correlated with
improved surgical outcomes [4]. Psoas muscle volume
(which is negatively correlated with age [5] and a marker
for frailty [6]) predicts mortality and difficulty with
ventilator weaning in critically ill surgical patients [7].
The impact of physical fitness is not limited to surgical,
oncologic, or critically ill patients, with higher VO,max

improving all-cause mortality in adults with no detect-
able limit [8].

For clinicians interested in maximizing outcomes of
critically ill patients, these data raise questions in two
broad areas. First, can we “train” humans who are at risk
of becoming critically ill? Second, can we recreate (or
augment) the benefits of physical fitness pharmacologi-
cally? This requires a comprehensive understanding of
the biological changes that occur with exercise, including
the time course required to generate meaningful physi-
ologic changes.

Although it is known to impact a myriad of protective
systems including extracellular superoxide dismutase
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(ec-SOD/SOD3), hypoxia-inducible factor la (HIF-1la),
vascular endothelial growth factor (VEGF), and nitric
oxide synthase (NOS) [9-14], our understanding of the
biochemical mechanisms which lead to exercise-induced
organ protection is incomplete. The purpose of this study
was to use an animal model of surgical stress (rat cecal
ligation and puncture [CLP]) to determine whether
a compressed, three-week exercise training regimen
could improve survival, as well as describe the biological
changes that occur following a relatively brief period of
exercise training in animals exposed and not exposed to
critical illness.

We chose to study the liver for two reasons—first, the
liver receives blood flow directly from the gut, which is
the origin of infection in the CLP model; second, the liver
plays a central role in the regulation of immune defense
during systemic infection [15] as well as initiating the
production of acute-phase proteins-cytokines, eliminat-
ing the bacteria, and inducing metabolic adaptations to
inflammation [16—19].

Materials and methods

Overall

The overall approach to this study was to initially test
whether or not exercise training could produce a biologi-
cal effect (increased survival) in animals exposed to CLP,
followed by a subsequent analysis to identify candidate
biological pathways that are impacted by exercise train-
ing in animals exposed to CLP (Fig. 1). We focused on
hepatic tissue because of its established role in respond-
ing to intra-abdominal sources of infection [20]. Our
focus was on generating a more complete description
of the pathways involved, to inform future mechanis-
tic studies. For the biochemical analysis, we utilized six
groups—sedentary (G1; controls), exercise-trained with
no exposure to surgery (G2), exercise-trained with expo-
sure to sham surgery, harvested at 24 h (G3); untrained,
exposed to cecal ligation and puncture, harvested at 24 h
(G4), exercise-trained, exposed to CLP, harvested at 12 h
(G5); exercise-trained, exposed to CLP, harvested at 24 h
(G6).

Animals and regulatory approval

All experiments were approved by the Animal Use and
Care Committee (IACUC) of the University of Virginia
(Protocol No. 4054), Charlottesville, Virginia. Patho-
gen-free, genetically unmodified, 10-week-old (aver-
age weight 340 g) Sprague—Dawley (SD) rats male and
female obtained from Envigo (IN, USA). The animals
were kept with a regular 12-h light cycle, food, water and
a toy for environmental enrichment for a minimum of
48 h to acclimate to the new surroundings. The rats were
examined by the vivarium veterinarian after their arrival
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and observed for an additional 2 days (4 days total) to
ensure that they were in good health before the exercise
training/experiments.

Exercise training

Treadmill training is a common exercise protocol applied
in most of the studies and shown promising effects in
sepsis animal models [21, 22]. A five-lane treadmill from
Harvard Apparatus (PN: 76-0895, Holliston, MA) was
used to train five rats per training session. We targeted
33.3 cm/s with a 5-degree incline as the target speed for
our training. After the adaptation period, training for
each group of five rats started at a 5-degree incline at a
speed of 15 cm/s for 90 min for the first two days. In the
following two days, the pace was increased to 25 cm/s.
For the next two days, the regiment changed to 15 min of
warm-up at 15 cm/s speed, 15 min of secondary warm-
up at 25 cm/s, and then 60 min at 30 cm/s. After this ini-
tial training period, the rats were submitted to 3 weeks of
treadmill running five days per week, 15 min at 15 cm/s,
15 min at 25 cm/s, and 60 min at 33.3 cm/s.

Inducing experimental sepsis by CLP

The surgical stress model CLP is considered the gold
standard for sepsis studies [23], until the publication of
the paper by Seok et al. [24]. Although the CLP sepsis
model does not recapitulate many important features of
human sepsis, this animal model reproduces a number
of important features of secondary bacterial peritoni-
tis in humans, and these features can provide important
insights into understanding the host response to patho-
gens and associated signaling mechanisms.

Pre-surgical preparation, anesthesia, surgery (CLP)
procedure monitoring, and sample collection were per-
formed as previously described by our laboratory [25].
In brief, SD rats were anesthetized with isoflurane (main-
tained at 2.0 MAC), temperature was maintained to
37 °C with a rectal probe and a pulse oximeter was used
to measure arterial oxygen saturation (SpO,). After con-
firmation of general anesthesia, each animal underwent
sham (midline celiotomy and closure) or CLP surgery.

A sterile drape was applied, and a 2—3-cm midline celi-
otomy was performed; then, the cecum was carefully
separated to prevent blood vessel damage. In the control
(sham surgery) group, the cecum was removed from the
abdomen and immediately returned to the abdominal
cavity, and the incision was closed with a double silk 4-0
suture. In the CLP group, 80% of the cecum (by volume)
was ligated and punctured twice with a sterile 16-gauge
needle and tied off with size 0 silk sutures. The celiotomy
was closed with 4-0 running silk sutures through the
muscular layer, followed by skin clips. After the surgi-
cal procedure, lidocaine 2% was infiltrated around the
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Fig. 1 Overall experimental plan of Part |, sepsis survival and Part Il, biochemical mechanisms and response pathways analysis

incision site, and a subcutaneous injection of 3 ml of nor-
mal saline was given to compensate for the loss of appe-
tite after surgery. SpO, and temperature were monitored
(AD Instruments Lab Chart 8.1, Boulder, CO, USA). The
animals were allowed to wake up and placed back in their
cage.

Post-surgical monitoring and tissue harvest

Animals that were part of the survival experiment
(Part I) were monitored in-person at least twice daily
as part of our IACUC protocol, with continuous
video monitoring in between to determine the date of
death. For animals that were part of the biochemical
experiment (Part II), monitoring occurred for 12-24 h

post-recovery, depending on the experimental group,
at which point animals were re-anesthetized with iso-
flurane, arterial blood was withdrawn, the animals were
euthanized (ex-sanguination and cervical dislocation)
and the tissues were collected and snap-frozen in lig-
uid nitrogen (biochemical analysis), and Bouin’s solu-
tion (histological analysis). For biochemical analysis,
liver tissues were removed from—80 °C storage and
finely ground in liquid nitrogen using a mortar and pes-
tle. Ten to fifty milligrams of tissue powder (per sam-
ple) were used to measure gene and protein expression,
markers of oxidative stress, inflammation, hypoxia,
advanced glycation end products (AGEs), receptor for
advanced glycation end products (RAGE) as well as for
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other molecular assays related to exercise and sepsis
were measured.

Biochemical analysis

Serum cytokines

As we described previously [25], rat serum Interleukin
(IL-6; RAB0311, Sigma, St. Louis, MO) and tumor necro-
sis factor alpha (TNF-a; ab100785, Abcam, Cambridge,
UK) levels were measured using the ELISA method by
following the manufacturer’s instructions. Concentra-
tion levels was expressed in pg/ml serum and in percent
change. For all ELISA assays, standards and unknowns
were both measured in duplicate.

Cell-free hemoglobin

Rat cell-free hemoglobin (cf-Hb) concentration was
determined in serum using commercially available ELISA
kit (# EIAHGBC, Invitrogen-Thermo-Fisher Scientific,
USA) by following the manufacturer’s instructions. The
concentration levels were expressed in g/dl and in per-
centage change.

Blood lactate

As we described previously [25] rat blood lactate concen-
tration levels were measured using i-STAT CG4+ CAR-
TRIDGE (Abbott Laboratories, Abbott Park, Illinois, IL)
and expressed as mmol/L and in percent (%) change.

Hepatic biomarkers

Liver total superoxide dismutase (t-SOD) activity was
measured using a SOD colorimetric activity assay kit
(#EIASODC Invitrogen-Thermo-Fisher Scientific, USA).
Liver total antioxidants (AO) levels were measured using
the Cayman chemicals antioxidant assay kit (#709001,
MILUSA). As we described previously [25], liver nitric
oxide (NO) levels were estimated using a colorimetric
assay kit that measures total nitrate, and nitrite levels
(nitric oxide assay Kit# EMSNO, Invitrogen) and protein
carbonyl (PC) content was measured by using a protein
carbonyl content assay kit (MAKO094, Sigma-Aldrich,
St. Louis, MO) in accordance with the manufacturer’s
instructions.

Gene target selection and mRNA expression

To understand the exercise effect on sepsis, a set of 16
dysregulated genes were selected based on our rat sepsis-
CLP model we previously identified with RNA-sequenc-
ing (RNA-seq) analysis [25]. Tissue RNA isolation, cDNA
synthesis and real-time RT-PCR (qRT-PCR) analysis
were performed as described previously by our lab [25].
In brief, liver total RNA was extracted using an RNA iso-
lation kit (RNeasy plus mini kit, Qiagen) and the concen-
trations were estimated with NanoDrop (ThermoFisher
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Scientific). For cDNA synthesis, two micrograms of RNA
was reverse-transcribed using the iScript-Adv cDNA
Synthesis Kit (BioRad, USA) and 100 ng of cDNA was
used for qPCR analysis in a final volume of 20 pl con-
taining, iTaq universal SYBR® Green supermix (BioRad,
USA) and target specific qPCR gene expression primers
(Primer sequence are listed in Additional file 1: Table S1).
Amplification was performed using CFX-Connect Real-
time qPCR system (BioRad, USA). mRNA expression
changes were calculated using the 2—AACT method
[26] and expressed as fold-change compared to controls.
[-actin was used as a normalization control.

Bioinformatics analysis

A total of 27 selected proteins (protein-coding genes that
are dysregulated in sepsis) were used for protein—protein
interaction (PPI) network analysis using the online in-
built STRING version 11.5 database. To study the Molec-
ular-level functions and activities performed by gene
products, the gene ontology (GO) analysis for biological
processes, molecular function, cellular components, and
pathway analysis (KEGG and Reactome) was also per-
formed with STRING Functional enrichment analysis
selection [27], and highly connected genes in the network
(hub genes) was identified with CytoHubba [28] using
Metascape [29].

Protein quantification (western blotting)

Liver total proteins and nuclear proteins were extracted
as we described previously [25]. In brief, 50 mg of flash-
frozen liver tissue was ground to a powder with liquid
nitrogen and used either for nuclear protein extraction
(Abcam ab113474, Cambridge, MA) or for whole cell
lysate (RIPA lysis buffer) preparation. Halt™ protease and
phosphatase inhibitors were added to the protein extrac-
tion buffers. In addition, 100 uM of the prolyl hydroxy-
lase stabilizer Cobalt (II) chloride (CoCl2) was added
to the extraction buffer to prevent HIF-1a degradation.
Protein concentrations were measured using a Bicin-
choninic Acid (BCA) kit (Thermo Scientific). Depending
on the expression localization (Nucleus/whole cell) of the
protein to be analyzed, 10-30 ug of whole cell lysate or
nuclear proteins (50 pg) was heat-denatured at 95 °C and
resolved on a 4-20% gradient Tris—Glycine polyacryla-
mide gels (Bio-Rad). The resolved proteins were blotted
on to PVDF membrane (Millipore, Darmstadt, Germany),
non-specific protein-binding sites were blocked with
SuperBlock phosphate-buffered saline (Thermo-Fisher #
37515) and incubated with target-specific primary anti-
bodies overnight at 4 °C (antibody information and dilu-
tion are listed in Additional file 1: Table S2). The next
day the membranes were washed with a tris-buffered
saline and polysorbate 20/Tween (TBST) buffer and then
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incubated for 1 h with appropriate secondary antibod-
ies at room temperature. Protein and antibody immuno-
reactivity was detected using Super Signal West Femto
enhanced chemiluminescence substrate (Thermo Scien-
tific). Protein signals (band intensity) from immunoblots
were captured using GBOX (Chemi XR5; Syngene) and
were analyzed densitometrically using the computer-
ized image analysis software (Gene Tools from Syngene).
Expressed protein densities were normalized to load-
ing controls (B-tubulin), and expression levels were pre-
sented in percentage compared to the control.

S-Nitrosylation

Immunostaining of S-nitrosylated proteins was per-
formed as described by our laboratory previously [25]
by using the Pierce” S-Nitrosylation Western Blot Kit
(#90105, Thermo Scientific). In brief, by following the
manufacture supplied protocol, liver tissue samples
were lysed in HEPES, EDTA, Neocuproine, and SDS
(HENS) buffer, the supernatant was collected, and the
protein concentrations were determined using a BCA
kit (Thermo Scientific). 1 M methyl methanethiosul-
fonate (MMTS) was added to extracted protein samples
to block the free-sulthydryls and labeled with sodium
ascorbate +iodo-TMT labeling reagent. The iodo-TMT
labeled liver proteins (S-nitrosylated) were subjected to
4-20% TGX gels (20 pg protein per lane) and resolved
using electrophoresis. After the proteins were blotted
on the PVDF membrane, anti-TMT antibody (1:2000
dilution, Thermo-Fisher # 90075) and anti-mouse IgG-
HRP conjugated (1:10,000) secondary antibody was used
to detect the liver S-nitrosylated proteins by following
standard western blot protocol.

Tissue collection, processing, and immunohistochemistry

At the end of the experimental time point(s), rats were
euthanized as per the guidelines of the University of
Virginia Institutional Animal Care and Use Commit-
tee. Liver tissue was harvested and fixed overnight in
Bouin’s fixative (Sigma), and in 70% histology-grade
alcohol for 24 h. For fixed tissue’s paraffin embedding,
hematoxylin and eosin staining (H&E) were prepared
by Research Histology Core services at University of
Virginia (UVA). Nitrotyrosine protein adducts were
assessed by immunohistochemistry. For nitrotyros-
ine reactivity, rehydrated liver tissue sections were
incubated with an anti-nitro-tyrosine polyclonal anti-
body overnight (1:100 dilution; Chemicon/Millipore
# AB5411), followed by a secondary antibody incuba-
tion with peroxidase-conjugated anti-Rabbit IgG. The
immunostained tissue section slides were scanned
using an Aperio slide scanner at 20X magnification
(UVA- Biomolecular Analysis Facility). The density of
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the nitrotyrosine positive cells (protein adducts) in liver
tissue was quantified [30] in a blind manner and using
free NIH (National Institutes of Health) Image Process-
ing and Analysis software Image]/Fiji [31].

Statistical analysis

Statistical power

There are no published survival data on exercise train-
ing (short-time 3 weeks) in rats exposed to cecal liga-
tion and puncture. A trial of mice exposed to treadmill
training demonstrated a fourfold increase in survival at
36 h as compared to sedentary mice [32]. Another trial
of transgenic mice that overexpress ec-SOD revealed a
fivefold survival increase at 48 h after lipopolysaccharide
(LPS) injection [33]. We estimated a threefold increase in
survival associated with exercise. Assuming a type I sta-
tistical error rate of 5%, 80% power, and evenly matched
groups, we would need approximately 24 rats (3 and Q)
per group to detect a difference in survival [34]. Unless
otherwise noted, for biochemical analyses, we chose a
convenience sample of 10 rats per group (n=>53, n=59).
In western blots for running all the groups samples in the
same gel we used G1, n=3 and G2-G6; n=>5. For nitroty-
rosine protein adduct density quantification and mRNA,
n=3 for G1-G6. Also, sample sizes for individual experi-
ments (western blot, ELISA, PCR) were based on our
laboratory’s previous experimental data published on this
sepsis model [20].

Data analysis plan
Survival data were analyzed using a Kaplan—Meier curve
(log-rank test). Group comparisons of biochemical data
(protein, mRNA expression, etc.) were made using one-
way analysis of variance (ANOVA). Corrections for mul-
tiple comparisons were not made, given the exploratory
nature of this study. Data are presented as means + SD
with the exception of compiled expression levels data
graphs (Figs. 5H, 6G, 7G, 8G, 9G, 10G, 11F, 13D), which
are presented as mean + SEM, and p<0.05 was consid-
ered statistically significant. The data distribution was
evaluated with GraphPad Prism 9.2.0 (GraphPad, CA)
software. All microplate-based assays and qPCR assay
sample was run in duplicate or triplicate. All the graph
data symbols *,+, #, and # denotes significant, “ns” rep-
resents not statistically significant in the graph, and in
western blot images “ns” represents non-specific signal.
The flow diagram (Parts I and II) of the animal experi-
mental groups’ timing of the exercise training, sham sur-
gery, or sepsis induction with cecal ligation and puncture
(CLP), as well as survival study, tissue collection and
analysis, is shown in Fig. 1.
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Results

Survival study (part 1)

Treadmill-trained rats survived CLP longer than seden-
tary rats (8 and @ Rats; P=0.0132, log-rank test, Fig. 2A).
When analyzed independently, this effect was/was not
observed in both male and female rats (Fig. 2B,C).

Biochemical analysis (part Il)

Messenger RNA

The mRNA expression (QRT-PCR) levels for several tar-
gets were significantly changed between CLP (G4) and
exercise-trained exposed to CLP animals (G4 vs. G6).
Exposure to CLP leads to a significant increase in mRNA
expression of SOD2 (Superoxide dismutase-2/mitochon-
drial SOD; &: fivefold and Q: 9.2 fold) and, NOS2 (nitrous
oxide synthase-2; 3: 5.4 fold, and @: 7.2 fold) in male and
female rats, respectively. Exposure to CLP leads to signif-
icant decreases in mRNA expression of SOD1 (superox-
ide dismutase-1, soluble/intracytosolic SOD; 3: 0.2 fold
and Q: 0.2 fold), SOD3 (superoxide dismutase-3/extracel-
lular SOD; &: 0.2 fold and Q: 0.24 fold), and CAT (Cata-
lase; 3: 0.09 fold and Q: 0.08 fold) in male and female rats.
In isolation (G1 vs. G2), exercise led to an increase in
SOD3 (Q: 1.52 fold and Q: 1.46 fold) and NRF2 (Nuclear
factor erythroid 2-related factor 2; 3: 1.27 fold and @:
1.21 fold) and a decrease in TLR4 (Toll-like receptor-4;
3: 0.49 fold and 2:0.26 fold) and NFKB2 (Nuclear Factor
Kappa-B-Subunit 2; 3: 0.68 fold and Q: 0.39 fold) in male
and female rats, respectively (Fig. 3). qPCR-AACt fold
changes from each comparison P<0.05 were considered
statistically significant, and the control group fold change
(FC) level (FC=1).

The PPI network analysis of differentially expressed
protein-coding genes associated with CLP and exercise-
training is shown in Additional file 1: Fig S1, and the
overview of the PPI network status, KEGG, and reac-
tome pathways associated with sepsis along with gene
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ontology (GO) analysis is shown in Additional file 2:
File S3. HIF-1a, AGEs, AKT Serine/Threonine Kinase
1 (AKT), VEGF, Guanosine 3',5'-cyclic monophos-
phate-Protein Kinase CGMP-Dependent 1 (cGMP-
PKG/PRKG1), TLR, Nf-KB, mitogen-activated protein
kinase (MAPK), mechanistic target of rapamycin kinase
(mTOR), and TNF signaling pathways were associ-
ated with sepsis development among the significantly
enriched KEGG pathways. In gene ontology analysis
response to hypoxia, oxygen-containing compounds,
abiotic stimulus, ROS, and oxidative stress are the top
enrichment biological process. The MetaScope-Cyto-
Hubba analysis revealed that 11 out of the 27 signifi-
cantly altered protein-coding network genes, the most
important highly connected hub genes are NOS3, NOS2,
VEGFa, AKT, PRKG1, HO-Heme Oxygenase-1(Homx1/
HO-1), CAT, NRF2(Nfe2l2), HIF-1a, SOD1, SOD2, and
SOD3 are actively involved in sepsis development and
regulation pathways (Additional file 3: File S4).

Protein expression
Exposure to CLP (G4 vs. G1) led to a significant increase
in protein expression of SOD2, (3: 50%, P=0.0001 and
Q: 87%, P=0.0002), and significant decreases in protein
expression of SOD1 (Q: 30%, P=0.004) in females, and
SOD3 (8: 20%, P=0.018 and Q: 21%, P=0.022), and CAT
(8: 28%, P=0.028 and Q: 28%, P=0.0001) in male and
female rats, respectively. In isolation (G1 vs. G2), exer-
cise led to an increase in SOD1 (&: 44%, P=0.023 and Q:
37%, P=0.098) and SOD3 (&: 38%, P=0.023 and Q: 35%,
P=0.032) in male and female rats, respectively (Fig. 4),
with no impact on SOD2 or CAT. Exercise training
appeared to normalize antioxidant protein expression in
the setting of sepsis (G1 vs. G4 vs. G6) of SOD1, SOD3,
and CAT.

Exposure to CLP (G4 vs. G1) leads to a significant
increase in the expression levels of TNF-a (3: 30 pg/ml,

Impact of Exercise on Impact of Exercise on Impact of Exercise on
Sepsis Survival (CLP) Sepsis Survival (CLP) Male Rats Sepsis Survival (CLP) Female Rats
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P=0.0001 and Q: 26 pg/ml, P=0.0001), IL-6 (3: 342 pg/
ml, P=0.0001 and Q: 223 pg/ml, P=0.0001), TLR4 (3:
121%, P=0.0002 and @: 124%, P=0.0002), NFKB2 (g3:
181%, P=0.0001 and @: 171%, P=0.0001), and lac-
tate (&:1.53 mmol/L, P=0.0001 and Q: 2.59 mmol/L,
P=0.0001), in males and females, respectively. In iso-
lation (G1 vs. G2), exercise had no substantive impact
on any markers of inflammation. Analysis of exercise
training in the setting of CLP (G4 vs. G6) suggests that
exercise attenuates the increase in inflammatory mark-
ers, including TNF-a (3: 23 pg/ml, P=0.0001 and ¢:
16 pg/ml, P=0.0001), IL-6 (3: 305 pg/ml, P=0.0001
and @: 279 pg/ml, P=0.0001), TLR4 (3: 80%, P =0.0006
and @: 139.5%, P=0.0001), NFKB2 (3: 85%, P=0.008
and Q: 96%, P=0.001), in males and females, respec-
tively. Exercise training had no impact on the increase
in lactate associated with CLP (Fig. 5).

Exposure to CLP (G4 vs. G1) lead to a significant
increase in protein expression of HIFl-a (3: 564%,
P=0.0001 and Q: 238%, P=0.0004), VEGF-a (3: 93%,
P=0.0001 and Q: 96%, P=0.0001), and NOX2 (&: 46%,
P=0.007 and Q: 69%, P=0.0001), in males and females,
respectively. CLP led to a significant decrease in protein
expression of blc-2 (B-cell lymphoma-2; 3: 42%, P=0.001
and Q: 24%, P=0.04) in males and females, respectively,
and a slight increase in LDHA (lactate dehydrogenase A)
for females exposed to CLP (Q: 34%, P=0.009) but not in
males. In isolation (G1 vs. G2), exercise led to a decrease
in NOX2 protein expression in both males and females
(8: 37%, P=0.04 and Q: 41%, P=0.002) but otherwise
had no impact on proteins involved in the metabolic
response to stress. Analysis of exercise training in the set-
ting of CLP (G4 vs. G6) suggests that exercise attenuates
the increase in HIF-1a (8: 537%, P=0.0001 and Q: 255%,
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P=0.0001), and NOX2 (8: 66%, P=0.0001 and Q: 102%,
P=0.0001) in males and females, respectively. Exercise
had no impact on bcl-2 expression in the setting of CLP
but did slightly attenuate LDHA expression in females (:
29%, P=0.008), but not in males (Fig. 6).

Exposure to CLP (G4 vs. G1) leads to a significant
increase in protein expression of mTOR (&8: 254%,
P=0.0001 and @: 128%, P=0.0001), and PRKG1 (3: 21%,
P=0.03 and @: 57%, P=0.006), and a significant decrease
in AKT (&: 25%, P=0.01 and Q: 28%, P=0.007), AMPK
(AMP-activated protein kinase; &: 21%, P=0.004 and
Q: 54%, P=0.0001), and PDE5a (Phosphodiesterase 5A;
8: 19%, P=0.003 and Q: 26%, P=0.023) in males and
females, respectively. In isolation (G1 vs. G2), exer-
cise led to an increase in mTOR (g&: 71%, P=0.004) and

AMPK (8: 20%, P=0.008) protein expression in males
but not in females. Analysis of exercise training in the
setting of CLP (G4 vs. G6) suggests that exercise attenu-
ates the increase in mTOR (&: 197%, P=0.0001 and Q:
124%, P=0.0001), and PRKG1 (g&: 43%, P=0.001 and @:
70%, P=0.0001), as well as the decrease (G4 vs. G1) in
AKT (8:25%, P=0.01 and Q: 28%, P=0.007), observed in
males and females, respectively (Fig. 7).

Exposure to CLP (G4 vs. G1) leads to a significant
increase in protein expression of Keapl (Kelch-like
ECH-associated protein-1; 3: 113%, P=0.0001 and Q:
139%, P=0.0001) and HO-1 (8:326%, P=0.0001 and
Q: 712%, P=0.0001), and decreases in Nrf2 (3:37%,
P=0.01 and @ 21%, P=0.03), NQO1 (NAD (P) H
dehydrogenase [quinone]-1; 3: 36%, P=0.0004 and &:
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27%, P=0.01) and p62 (3: 18%, P=0.03 and Q: 38%,
P=0.003) in males and females, respectively. In isola-
tion (G1 vs. G2), exercise increased the Nrf2 (8: 18%,
P=0.03 and Q: 38%, P=0.003) and p62 (Sequestosome
1/SQSTM1; &: 51%, P=0.0003 and @: 20%, P=0.004)
expression levels in both males and females. Exer-
cise training in the setting of CLP (G4 vs. G6) attenu-
ates the decreased Nrf2 (8: 56%, P=0.0001 and Q:
34%, P=0.001), NQO1 (38: 32%, P=0.0002 and Q: 21%,
P=0.02) expression in males and females, and p62
protein expression in females (: 31%, P=0.03), but
not males. In addition, exercise training attenuates the
increased keapl expression in CLP (G4 vs.G6) animals
(38: 100%, P=0.0001 and Q: 108%, P=0.0001) (Fig. 8).

Exposure to CLP (G4 vs. Gl) leads to a signifi-
cant increase in protein expression of AGEs (3: 165%,
P=0.0001 and Q: 124%, P=0.0007), RAGE (8: 254%,
P=0.0001 and @: 99%, P=0.005), p38MAPK (p38 mito-
gen-activated protein kinases; 3: 20%, P=0.02 and :
58%, P=0.0001), eNOS (endothelial nitric oxide syn-
thase; 8: 52%, P=0.02 and @: 55%, P=0.0002) and iNOS
(inducible nitric oxide synthase; 3: 130%, P=0.0001 and
Q: 158%, P=0.0001) in males and females, respectively.
AGEs, RAGE, and iNOS protein expression slightly
increased in sham (G3) animals but significantly less
compared to CLP animals. Exercise training in the set-
ting of CLP (G4 vs. G6) attenuated the increased AGEs
(8: 116%, P=0.0002 and Q: 127%, P=0.0001), RAGE (g:
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Fig. 6 A-E, protein expression of proteins involved in the metabolic response to stress in males (L) and females (R) stratified by group. F, Western
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102%, P=0.002 and Q: 72%, P=0.02) p38MAPK (3: 18%,
P=0.04 and Q: 44%, P=0.0001), eNOS (3: 54%, P=0.004
and Q: 57%, P=0.0001) and iNOS (g8: 120%, P=0.0001
and Q: 137%, P=0.0001) expression in males and females,
suggests that in CLP animals exercise preconditioning
reduces the AGEs/RAGE accumulation and Nitric oxide
synthases expression levels significantly (Fig. 9).
Exposure to CLP (G4 vs. G1) lead to a significant
increase in protein expression of haptoglobin (HP;
38: 229%, P=0.0007 and Q: 338%, P=0.0001), mark-
ers of oxidative and nitrosative stress including pro-
tein carbonyls (3: 37 [nmol/mg protein], P=0.0001
and @: 2.6[nmol/mg protein], P=0.0007), and nitric
oxide levels (3: 2.6[pumol], P=0.001 and @: 3.1[umol],

P=0.003), and serum-free hemoglobin (3: 1.3[g/dl,
serum], P=0.0001 and @: 1.9[g/dl, serum], P=0.0001),
in males and females, respectively. In isolation (G1 vs.
G2), exercise led to an increase in protein carbonyls (3:
61[nmol/mg protein], P=0.0001 and @: 3.1[nmol/mg
protein], P=0.0001) in males and females, respectively,
and a small decrease in nitric oxide levels in males (3:
2.1[umol], P=0.03) but otherwise had no impact on
proteins involved in oxidative stress, including cell-
free hemoglobin levels in serum. Analysis of exercise
training in the setting of CLP (G4 vs. G6) suggests
that exercise training strongly attenuates oxidative
and nitrosative stress, including protein carbonyls (3:
31 [nmol/mg protein], P=0.0001 and @: 4.1[nmol/mg
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Fig. 7 Sepsis increases the Hif1a-signaling target proteins (mTOR, AKT, AMPK, PRKG1, and PDE5a) expression levels in liver tissue, pre-exercise
training attenuates this response. A-E, HIF-1a target proteins in males (L) and females (R) stratified by group. F, Western Blots G, compiled
quantification data (A-E). G1 =sedentary, G2 =exercise-trained, G3 = exercise trained + sham surgery, G4 = CLP (untrained, tissue harvest at 24 h),
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protein], P=0.0001) and nitric oxide levels (3: 4[pmol],
P=0.001 and Q: 2.6[umol], P=0.01), as well as serum
free hemoglobin (8: 1.3[g/dl, serum], P=0.0001 and
Q: 1.7[g/dl, serum], P=0.0001), in males and females,
respectively. Additionally, exercise seems to amplify
the haptoglobin response to sepsis (3:190%, P=0.001
and 9:297%, P=0.0001) in males and female animals
(Fig. 10).

Exposure to CLP (G4 vs. G1) leads to a significant
increase in nitrotyrosine (NT) protein adducts (a
marker for peroxynitrite formation; (3: 0.045[den-
sity/um™2], P=0.0001 and 9Q: 0.039[density/um™?],
P=0.0001), in males and females. Analysis of exercise

training in the setting of CLP (G4 vs. G6) suggests that
exercise training significantly attenuates the increase
in peroxynitrite adducts formation in the tissue (3:
0.028[density/um %], P=0.0002 and Q: 0.027[density/
um~2], P=0.0001) in males and females (Fig. 11).
Exposure to CLP (G4 vs. G1) leads to a significant
increase in S-nitrosylation (3: 110%, P=0.007 and &:
81%, P=0.0001) and a significant decrease in GSNOR
(S-nitrosoglutathione reductase; 3: 27%, P=0.002and
Q: 21%, P=0.01), in males and females, respectively. In
isolation (G1 vs. G2), exercise had no impact on either
S-nitrosylation or GSNOR. Analysis of exercise train-
ing in the setting of CLP (G4 vs. G6) suggests that
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Fig. 8 A-E, protein expression of NRF-2 signaling proteins in males (L) and females (R) stratified by group. F, Western Blots G, Compiled
quantification data (A-E). G1 =sedentary, G2 =exercise-trained, G3 = exercise trained + sham surgery, G4 = CLP (untrained, tissue harvest at 24 h),
G5 =CLP (trained, tissue harvest at 12 h), G6 =CLP (trained, tissue harvest at 24 h)

exercise training restores GSNOR levels and attenuates

the S-nitrosylation attributed to CLP (Fig. 12).

Discussion

Our work demonstrates that a moderate (three-week)
period of gradual exercise training significantly improved
survival of rats exposed to surgical stress. When stratified
by sex, the impact in females remained statistically sig-
nificant, while males exhibited a trend toward longer sur-
vival. This may be due to sex-specific differences yet to
be discovered. However, many of the biological pathways
that might confer a survival benefit (e.g., anti-oxidant
defenses) were upregulated in both sexes.

While human data suggest that 36 weeks of training
are required to optimize fitness levels [35], these time-
frames are unrealistic in patients undergoing surgical
procedures. The median time to first treatment in can-
cer patients is disease-dependent, with times as short
as 14 days for colon surgery and as long as 40 days for
liver surgery [36]. Wait times for elective cardiac sur-
gery are less than two weeks in the USA, although con-
siderably longer in other countries [37]. While other
investigators have demonstrated a clear impact of
exercise training on survival in animal models of sur-
gical stress [32], the training duration was far outside
the week-long window that would be needed to be
impactful in the majority of major surgical procedures
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Fig. 9 A-E, protein expression of proteins involved in the metabolic response to stress in males (L) and females (R) stratified by group. F, Western
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in the USA. It is also worth noting that a recent trial
of exercise after critical illness (TEAM trial) was nega-
tive [38], suggesting that if exercise is in fact beneficial
in humans, it must be initiated prior to critical illness.
This trial may also have been limited by the amount of
exercise that can safely be performed in an intubated,
mechanically ventilated patient.

The focus of our analysis was on developing a more
comprehensive description of the biological pathways
affected by exercise, including some which may have
been traditionally overlooked, rather than performance
of inhibitor studies to confirm mechanisms. We felt that
a more complete landscape was appropriate prior to ini-
tiation of this important mechanistic work. Additionally,

it is worth noting that virtually of the pathways we tested
were impacted by exercise, suggesting that exercise may
impact a more upstream master regulator that we did not
test.

Our results are consistent with work by other authors
demonstrating that exercise increases ec-SOD (SOD3)
production [9, 39]. The “antioxidant hypothesis” [40] pos-
its that ec-SOD can travel systemically, protecting remote
organ systems from oxidative stress, e.g., the myocar-
dium [9, 41], which manifests as increased survival dur-
ing exposure to LPS [33]. An increase in ec-SOD content
was associated with decreased 3-nitrotyrosine Levels
[42]. It is notable that oxidative and nitrogenous stress
were markedly lower in the trained animals exposed to
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CLP, while SOD activity was higher. We also observed
increased SOD1 (intra-cytosolic) expression following
exercise training, which suggests that the antioxidant
defenses are not exclusively due to ec-SOD.

Muscular exercise results in increased free radical con-
centration in both muscle and liver tissue [43]. Muscle-
liver crosstalk has been described in sarcopenia and
non-alcoholic fatty liver disease [44], but has not been
explored in exercise or sepsis specifically. In genetically
engineered mice, increased ec-SOD expression (pro-
duced in skeletal muscle) lead to increased levels of ec-
SOD in the blood, peripheral and adipose tissue, and
organs, such as the liver, heart, kidneys, and lungs [45].

Sepsis is known to increase plasma-free hemoglobin
[46], a source of oxidative stress that can potentially be
mitigated by haptoglobin. The impact of exercise on
haptoglobin in healthy humans is complex—adults who
report consistent exercise have abnormally low serum
haptoglobin levels [47], but an acute bout of extreme
exercise raises haptoglobin levels along with other acute

phase reactants [48]. Furthermore, retrospective data in
humans suggest that increased plasma-free hemoglobin
is associated with worse mortality in sepsis, and that sep-
tic survivors have higher haptoglobin levels than those
who die [49]. Administration of exogenous haptoglobin
improves survival in a canine model of sepsis [50], and
there is some retrospective data suggesting that exog-
enous haptoglobin administration reduces acute kid-
ney injury (AKI) in humans undergoing cardiac surgery
[51]. Haptoglobin is increasingly understood as an anti-
inflammatory agent [52]. In our experiments, exercise
training was associated with a more vigorous haptoglobin
response (post-operative hour 24) in the face of stressors
(such as free hemoglobin).

The effects of free hemoglobin, a potent pro-oxidant
species, can also be attenuated through conversion to
bilirubin by heme oxygenase, which is upregulated HO-1.
The majority, but not all, of mouse knock-out studies
suggest that HO-1 deficiency increases mortality in sep-
sis [53]. Our data suggest that the biological triggers for
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an HO-1 response may be less severe in trained animals
exposed to CLP.

The impact of exercise on hepatic HIF-1a was unsur-
prising given that chronic exercise does not reliably
increase HIF-1a stabilization even in skeletal muscle [54]
and except in extreme cases, oxygen gradients from the
capillary to intracellular environment, and thus oxygen
conductance, are typically unaffected by exercise [55].
There is a growing appreciation that oxidative and nitro-
sative stress (e.g., NO) are just as important for HIF-1a
stabilization as hypoxia [20, 25, 54]. Our results demon-
strate that HIF-1a expression in exercise-trained animals
exposed to CLP is no different from controls, further sup-
porting the impact of exercise on antioxidant defenses.

Nrf2 is known as a “master regulator” of antioxidant
responses, and upregulates SOD-1, catalase, HO-1, as
well as glutathione S-transferase (GST) [56]. Exercise
training upregulates Nrf2 in animals [57-59] as well as
humans [60]. Interestingly, the addition of sulforaphane,
an Nrf-2 inducing agent, improves exercise tolerance in
mice and reduced oxidative stress associated with exer-
cise [61]. Oral administration of sulforaphane in human
weight lifters reduces muscle injury and inflammation
[62] as well as oxidative stress [63] after resistance train-
ing. Our data (G4, sepsis) conflicts with human data
suggesting that Nrf2 is upregulated in pediatric sepsis
[64] although trained animals seemed to preserve Nrf2
expression when exposed to CLP (G6).The Keapl-Nrf2
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system is a key cellular defense mechanism that protects
cells from metabolic and oxidative stress, and counter-
acts hepatic oxidative stress [65]. Keapl-Nrf2 systems
are linked via the phosphorylation of the ubiquitin bind-
ing protein p62/SQSTM1 in the p62-Keapl—Nrf2 path-
way [66]. In oxidative muscle p62/SQSTM1- Nrf2 is
essential for exercise-mediated enhancement of antioxi-
dant proteins [67]. NQOL1 is an antioxidant enzyme acti-
vated by Nrf2-Keap1-ARE target gene products [68]. Our
data corroborate the importance of the p62/SQSTM1-
Keapl-Nrf2 pathway in hepatic oxidative stress related
to infection.

AMPK is known as a “central regulator of energy
homeostasis,” its activity is increased after exercise, and
it plays an essential role in regulating exercise capacity
[69]. mTOR, a downstream protein impacted by AMPK,
has recently emerged as an O,-sensitive signaling path-
way that is independent of the HIF response [70], and is
also a known mediator of the response to exercise [71]. In
fact, AMPK and mTOR are tightly interlinked pathways
that act in opposition [72], the AMPK/mTOR, and AKT/
mTOR pathway appears to be impacted by infection

[73-77]. Our results were consistent with the findings of
other investigators although we did observe some sex-
specific differences related to AMPK.

RAGE has an key function in the pathogenesis of sep-
sis [78], activation of RAGE stimulates the NADPH oxi-
dase [79], an enzyme that produces superoxide radicals
and induces the cytokines production via NF-kB, fol-
lowed by upregulation of inflammatory pathways [80].
Increased protein S-nitrosylation contribute to sep-
sis and other disease pathogenesis, in cardiomyocyte
reduction of S-nitrosylation by GSNOR protects against
sepsis-induced myocardial depression [81]. Increased
expression of anti-apoptotic protein Bcl-2 provides sep-
tic protection and improved survival in experimental
sepsis-CLP [82]. LDHA expresses predominantly in skel-
etal muscle and liver and plays a key role in host immune
response [83]. HIF-1a [84] and PI3K/Akt-HIF-1« path-
way involved in LDHA regulation [85]. Studies show
that inhibition of LDHA effectively regulates the NF-xB
activation induced by LPS, indicating the potential role
of LDHA in sepsis [86]. Leroy C Joseph, et. al. show
that the Inhibition of NOX2 prevents sepsis-induced
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cardiomyopathy by decreasing oxidative stress and by
preserving intracellular calcium levels and mitochondrial
function [87]. Abdominal sepsis, transcriptomic analysis
showed increased PRKG1 levels [88].

In this study, we observed that the dysregulated protein
expression levels impacted by CLP, including the expres-
sion of RAGE/AGEs, GSNOR, NFkB2, Bcl-2 LDHA
NOX2, PRKG1, and Pde5a, somewhat stabilized/ reached
normal levels in the exercise-trained animals exposed to
CLP (Figs. 5, 6, 7, 8, 9, 12). Also, bioinformatics analy-
sis of significantly altered protein-coding and hub genes
and further confirms the sepsis complexity and exercise
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impact on multiple cellular signaling pathways. This
study’s comprehensive integrated analysis summary of
the major observed changes in sepsis and moderate exer-
cise training on liver and serum samples is shown in the
graphical abstract (Fig. 13) and in Table 1.

Conclusions

Moderate exercise training for 3 weeks increased sur-
vival in rats exposed to CLP (subgroup analysis sug-
gested that the survival benefit was more pronounced in
females). In the setting of CLP, training was associated
with lower inflammation, oxidative and nitrosative stress

Overview of the intersection of different potential key impacted Signaling pathways
cross-talk in Sepsis and Exercise Training animals
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Fig. 13 Integrative summary of the major observed effect in sepsis and exercise training on liver tissue and serum samples. A The panel shows
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balance), Hypoxia, and AGE/RAGE signaling in both Male and Female sepsis animals. B Pre-exercise training animals at post-operative hour 24.
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levels, and activation of multiple antioxidant defense
pathway. Also, the identified hub-gene signatures (e.g.,
NOS2, VEGFa, AKT, HO-1, SOD2) are useful for a deeper
understanding of key signaling pathways-connection in
sepsis development and may be helpful for early predic-
tion of sepsis progression. Further investigation of these
hub-gene molecular regulation mechanisms in exercise-
trained sepsis animals may bring new sight (non-phar-
macological alternative) for sepsis outcomes and sepsis
treatment.

Study limitations and future work

Our work has limitations. It was conducted in rats, and
thus, the results are not directly applicable to humans.
The applicability of animal models to humans, espe-
cially in infectious disease research, is an area of active
controversy [24, 89]. To eliminate survivor bias, our bio-
chemical analysis was performed at only two early time
points—12 and 24 h. The inflammatory response to sur-
gery and infection takes time to develop [90], and our
results are not applicable in the later time points that
would be typical in humans who survive surgery and/or
infection. This study focused on the expression of genes-
proteins involved in several pathways associated with
sepsis-exercise conditions in the Liver (need to consider
other organs, ex; cardiac and lung for combined func-
tional effect). Our data showed sex differences, these
sex differences in survival and expression studies might
be the effects of sex hormones or other sex factors (need
to be considered in additional studies), but may also be a
statistical anomaly—our study was not powered to look
at male and female survival individually. Lastly, because
we did not perform any molecular target inhibitor stud-
ies, we cannot draw any definitive conclusions about
the underlying mechanisms induced by exercise train-
ing. Confirming the mechanisms through which exercise
seems to confer a survival benefit after sepsis, as well as
whether or not these mechanisms can be augmented
pharmacologically (e.g., through sulforaphane).
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AKT AKT serine/threonine kinase 1

AMPK AMP-activated protein kinase
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