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ABSTRACT
◥

Exercise prevents cancer incidence and recurrence, yet the
underlying mechanism behind this relationship remains mostly
unknown. Here we report that exercise induces the metabolic
reprogramming of internal organs that increases nutrient demand
and protects against metastatic colonization by limiting nutrient
availability to the tumor, generating an exercise-induced metabolic
shield. Proteomic and ex vivometabolic capacity analyses of murine
internal organs revealed that exercise induces catabolic processes,
glucose uptake, mitochondrial activity, and GLUT expression.
Proteomic analysis of routinely active human subject plasma
demonstrated increased carbohydrate utilization following exercise.
Epidemiologic data from a 20-year prospective study of a large
human cohort of initially cancer-free participants revealed that
exercise prior to cancer initiation had a modest impact on cancer
incidence in low metastatic stages but significantly reduced the
likelihood of highlymetastatic cancer. In threemodels ofmelanoma

in mice, exercise prior to cancer injection significantly protected
againstmetastases in distant organs. The protective effects of exercise
were dependent on mTOR activity, and inhibition of the mTOR
pathway with rapamycin treatment ex vivo reversed the exercise-
induced metabolic shield. Under limited glucose conditions, active
stroma consumed significantly more glucose at the expense of the
tumor. Collectively, these data suggest a clash between themetabolic
plasticity of cancer and exercise-induced metabolic reprogramming
of the stroma, raising an opportunity to block metastasis by chal-
lenging the metabolic needs of the tumor.

Significance: Exercise protects against cancer progression and
metastasis by inducing a high nutrient demand in internal organs,
indicating that reducing nutrient availability to tumor cells repre-
sents a potential strategy to prevent metastasis.

See related commentary by Zerhouni and Piskounova, p. 4124

Introduction
Clinical and preclinical studies have demonstrated that exercise

plays a role in cancer prevention, as it reduces cancer incidence (1) and
recurrence (2). The effect of exercise prior to tumor detection appears
to be just as effective in inhibiting tumor growth as exercise before and

after tumor inoculation in vivo (3). This suggests that exercise provides
protection from tumor development; however, the mechanism under-
lying this preventative effect has yet to be elucidated (4, 5).

Clinically, it has been suggested that exercise can have an antitumor
effect through the regulation of the metabolic profile by increasing the
body’s insulin sensitivity, thus contributing to glucose homeostasis (6),
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decreasing sex-steroid hormone levels (7), ameliorating the immune
response (8), including reduction of inflammation (9), or secretion of
skeletal muscle myokines that inhibit tumor growth (10). However,
whether these modifications contribute to the protective effect of
exercise is unclear.

Following exercise, skeletal muscles’metabolic adaptations are due
to its increased energy demands (11, 12) and include the regulation of
energy and glucose–insulin-related pathways by myokines, hepato-
kines, and adipokines (12), secreted by skeletal muscle, liver, and
adipose tissue, respectively, upon exercise (12). For example, myokine
interleukin 6 (IL6) increases lipid metabolism and glucose generation
in hepatocytes and improves insulin secretion from the pancreas (13).

Similarly, metabolic alterations in cancer cells are a prominent
hallmark of tumor progression (14), which are determined by cell-
intrinsic characteristics such as tissue of origin (15), genetic muta-
tions (16), and disease stage. Aerobic glycolytic metabolism of cancer
cells, known as theWarburg effect, reflects a tumor’s intrinsic ability to
alter its metabolism (14, 17), through the significant increase of its
glucose uptake, allowing cancer to proliferate uncontrollably via
increased anabolic processes, producing the carbon necessary for
proliferation (18). In addition to intrinsic changes, tumor interactions
with its microenvironment also have an impact on cancer metabo-
lism (17). For example, themicroenvironment providesmetabolites, as
was shown with cancer-associated fibroblasts that secrete lactate,
pyruvate, ketone bodies (19), glycogen (20), and cytokines (21) and
can transfer mitochondria to cancer cells (21), enhancing cancer cell
mitochondrial function, tricarboxylic acid cycle (TCA) activity, oxi-
dative phosphorylation (OXPHOS; ref. 22), and glycolysis (20), which,
together with extracellular matrix remodeling (23), leads to increased
metastatic ability. Likewise, in ovarian cancer, lipids are transferred
from adipocytes to tumor cells, promoting OXPHOS (24).

Given the metabolic plasticity observed during cancer progres-
sion and the metabolic alterations in host organs following
exercise (11–14, 17, 19, 20, 25, 26), we speculate that these two
metabolic programs are clashing. We, therefore, hypothesize that
exercise-induced metabolic reprogramming of organs transforms
them into metastatic-resistant metabolic microenvironments by
limiting nutrient availability to the cancer cells thus creating a
metabolic shield.

To address these hypotheses, we subjected organs from active and
sedentary mice to proteomic analysis, primary cell metabolic capacity
tests, including mitochondrial activity and glycolytic function, and
glucose uptake analyses of primary cells to reveal metabolic repro-
graming toward increased catabolic processes in the lungs, lymph
nodes, liver, andmuscle.We then performed a comparative proteomic
analysis of plasma collected from routinely active female and male
subjects before and after exercise that demonstrated a similar meta-
bolic shift. Further, analysis of 20 years’ worth of follow-up data on a
prospective human cohort (n¼ 2,734; 1,302 females and 1,432 males)
revealed that high-intensity exercise significantly reduces the risk of
metastatic cancer. To understand how these findings directly affect
cancer progression, we established in vivo mouse models of forced
exercise via treadmill running both prior to and post tumor initiation.
We observed a significant reduction in melanoma dissemination into
lungs, lymph nodes, and liver compared with sedentary (control)
animals, in both models. Our results suggest that because exercise was
performed prior to cancer initiation, exercise is altering the host organs
metabolic abilities, thus protecting them against cancer dissemination.
Rapamycin treatment of active stroma abolished its metabolic advan-
tage, allowing for melanoma growth, ex vivo. We then show that the
stroma from active mice have a higher metabolic capability than the

adjacent melanoma, whereas the stroma of control mice demonstrated
the opposite trend. This suggests that the cancer–stroma cross-talk
induced by exercise directly influences the tumor microenvironment,
therefore altering the metabolic capabilities of metastatic tumor cells.
Based on our data, we hypothesize that exercise reprograms the tumor
microenvironment via the development of a stromal metabolic shield
that protects the stroma from metastatic colonization by challenging
cancers metabolic demands.

Materials and Methods
Human study population

The data set was a population-based cohort that constituted a
random sample of the Israeli general population between the ages of
25 and 64. The total study population included 2,734 participants; 243
new cancer cases were recorded during the 20-year follow-up period.
The data were collected by the Israel Center for Disease Control and
the Nutrition Department of the Israeli Ministry of Health. As our
focus was on the relationship between exercise and cancer, we used a
propensity score of multinomial logistic regression to control for key
variables in the diet assessed using a validated questionnaire. A
schematic representation of all the experimental models of humans
used in this study appears in Supplementary Fig. S5.

SEER classification
Each cancer case was classified according to the SEER summary

stage 2000, according to the following scale: 0, in situ; 1, localized only;
2, regional by direct extension only; 3, regional lymph nodes involved
only; 4, regional by both direct extension and lymph node involve-
ment; 7, distant sites(s)/node(s) involved. Of the 243 subjects with
cancer, 95 cancer cases had no SEER information and were excluded
from the analyses.

Exercise assessment questionnaire
The participants responded to two sets of questions from The

Physical Activity Questionnaire, which aimed to assess exercise habits
such as the frequency of exercise (times per week) and the average
amount of time spent on that activity. The first set of questions was
asked regarding vigorous activity and the second set was asked about
moderate activity that lasted for a minimum of 10 minutes. Exercise
habits during leisure time were determined by a set of two questions.
Participants reported the frequency (times per week) and average time
they devoted to each of the following activities: walking outdoors or on
a treadmill, jogging, swimming, bike riding or stationary cycling, light
exercise (i.e., yoga, the Feldenkrais method, the Alexander technique,
light gymnastics), body shaping, and strength training; an “other
activity” option was also offered. Based on the reported total weekly
time of exercise and modalities intensity, participants were classified
into intensity categories according to the official American College of
SportsMedicine guidelines (27). Individuals with a history of cancer at
baseline were excluded from the study. Data on the date of diagnosis
and the diagnostic code, assigned according to the International
Classification of Diseases for Oncology, Third Edition, regarding only
primary cancers (i.e., nonmetastatic), were obtained, and thereby
incident as well as previous cases of all-site cancer were identified
(codes C00.0–C80.9).

Human cohort of steady-state intensity
Population

Fourteen apparently healthy, recreationally active male and female
runners between the ages of 25 to 45 years of age were recruited to
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participate in this study. All participants performed endurance exer-
cise on a weekly basis and were familiar with running exercise.
Exclusion criteria included smoking, prescribed medications, or a
self-reported history of chronic pulmonary, cardiac, metabolic, or
orthopedic conditions. Their physical characteristics, including weight
(kg), height (cm), steady-state heart rate (beats/minute), and running
pace (km/hour), are shown in Supplementary Table S4. The subjects
were instructed to avoid caffeine consumption for 12 hours, food
consumption for 3 hours, and strenuous physical activity for at least
24 hours prior to arrival at the laboratory for testing.

Steady-state running protocol
Participants performed 30 minutes of steady-state running on a

motorized treadmill (Saturn 100/300, hours/p/cosmos, Nussdorf-
Traunstein) using an individualized protocol. Speed was determined
by the highest speed that each participant can persist in for 30 minutes.
Ventilator and metabolic measurements were collected during the
graded protocol using breath-by-breath analysis (Quark Cardiopulmo-
naryExerciseTesting,Cosmed)while subjects breathed through anoro-
nasal facemask (7450 Series, Hans Rudolph). Heart rate was contin-
uouslymonitoredusing a chest strap (Garmin,modelAcc,HRM-Dual).

Plasma extraction from the human cohort
Blood samples were collected for analysis prior to and immediately

after the exercise. For serum extraction, blood was allowed to sit at
room temperature for 1 hour and then centrifuged at 1,200� g for 10
minutes at 4�C. For plasma isolation, blood was placed in EDTA-
coated tubes (BD Biosciences) and centrifuged for 15 minutes twice at
1,200� g at 4�C. The serum or plasma fractions were stored at�80�C
until further downstream experiments.

Human RNA-seq data analysis
Human melanoma gene signature

RNA-sequencing gene expression from a melanoma cancer patient
(different stages andmetastatic tissues) was obtained fromThe Cancer
Genome Atlas (TCGA) and from the National Center for Biotech-
nology Information (NCBI) Gene-Expression Omnibus repository.
Heat map of the normalized expression of genes (rows) that are
separated between the in situ group [benign nevi, atypical nevi, vertical
growth phase melanoma (VGP), and in situ melanoma] compared
with metastatic melanoma, denoted the disseminated group (lung to
spleen), are shown in Supplementary Table S3. Color-coding repre-
sents high expression, red, and low expression, blue, respectively.
Melanoma metastatic genes were subjected to Kyoto Encyclopedia of
Genes and Genomes (KEGG) enrichment using the WebGestalt tool.

Cell culture
Ret-melanoma cells were cultured in RPMI (Biological Industries)

supplemented with 10% FBS and 1% penicillin/streptomycin/
L-glutamine (Biological Industries). The Ret-melanoma stable cell line
was generated by transfecting PLKO-mcherry-luc-puro plasmid
(Addgene) using the jetPEI-DNA transfection reagent (Polypus) and
after 48 hours the stable clones were selected using the mammalian
selection marker puromycin (Sigma-Aldrich, 10 mg/mL). The selected
clones were expanded to be used for the experiments.

Mouse housing and exercise training
Mice

All animal experiments were performed in accordance with the
guidelines of the Tel Aviv University Institutional Animal Care and
Use Committee with institutional policies and approved protocols

(IACUC permit: 01-15-086 and 01-19-003). All mice were housed
in individually ventilated cages in reverse light with 22 þ 1�C
temperature and 32% to 35% humidity with ad libitum water and
food unless mentioned in the experiments. Six-week-old C57BL/
6JRccHsd female mice (Envigo) were habituated for 12 days prior to
experiment initiation. A schematic representation of all the exper-
imental models of mice used in this study appears in Supplementary
Fig. S5.

Exercise training
Female mice were chosen based on their increased metabolic

response to exercise compared with males (28). One group of mice
served as a control. The other group was subjected to an exercise
training protocol, modified from previously described (29). Mice were
exercised every other day for the indicated time. Every day prior to the
start of the exercise,micewere habituated in the experimental room for
20 minutes. On the first day, following the lighting habituation, mice
were habituated on the treadmill (Panlab Harvard Apparatus) for 10
minutes and at a speed of 5 cm/s. From day 2 and beyond, the mice
were habituated in the experimental room for 20 minutes followed by
treadmill exercise starting 18 cm/s for 5 minutes, increasing the speed
at 2 cm/s until 24 cm/s was reached and then sustained for 8 minutes.
The speed was gradually decreased by 2 cm/s every minute until
18 cm/s. Total duration of the exercise session was 20 minutes per
mouse. Following the exercise, the mice were returned to their
home cages.

Tumor cell injections and tumor excision
A schematic representation of all the melanoma experimental

models of mice used in this study appears in Supplementary Fig. S5.
Subdermal injection: An aliquot of 1.5 � 105 low-passage (<p15)

Ret-melanoma mCherry–Luciferase melanoma cells were resus-
pended in sterile PBS (X1) and mixed at a 1:1 ratio with growth
factor–reduced Matrigel (Corning) to a final volume of 50 mL. Mice
were anesthetized using isoflurane, and melanoma cells were subder-
mally injected on the right dorsal side, rostral to the flank, with a 29G
insulin syringe (BD Biosciences).

Intracarotid injection: Mice were deeply anesthetized using intra-
peritoneal injection of ketamine (100mg/kg) and xylazine (10mg/kg).
5�104Ret-melanomamCherry–Luciferasemelanoma cells suspended
in 50 mL saline were injected into the internal carotid artery using
ultrasound guidance.

Intrasplenic injection: Mice were deeply anesthetized using
intraperitoneal injection of ketamine (100 mg/kg) and xylazine
(10 mg/kg). A small incision was made next to the spleen, and
1�105Ret-melanomamCherry–Luciferasemelanoma cells suspended
in 100 mL PBSwere slowly injected into the exposed hemi-spleen while
the syringe was kept upright. The spleen and incision were sutured
using Vicryl thread (Ethicon).

Tumor volumes were measured by a caliper three times per week
every other day. The tumor volume was calculated using the formula
X2�Y�0.5 (X-smaller diameter, Y-larger diameter). Tumors were
excised when they reached a volume of 1 cm3. For the excision,
ketamine (100 mg/kg) and xylazine (10 mg/kg) were used as anes-
thetics. The incision was made medial to the tumor. Tumors were
detached withmargins, to prevent their recurrence. The incisions were
then closed with Vicryl threads (Ethicon).

Single-cell preparation
Lungs, lymph nodes, livers, and skeletal muscles (gastrocnemius)

were harvested from mice following the indicated treatments. Organs
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were washed with PBS and separated into single cells. Liver tissue was
minced and filtered through a 70-mmcell strainer (Corning). The other
tissues were minced and incubated at 37�C for 25 minutes in serum-
free DMEM containing collagenase IV (Worthington) and deoxyri-
bonuclease I (Worthington). DMEMsupplemented with 10%FCSwas
used to stop the enzymatic reaction. The cell suspension was filtered
through a 70-mm cell strainer (Corning). The cells were then cen-
trifuged for 5 minutes at 500� g at 10�C. The pellet was reconstituted
in Red Cell Lysis Buffer (Sigma-Aldrich) according to the manufac-
turer’s protocol. The tissue-derived single cells were counted and
subjected to further assessments.

Glucose uptake assay
For glucose uptake analysis by FACS, cells of lymph nodes, lungs,

liver, and skeletal muscles from healthy mice were washed three times
with PBS, resuspended in 250 mL glucose-free DMEM (Biological
Industries), and starved for 30 minutes. The green fluorescent glucose
analogue 2-NBDG (Thermo Fisher Scientific, 100 mmol/L) was added
to the cell suspension and incubated for 30 minutes. Cells were
immediately examined by FACS on a BD FACSAria Fusion Cell
Sorter. 2-NBDG was detected using filters designed to detect fluores-
cein (excitation/emission ¼ 465/540 nm).

Lungs and lymph nodes were taken from intracarotid-injected
control and active mice and dissociated into single cells. A single-cell
suspension containing a mixed population of melanoma and stromal
cells was incubated in glucose-free DMEM (Biological Industries). After
30minutes, 2-NBDG(Thermo Fisher Scientific, 100mmol/L) was added
to the media. After another 30 minutes of incubation, the mixed
population was sorted into cancer cells and stromal cells based on
mCherry red fluorescence of melanoma cells using the BD FACSAria
Fusion Cell Sorter. Green fluorescence of 2-NBDG was detected to
quantify glucose uptake.

In vivo bioluminescent assays
A fresh stock solution of D-luciferin, potassium salt (Biovision)

was prepared at 15 mg/mL in sterile PBS (X1) and sterilized
through a 0.2-mm filter. Mice were injected intraperitoneally with
150 mg luciferin/kg body weight 10 to 15 minutes prior to
imaging. Mice were placed on a dark surface and imaged using
a Biospace photon imager. After the acquisition, a photographic
image was taken.

Glycolysis and oxidative phosphorylation assays
Extracellular acidification rate

Glycolysis in the same number of live cells was measured using
the XF Glycolysis Stress Test kit according to the manufacturer’s
instructions (Agilent). The glycolysis kit directly measures extracel-
lular acidification rate (ECAR) and evaluates the glycolytic flux. In
brief, cells originating from the muscle or liver were seeded on wells
of XF96 microplates coated with collagen1 (BD Biosciences). Cells
originating from the lungs were seeded on wells coated with poly-D-
lysine (Sigma-Aldrich), and cells originating from the lymph nodes
were plated on wells coated with gelatin (Sigma-Aldrich). Cells were
plated at 3 � 104 cells/well 24 to 48 hours prior to the assay. Total
RNA was extracted using the RealTime Ready Cell Lysis Buffer
(Roche) and subjected to qPCR. ECAR values were normalized to
Gapdh mRNA in each sample.

Oxygen consumption rate
The oxidative phosphorylation kit measures key parameters of

mitochondrial function by directly measuring the oxygen consump-

tion rate (OCR). In brief, the same number of cells originating from the
muscle or liver was seeded on collagen 1 (BDBiosciences)–coatedwells
of XF96 microplates. The same number of cells originating from the
lung was seeded on poly-D-lysine (Sigma)–coated wells, and cells
originating from the lymph were plated on gelatin (Sigma)-coated
wells. Cells were plated at 30,000 cells/well 24 to 48 hours prior to the
assay. Total RNA was extracted using “RealTime Ready Cell Lysis
Buffer” (ROCHE) and subjected to qPCR. ECAR andOCR values were
normalized to Gapdh mRNA for each sample. Each data point
represents mean �SD (n > 4).

RNA purification and quantitative RT-PCR
Extracted RNA was quantified and its quality was assessed by

measuring the 260 nm/280 nm ratio. For the mRNA measurements
following TRIzol (Invitrogen) isolation, cDNA was first produced
using 500 ng RNA and cDNA SuperMix (QuantaBio) and then sub-
jected to qRT-PCR using Blue SYBR low Rox (PCR Biosystems) and
qRT-PCR primers. For themRNAmeasurements following extraction
using the RealTime Ready Cell Lysis Buffer (Roche), RNAwas directly
subjected to one-step qRT-PCR and reverse transcriptase (Invitrogen)
was added to the SYBR mix. mRNA levels were normalized to
endogenous Hprt, Rplp0, or Gapdh. The qRT-PCR primers used are
listed in Supplementary Table S5.

Mitochondria membrane potential measurement
Mitochondrial membrane potential was assessed with Tetra-

methylrhodamine Ethyl, Ester (TMRE; Thermo Fisher) dye. Murine
primary single cells from control or active animals (lungs, lymph
nodes, liver, and muscle) were incubated with a final concentration of
100 nmol/L rapamycin for 30minutes in a CO2 incubator. After
washing three times with a complete medium to get rid of the
nonspecific dye. The cells were subjected to FACS analysis to deter-
mine the active and inert mitochondria in the cells at 561/610 nm.

Coculture assay
Immunofluorescence

1�105 primary cells from the active and control groups were
seeded in 24-well plates. After 24 hours, 1�104 of Ret-melanoma
mCherry–Luciferase melanoma cells were seeded on top of the
primary cells. Following overnight incubation, cells were washed
once with PBS and fixed using 4% paraformaldehyde (Electron
Microscopy Sciences). Samples were scanned at 20� magnification
using a Nikon fluorescence microscope, and the mean fluorescence
intensity of mCherry was measured using ImageJ software. For the
flow cytometry analysis, primary and melanoma cell cultures
were suspended in PBS with 1% FBS (Biological Industries) and
5 mmol/L EDTA; the red fluorescent cells were quantified out of the
total population for each cell type.

Mitochondrial potential
For FACS, 1 � 106 primary cells from active and control groups

were seeded in 6-well plates. After 24 hours, 1� 105 of Ret-melanoma
cells labeled with PKH67 Green Fluorescent Cell Linker Kit (Sigma-
Aldrich) were seeded on top of the primary cells. Following overnight
incubation, cells were centrifuged at 400� g for 10minutes and stained
with the TMRE (Invitrogen) as per the manufacturer’s protocol. After
thoroughly washing three times to remove unbound dye residues,
samples were subjected to FACS analysis. Singlets were gated based on
DAPI� (live cells), GFPþ (melanoma), and GFP� cells (primary lung
cells) for mitochondrial activity. The number of active and inert
mitochondria was calculated.
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Proliferation
For FACS, 0.02� 106 primary cells from active and control groups

were seeded in 96- well plates with the same amount of Ret-melanoma
mCherry cells labeled with CFSE (BioLegend) seeded on top of the
primary cells. Following overnight incubation, cells were subjected to
FACS analysis. Singlets were gated based on DAPI� (live cells),
mCherryþGFPþ (melanoma cells), and mCherryþGFP� cells (mela-
noma proliferated) for proliferation. The percentage of the mCherryþ

cells denoted as proliferated was calculated from the gated cells.

Apoptosis
For FACS, 0.02� 106 primary cells from active and control groups

were seeded in 96- well plates with the same amount of Ret-melanoma
mCherry cells seeded on top of the primary cells with CellEvent
Caspase-3/7 Green Detection Reagent (Invitrogen). Following over-
night incubation, cells were subjected to FACS analysis. Singlets were
gated based on DAPI� (live cells), mCherryþGFPþ (apoptotic mel-
anoma cells) and mCherryþGFP� cells (nonapoptotic melanoma
cells) for apoptosis. The percentage of the mCherryþGFPþ or
mCherryþGFP� cells shown for apoptosis was calculated from the
gated cells.

Long coculture experiment
For the direct coculture, cells were incubated up to 120 hours and

analyzed by Incucyte. The intensity of mCherryþ melanoma cells was
calculated using ImageJ.

Hematoxylin and eosin staining
Mouse tissues were fixed with 4% paraformaldehyde at 4�C,

dehydrated in a graded ethanol series, and embedded in paraffin wax.
Thefixed tissueswere sliced into 10-mmsections and dried overnight at
37�C. Sections were stained with hematoxylin (Sigma-Aldrich) and
eosin (Sigma-Aldrich) and mounted with DPX Mountant (Sigma-
Aldrich), according to the manufacturer’s instructions, and imaged at
20� magnification with a Nikon brightfield microscope.

IHC analyses
Mouse tissues were fixed with 4% paraformaldehyde at 4�C, dehy-

drated in a graded ethanol series, and embedded in paraffin wax. The
fixed tissues were then sliced into 10-mm sections and dried overnight
at 37�C, followed by deparaffinization in xylene and hydration in a
graded series of ethanol. After microwaving in sodium citrate buffer
(pH 6.0) for antigen unmasking, tissue samples were blocked with 5%
BSA, 0.5% Tween-20 in PBS and then incubated with antibodies to
GLUT1 (Abcam, ab40084), S100-beta (Abcam, ab52642), Complex I
(Abcam, ab109798), and aldolase A (Santa Cruz Biotechnology,
sc-377058), followed by incubation with fluorophore-conjugated
secondary antibodies Alexa Fluor 488 (Invitrogen, A11008) and Alexa
Fluor 594 (Invitrogen, A21203). Nuclear staining was performed with
DAPI (Vector Laboratories). Images were obtained at 40� magnifi-
cation using a Nikon fluorescence microscope. For intensity quanti-
fication, 40� images were captured, and the stoma and tumor regions
were marked; at least 15 areas were quantified per image (stroma or
tumor), taken from at least three different tissue samples from each
mouse. Fluorescence images were split into separate channels and
converted into 8-bit images using ImageJ software. A specific area in
each image was subjected to quantification using the ROI manager
function to precisely quantify the intensity from the same place in
different channels simultaneously; each intensity was normalized to
DAPI from the same image to rule out discrepancies due to differences
in cell numbers. We performed t tests for each target (GLUT1, S100,

ALDOA, and Complex 1) within and between areas (stroma and
tumor) for homoscedastic or heteroscedastic analyses.

Proteolysis and mass spectrometry analysis
Human plasma or mouse internal organs after perfusion were

subjected to a mass spectrometry (MS) analysis for the small proteins
as previously done by us (30). Proteins from 10-mL aliquots of serum in
8 M urea were separated using a Microcon 30-kDa Centrifugal Filter
Unit (Millipore). The resultant proteins were reduced with 3 mmol/L
DTT in 8 M urea and 400 mmol/L ammonium bicarbonate (60�C
for 30minutes), modified with 12mmol/L iodoacetamide (in the dark,
roomtemperature for 30minutes) anddigested in1Murea, 50mmol/L
ammonium bicarbonate with modified trypsin (Promega) at a
1:50 enzyme-to-substrate ratio, overnight at 37oC. The tryptic peptides
were desalted through C18 TopTips (Glygen), dried, and resuspended
in 0.1% formic acid. The peptides were resolved by reverse-phase
chromatography on 0.075 � 180 mm fused silica capillaries (J&W)
packed with Reprosil reversed-phase material (Dr. Maisch, HPLC
GmbH). The peptides were eluted with a 120-minute linear gradient of
5% to 28%, 15 minutes linear gradient of 28% to 95%, and then 25
minutes at 95%acetonitrile with 0.1% formic acid inwater at aflow rate
of 0.15 mL/minutes. Mass spectrometry was performed with a Q
Exactive HF mass spectrometer (Thermo) in a positive mode using
a repetitively fullMS scan followed by collision-induced dissociation of
the 20 most dominant ions selected from the first MS scan. The MS
data from each sex (n ¼ 3 males and n ¼ 3 females) in the human
cohort or the indicated organs from eight mice (four in the active
group, four in the control group) were analyzed using the MaxQuant
software 1.5.2.8 and the human or mouse proteome from the Uniprot
database (31) with 1% false discovery rate (FDR). The data were
quantified by label-free analysis using the same software. Statistical
analysis of the identification and quantization results was done using
Perseus 1.6.10.43 software (32). Proteins were evaluated for KEGG
pathway enrichment using the proteomaps too and the gene ontology
(GO) functional annotation tool (33). For humans, the differential
expression of proteins after MS analysis appears in Supplementary
Table S2. For mice, the upregulated proteins in control (indicated in
red) and active (indicated in blue) after MS analysis appear in
Supplementary Table S1.

Membrane labeling the melanoma cells
Na€�ve Ret-melanoma cells were labeled either with mCherry

(PKH26) or GFP (PKH67) cell membrane labeling dye (Sigma-
Aldrich) following the manufacturer’s instructions.

Inhibiting the cellular metabolism using rapamycin
Murine primary cells from control or active animals (lungs) were

incubated with the final concentration of 100 nmol/L mTOR inhibitor
rapamycin (GoldBio) for 3 hours in a CO2 incubator followed by
washing with a complete culture medium.

TMRE with and without rapamycin
For TMRE experiments, following the rapamycin treatment,

murine lung cells were stained to check the mitochondria membrane
potential measurement using the TMRE as mentioned above followed
by FACS analysis.

Melanoma survival with and without rapamycin
Ret-melanomas’ ability to survive in different primary cell envir-

onments was measured via FACS. Na€�ve Ret-melanoma cells were
labeled with PKH26, and 0.05�106 cells were seeded into 24-well
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culture plates. Single-cell preparations from the lungs of control and
active mice were performed and 0.05� 106 cells from each group were
treated with or without rapamycin (vehicle) and stimulated for 3 hours
in the CO2 incubator. Rapamycin or control-treated cells were directly
cocultured with the mCherry-labeled Ret-melanoma cells for 24 hours
at 37�C and 5% CO2. Following the incubation, trypsinized cells were
subjected to FACS analysis for determining the survived melanoma
cells at 465/540 nm wavelength.

Primary mouse melanoma gene expression analysis
Downregulated genes from primary melanoma obtained from

B16F10 melanoma injected mice following exercise from (3) were
subjected to KEGG enrichment analysis using WebGestalt.

Statistical analysis and reproducibility
All data are shown as means and standard errors of the mean. We

used a random experimental design. For mouse experiments, Student
t tests (two-tailed) for two-group comparisons were performed for the
indicated conditions. For the human cohort of 20-year follow-up in the
Israeli general population, a propensity score was constructed using a
multinomial logistic regression, through which was calculated the
probability of being classified into a specific physical activity category.
The propensity scores weighted model (w) included the following
variables as covariates: age, sex, ethnicity, neighborhood socioeco-
nomic status, income, education, proportion of saturated fatty acids
out of the total energy intake, total energy intake, total alcohol
consumption, dietary fiber intake, self-rated health, anemia, osteopo-
rosis, hypercholesterolemia, hypertriglyceridemia, diabetes, hyperten-
sion, stroke, coronary heart disease, occupational physical activity,
marital status, self-definition of religious level, highest education
certificate/academic degree, employment, bodymass index and smok-
ing year. For the MS data analyzed in the human cohort (n ¼ 6
biologically independent humans) with 5% FDR or from the indicated
organs from eight mice (n ¼ 4 from each group) with 1% FDR.

Data and materials availability
The accession number for the MS proteomics data reported in this

paper is deposited in the PRIDE repository under accession numbers
PXD035630 and PXD035648. The raw data associated with this paper
can be available from the corresponding authors upon request.

Results
Exercise reprograms tissue metabolism in mice

To explore the molecular changes that occur in murine internal
organs following exercise, we established an in vivo exercise model
(Fig. 1A; Supplementary Fig. S5; ref. 29). We performed comparative
proteomics analyses, by MS, of typical metastasis host organs: lungs,
lymph nodes, and livers from sedentary and active mice that were
subjected to an exercise regimen for 8 weeks (Fig. 1A; Supplementary
Table S1). Skeletal muscle was also analyzed, as they undergo signif-
icant metabolic changes upon exercise (34), and skeletal muscle is
rarely a site for metastatic colonialization. Hematoxylin and eosin
staining from lungs, lymphnodes, livers, andmuscles from control and
activemice are shown (Supplementary Fig. S1A). Principal component
analysis of organs from the control sedentary group was scattered,
although organs from the active group demonstrated a grouped
pattern, suggesting that exercise synchronizes the organ’s biological
properties independently of an individual’s initial characteristics
(Supplementary Fig. S1B). This finding suggests that the metabolic
alterations following exercise are common to all trained animals.

Proteins that were found to be differentially expressed from the MS
between the active and control groups (Supplementary Fig. S1C) were
subjected to KEGG analysis and proteomaps revealing that there were
metabolic shifts in tissues from active versus control mice (Fig. 1B). In
active mice, there was upregulation of carbohydrate metabolism,
glycolysis, OXPHOS, and mitochondrial biogenesis in all tissues
examined (Fig. 1B). Some of the metabolic changes were organ
dependent; for example, in both lymph node and liver tissues, there
was upregulation of glycolysis andmitochondrial biogenesis; however,
the liver uniquely exhibited enrichment in the TCA cycle.

We subjected the differentially expressed proteins to GO analysis
without considering expression scores and compared the overlap of all
the significantly enriched pathways from each organ (Fig. 1C). This
revealed that catabolic processes (defined as those with the term “GO
biological process”) and mitochondrial processes (defined as those
with the term “GO cellular compartment”) were the most enriched in
the investigated tissues of active mice (Fig. 1C and D; Supplementary
Fig. S1D). The blood glucose levels were the same before and after
exercise in both active and control mice (Supplementary Fig. S1E),
suggesting that systemic glucose homeostasis is maintained upon
exercise, in line with the literature (35), and that the observed
metabolic alterations following exercise are due to changes in the
organs themselves.

Next, we measured the glucose uptake of primary single cells
originating from the lymph nodes, lungs, livers, and skeletal muscles
of active and control mice. Cells were incubated for 30 minutes in
glucose-free DMEM followed by the addition of the green fluorescent
glucose analogue 2-NBDG for 30 minutes. FACS analysis revealed
significantly higher levels of 2-NBDG in cells from active lymph nodes,
lungs, livers, and skeletal muscles comparedwith the cells from control
mice (Fig. 1E). Because glucose is the main substrate of glycolysis and
of the OXPHOS cascade (22, 24) as well as the major source of energy
during exercise (11), we next examined glycolysis in primary cells
originating from the lymph nodes, lungs, livers, and skeletalmuscles of
active and controlmice. Glycolytic functionwas assessed by the ECAR.
In all the investigated tissue-derived cells from the active mice,
glycolytic function was significantly higher than that in control mice
(Fig. 1F; Supplementary Fig. S1F).

To further understand metabolic differences between tissues from
active and sedentary mice, we conducted a mitochondrial activity test.
Using tetramethylrhodamine ethylamine (TMRE; ref. 36), we analyzed
the number of activemitochondria in primary cells isolated fromactive
and control tissues via FACS. We found that primary cells originating
from control mice had significantly fewer active mitochondria com-
pared with active primary cells (Fig. 1G). This significant reduction in
active mitochondria validates our proteomic analysis. Along the same
line, OCR measurement was significantly higher in active animals
compared with controls (Supplementary Fig. S1G) as well as the
expression of mitochondrial-specific genes (TFAM, POLRMT,
TFB1M, TFB2M, Cyc1, and Mrps35; Supplementary Fig. S1H). Our
findings are in line with previous studies that showed that skeletal
muscles and liver tissues have increased mitochondrial biogenesis
following exercise (37). However, to the best of our knowledge, this is
the first report of an elevation in mitochondrial activity following
exercise in the lymph nodes and lungs, which are not considered to be
part of the direct response to exercise (37). Further, as glucose is unable
to cross lipidmembranes (38), glucose transporters (GLUT) on the cell
surface are critical for glucose uptake. There are multiple GLUTs,
varying in expression (dependent on the cell type), in their affinities for
glucose, and in their abilities to transport fructose. GLUT1 is the most
universally expressed isoform of the GLUT receptors (38). GLUT2 is
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expressed in the liver, kidney, and central nervous system, among
others, and is important in the expression of glucose-sensitive genes.
GLUT4, found in adipocytes, is stimulated by insulin levels, thus
enhancing insulin sensitivity and glucose uptake (39). By using these

four GLUT receptors as our panel for checking GLUT expression in
mouse tissues after exercise, we were able to get a well-rounded
perspective from GLUTs differing in cellular locations and environ-
mental triggers. We found that expression levels of Glut1, Glut2, and
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Exercise causes ametabolic shift in tissues.A, Schematic representation of the exercisemousemodel. B, Left, heatmaps showing proteins differentially expressed in
lungs, lymph, liver, and skeletalmuscle of activemice versus control with red indicative of upregulation and green indicative of downregulation in the tissues of active
mice. Right, proteomaps of KEGG pathways enriched in differentially expressed proteins. C and D, Proteins differentially expressed in active mice enriched for GO
biological process (C) and GO cellular compartment (D) identified using GENEONTOLOGY tool. Left, Venn diagram of overlap of the GO terms for proteins
differentially expressed in the indicated organs for biological processes (C) and cellular compartment (D). Right, sum of fold enrichment of the GO terms for all the
indicated tissues. E, Left, glucose uptake in single cells originating from the indicated organs evaluated by analysis of fluorescence of 2-NBDG. Right, mean green
fluorescence intensity in single cells originating from the indicated organs of the control and activemice relative to intensity in control tissue. F,Glycolytic function of
single cells from the indicated organs determined using ECAR measurements. Samples were normalized to their Gapdh mRNA level. Error bars, � SEM (n ≥ 4). G,
FACS analysis of mitochondrial activity in primary organ cells (lungs, lymph nodes, liver, and skeletal muscles) of control and active mice; TMRE expression is
indicative of active mitochondria. Left, representative image of the FACS data shows the TMRE� and TMREþ cell populations for control and active mice. Right,
quantification (%gated cells) from theFACS for control and activemice. Statistical comparison between TMRE� and TMREþ fromeachgroup (control and active) and
TMREþ between control and active groups is presented in the graphs (n > 3 animals in each group). H, qRT-PCR quantification of the mRNAs encoding the indicated
glucose transporters in tissues from active and control mice. Data were normalized to endogenous levels of Gapdh or Hprt. Error bars, � SEM (n ¼ 3 independent
experiments). � , P < 0.05; �� , P < 0.01; ��� , P < 0.001.
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Glut4 mRNAs, which exclusively transport glucose (38), were signif-
icantly higher in cells from the activemice comparedwith controlmice
(Fig. 1H), which is in line with GLUT1 and GLUT4 expression in
skeletal muscle post-exercise (40). Taken together, these data indicate
that exercise causes metabolic reprogramming of various organs,
creating a new microenvironment throughout the body.

High-intensity exercise significantly reduces the risk of highly
metastatic cancers in humans

To examine the observed metabolic reprograming in mice upon
exercise in humans, we performed a plasma proteomic analysis
(Supplementary Table S2). Using six subjects from a cohort of healthy,
routinely active people (3 female and 3 male), we collected blood
samples before (following 48 hours of rest) and after they ran on a
treadmill at a high intensity (75% heart rate) for 30 minutes (Fig. 2A;
Supplementary Fig. S5B). GO analysis of the upregulated proteins
following the exercise session revealed a significant enrichment in the
IGF-I pathway in all subjects (Fig. 2B andC; Supplementary Fig. S2A).
Like insulin, IGF-I promotes glucose uptake via the translocation of
glucose transporters such as GLUT1 and GLUT4 to the cell mem-
brane (38, 41). Further, in a separate cohort of 14 subjects who ran at
RER above 0.95 (high-intensity), we found that fat-to-carbohydrate
turnover (i.e., the ratio between glucose and fat utilization during
exercise) is affected by exercise intensity, with glucose utilization
rising in prominence as the intensity of exercise increases (Fig. 2D;
Supplementary Fig. S5C). Therefore, the IGF-related pathway
regulating glucose homeostasis (41) from the first cohort is supported
by the increased usage of carbohydrates (11) following high-intensity
exercise in the second cohort.

Although metastases are the major cause of cancer mortality (14),
most human epidemiologic studies that have studied the role of
exercise in cancer outcomes have not considered the stage of cancer
at diagnosis, the intensity of the exercise, and the interaction between

the two. To investigate this relationship, we examined a prospective
cohort (n¼ 2,734: 1,302 females and 1,432males), which was followed
for 20 years, with self-reported duration and intensity of exercise
(Supplementary Fig. S5D). Data on exercise were obtained via a
personal interview at baseline, based on a standard questionnaire
(further details can be found in Materials and Methods; refs. 42, 43).
The cohort study was linked to the Israel National Cancer Registry via
their national identification numbers. The registry covers the entire
Israeli population, with 97% estimated completeness of ascertainment
for solid tumors (44), whereas all cases of malignant neoplasms,
carcinoma in situ and high-grade intraepithelial neoplasia, and benign
neoplasms of the brain and central nervous system have been
recorded (44).

Our analysis revealed that exercise tends to lower the risk of
developing cancer in both men and women, with a greater association
with highly metastatic cancers (SEER 7; Fig. 2E). Specifically, high-
intensity exercise significantly reduced the incidence of highly met-
astatic cancers (73% risk reduction compared with the inactive group,
P < 0.05; Fig. 2E and F). This implies that high-intensity exercise may
prevent cancer dissemination to distant sites. Our epidemiologic study
illustrates the unique and significant interaction between exercise
intensity and metastatic cancer development in humans.

These data suggest that our originally cancer-free participants had a
reduced likelihood of highlymetastatic tumor formation.Additionally,
routinely active females have shifted their macronutrient utilization
and enrichment of metabolic pathways, leading us to hypothesize that
exercise is inducing systemic changes that are protecting against tumor
development in humans.

Exercise inhibits melanoma metastasis formation in mice via
metabolic shield

To evaluate the potential protective role of the exercise-induced
increased metabolic ability of lymph nodes, lungs, and livers against
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High-intensity activities reduce metastatic cancer likelihood. A, Schematic representation of human exercise model. B, Venn diagrams showing an overlap of
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metastasis formation, we established a mouse cancer model in which
we tested the effects of exercise (Supplementary Fig. S5E). Because
cutaneous melanoma has a high probability of metastatic dissemina-
tion to most organs, including the lymph nodes, lungs, and liver, we
used this cancer as our model. To follow tumor growth and spread, we
used a murine Ret-melanoma cell line derived from a spontaneous
melanoma in Ret-transgenic mice, which was engineered to carry
mCherry and luciferase reporters (Supplementary Fig. S3A and B).We
used a forced treadmill running protocol, which enabled us to grad-
ually increase exercise intensity (5).Mice were divided into a sedentary
group (control) and a group subjected to the exercise protocol (active);
each group contained at least 3 mice. The active group was subjected
to a training protocol (29) for 8 weeks prior to subdermal injection
of Ret-melanoma mCherry–Luciferase melanoma cells; after 4 days of
recovery, the exercise regimen was continued for up to 4 additional
weeks (Fig. 3A).

We found a significant reduction in the active group’s primary
tumor volume compared with tumors in the control group at the
end of the second exercise period (Fig. 3B), which is in accordance
with a previous study (3). We then investigated metastasis forma-
tion after the excision of the primary tumor. This preclinical model
enables spontaneous metastasis formation, which allows us to trace
the multistep process of metastasis. The primary tumors were
excised when they reached 1 cm3 in size. Mice were then given
10 days to recover before continuing with the training protocol.
Four weeks after primary tumor excision training was finished, a
metastasis examination was completed (Fig. 3A). We then isolated
single cells from the lymph nodes, lungs, and liver, and sorted
melanoma cells from stromal cells based on Ret-melanoma stably
expressing mCherry fluorescence. The number of melanoma cells
was significantly reduced in the lungs and liver and a reduced trend
in the lymph nodes of the active group compared with the control
group (Fig. 3C). These results indicate that exercise inhibits both
primary tumor growth and spontaneous metastasis formation.

Because the primary tumor volumes were significantly smaller in
the active group than in the control group (Fig. 3B), we reasoned that
the number of circulating melanoma cells was decreased, and thus the
number of cells available for metastasis formation would be limited in
the active group. Taking this into consideration, we implemented a
model, specifically for metastatic formation, that bypasses the stage in
whichmelanoma cells invade into the dermis formetastasis formation.
By using intracarotid injection of Ret-melanoma mCherry–Luciferase
melanoma cells (targeting the lymph nodes and lungs) or intrasplenic
injections (targeting the liver), we evaluated whether exercise per-
formed pre and post tumor injection had a protective effect against
metastases (Fig. 3D). Ex vivo examination of the metastases showed
a significant reduction in bioluminescence in the lungs (Fig. 3E;
Supplementary Fig. S3C) as well as in the lymph nodes and liver in
the groups of mice that were exercised pre and post injection of tumor
cells comparedwith controlmice (Supplementary Fig. S3DandE). The
expression ofmCherry and melanoma markersMlana and Tyrp1 (34)
were significantly lower in the lungs (Fig. 3F) as well as lymph nodes
and livers (Supplementary Fig. S3F) of mice exercised pre and post
tumor cell injection. This indicates that exercise pre and post tumor
inoculation has a significant protective effect against metastasis
formation.

To understand this protective effect of exercise and separate it from
the effect of the tumor and stroma together, we altered our model to
training exclusively prior to the Ret-melanoma mCherry–Luciferase
melanoma injection (herein “pre”; Fig. 3D; Supplementary Fig. S5F).
In this model, there was significantly reduced bioluminescence inmice

exercised only pretumor cell injection compared with control mice
(Fig. 3G). The expression of mCherry and melanoma markersMlana
andTyrp1was significantly lower in the lungs of themice exercised pre
tumor cells injection than in the controls (Fig. 3H). These results
suggest that exercise has a protective effect against metastatic dissem-
ination due to changes in themicroenvironment prior to tumor arrival.

We then examined whether exercise could inhibit cancer formation
ex vivo. Single cells were isolated from the lymph nodes, lungs,
and livers of control mice and active mice that were not injected
with melanoma. These primary cells were then cocultured with Ret-
melanoma cells for 24 hours (Fig. 3I; Supplementary Fig. S5G). The
number of Ret-melanoma cells that survived during the experiment
was significantly reduced when cocultured with cells that originated
from organs of active mice compared with those from control mice, as
shown by microscopy (Fig. 3J; Supplementary Fig. S4D) and by FACS
(Fig. 3K). Interestingly, melanoma cell proliferation was significantly
reduced in the presence of primary lung cells from active mice
compared with controls whereas no significant changes in prolifera-
tion were observed when in culture with liver and lymph nodes cells
(Supplementary Fig. S3G, left). On the other hand, melanoma apo-
ptosis showed an opposite trend (Supplementary Fig. S3G, right),
indicating that active stromamay affect either melanoma proliferation
or survival, in a context-dependent manner.

Our findings thus far have pointed us toward metabolic alterations
being a key player inmaking active tissues a hostile microenvironment
for melanoma. To test this, we targeted the metabolic abilities of these
cells directly with rapamycin, blocking the mTOR pathway (45), to see
if the protection against cancer progression can be reversed. To ensure
that rapamycin is in fact affecting the metabolism of the primary cells,
we used TMRE to test the mitochondrial activity in primary cells with
and without rapamycin treatment. We saw that a 3-hour treatment
with rapamycin significantly reduced the number of active mitochon-
dria in primary lung cells from active mice (Supplementary Fig. S3H
and S4E).We then tested if themelanoma survival rate was affected by
the change in the metabolism of the primary cells. We saw that
melanoma that was cocultured overnight with rapamycin-treated
primary cells survived and proliferate better than that in culture with
untreated primary cells (Fig. 3L; Supplementary Fig. S3I).

Put together, these results imply that exercise reduces primary
melanoma volume and metastatic dissemination into lymph nodes,
lungs, and liver. The creation of a metabolic shield via the reprogram-
ming of keymetabolic characteristics of these organs results in a tumor
microenvironment that does not support tumor cell colonization and
therefore provides a systemic protective effect.

Exercise induces metabolic cross-talk between the tumor and
its microenvironment ex vivo

One of the key hallmarks of cancer progression is its ability to make
metabolic alterations, including enhanced tumor aerobic glycolytic
metabolism, termed the Warburg effect (14). We performed a gene-
expression clustering analysis of melanoma, organized according to
the stage of progression, from benign nevi to metastasis, in various
organs (Supplementary Table S3). This analysis revealed two distinct
gene signatures related to primary versusmetastatic humanmelanoma
(Fig. 4A, left; Supplementary Fig. S4A). GO analysis of these genes
found significant metabolic enrichment (i.e., metabolism of carbon,
galactose, glycine, serine, amino sugar, and nucleotide sugar) in the
metastatic samples, whereas the immune-related pathways were more
highly enriched in the primary tumors (Fig. 4A, right; Supplementary
Fig. S4A), which is in line with the literature (14). Given the metabolic
shift during cancer progression and the metabolic reprogramming
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Figure 3.

Exercise inhibits melanoma metastasis formation. A, Schematic of the subdermal melanoma mouse model. B, Left, representative images of mice from the
control and active groups. Right, calculated tumor volumes. Error bars, � SEM (n ¼ 16 mice per group). C, Left, FACS analysis of single cells from the lymph
nodes, lungs, and liver of control and active mice subdermally injected with Ret-mCherry–labeled melanoma cells. Green, mCherry-negative stromal cells; red,
mCherry-positive melanoma cells. Right, fold change in mCherry-positive cells in active mice relative to controls based on the FACS analysis. Error bars,� SEM
(n¼ 8 group). D, Experimental design for intracarotid injection. Controls were sedentary. Active mice were exercised pre- and post-tumor cell injection or only
preinjection. E, Left, bioluminescence images of lungs taken from control and exercised mice. Right, photon quantification of melanoma metastases plotted as
fold change relative to control. Error bars, �SEM (n ¼ 20 mice in control and active “pre and post” groups). F, qRT-PCR quantification of melanoma markers
mCherry, Tyrp1, and Mlana in the lungs of “pre and post” group. Data were normalized to Hprt and are plotted relative to quantities in control mice. Error bars,
�SEM (n ≥ 3 independent experiments). G, Left, bioluminescence images of melanoma in the lungs taken from control mice and mice exercised only before
intracarotid injection of tumor cells. Right, photon quantification of melanoma metastases plotted as fold change relative to control. Error bars, � SEM (n ¼ 8
mice in each group). H, qRT-PCR quantification of melanoma markers mCherry, Tyrp1, and Mlana in the lungs of control mice and mice exercised only before
intracarotid injection of tumor cells. Data were normalized to Hprt. Error bars,� SEM (n ≥ 3 independent experiments). I, Experimental design for the coculture
of the melanoma cells and primary cells for microscopy analysis. J, Left, immunofluorescent images of melanoma cells that express mCherry seeded on
adhered primary cells from the lymph nodes, lungs, and livers of control and active mice. Right, percent melanoma cell numbers relative to total cell numbers
quantified in brightfield images. Error bars, � SEM (n ¼ 3 independent experiments). K, FACS analysis of GFP-labeled Ret-melanoma cells cocultured with
primary lung cells of control and active mice. GFPþ (melanoma) and GFP� (primary lung cells). Top, representational dot plots from FACS analysis. Bottom,
calculation of GFPþ cells based on the FACS analysis. Error bars, � SEM (n ¼ 6 animals in each group). L, FACS analysis of mCherry-labeled Ret-melanoma
with primary lung cells from active and control animals. Top (vehicle treated) left, representative image of percent gated of mCherryþ cells with vehicle-
treated primary cells from active and control mice. Right, graph representing fold change of surviving melanoma cells cocultured with either active or control
primary cells. Bottom (rapamycin treated) left, representative image of percent gated of mCherryþ cells with rapamycin (100 nmol/L)-treated primary cells
from active and control mice. Right, graph representing fold change of surviving melanoma cells cocultured with either active or control primary cells.
Error bars, � SEM (n > 3 animals in each group). � , P < 0.05; �� , P < 0.01; ��� , P < 0.001.
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Figure 4.

Metabolic cross-talk between cancer cells and stroma. A, Left, heatmap of the normalized expression of genes from TCGA data set (rows) classified as benign nevi,
atypical nevi, vertical growth phase melanoma (VGP), and in situmelanoma compared with melanoma metastases of indicated tissues (Supplementary Table S3).
Red, high expression; blue, low expression. Right, KEGG enrichment analysis of the genes upregulated and downregulated in metastatic melanoma. B, KEGG
enrichment analysis if genes downregulated in primarymelanomas of mice exercised pre- and post-melanoma cell injection compared with control mice (3). C, Top,
experimental design for the coculture of themelanoma cells and primary cells formitochondrial activity (stained by TMRE) by FACS (as indicated). Bottom left, FACS
analysis of themitochondrial activity in GFP-labeled Ret-melanoma cells cocultured with primary lung cells of control and activemice; TMRE expression is indicative
of active mitochondria. Bottom right, calculation of TMREþ cells in primary lung cells (top) and melanoma (bottom) based on the FACS analysis. Error bars,� SEM
(n ¼ 6 animals in each group). D, Schematic representation of the glucose uptake assay. E, Top and middle, FACS analysis of the uptake of 2-NBDG by melanoma
(mCherryþ) and stromal (mCherry�) cells originating from the lungs and lymph nodes. Bottom, intensity of the signal from 2-NBDG in stroma and melanoma from
lungs and lymph of control and activemice. F–H, Left, hematoxylin and eosin staining (�20magnification) and immunofluorescence analysis (�40magnification) of
S100-beta (green) and GLUT1, ALDOA, or COMPLEX I (red) in lungs (F), lymph nodes (G), and livers (H). Blue, DAPI-stained nuclei. White-dashed lines, tumor (T)–
stroma (S) boundaries. Right, quantification of the red and green mean fluorescence intensities in the tumor and stroma normalized to DAPI mean fluorescence
intensity using ImageJ. t test statistical comparison is represented: � , black, a t testGLUT1, ALDOA, orCOMPLEX I (red) comparisonof the control and active animals in
stroma or tumor regions; þ, a t test GLUT1 (red), ALDOA (red), COMPLEX I (red) of S100-beta (green) comparison of the stroma and tumor regions of the control
animals; *, t test GLUT1 (red), ALDOA (red), COMPLEX I (red), or S100-beta (green) comparison of the stroma and tumor regions of active animals. Error bars,� SEM
[n > 15 fields from each area (stroma or tumor for each target) in at least three images]. þ or � or *, P < 0.05;þþ or �� or **, P < 0.001;þþþ or ��� or ***, P < 0.001.
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following exercise, we reasoned that the twometabolic programsmight
be clashing.

We then performed an enrichment analysis based on microarray
data collected in a previous study (3) and found downregulation of
metabolic pathways in the primary tumors of active animals compared
with tumors derived from control animals (Fig. 4B). This suggests that
exercise may affect the metabolism of tumor cells directly or alter it
indirectly through effects on the tumor microenvironment. In the case
of an indirect effect, exercise could increase the uptake of nutrients by
the active stroma microenvironment, thus changing the availability of
nutrients to tumor cells or exercise might induce stroma cells to secrete
factors that affect the tumor phenotype. This type of competition,
however opposite to our observations, between tumor and stroma has
been previously reported in the literature through the loss of T-cell
function due to enhanced glucose uptake by tumor cells leading to
reduced glucose consumption of tumor-infiltrating T cells.

To evaluate how exercise challenges tumor metabolism, thus affect-
ing metastasis development, we examined the metabolism of mela-
noma cells and primary stoma cells from active or control mice during
coculture. Primary lung cells from control and exercised mice were
cocultured with Ret-melanoma cells for 24 hours followed by mito-
chondrial activity analysis using TMRE (Supplementary Fig. S5F).
Lung stroma cells from active animals showed significant induction in
mitochondrial activity comparedwith cells from controlmice (Fig. 4C,
top). Interestingly, no significant difference was observed in the
mitochondrial activity of melanoma cells cocultured with the stroma
from active versus control mice (Fig. 4C, bottom).

To explore whether the stroma’s mitochondrial potential can affect
the tumor mitochondrial activity and growth, we repeated the exper-
iment (Fig. 4C) in the presence of mitochondria uncouplers and
inhibitors of the ETC including FCCP and actinomycin D (Supple-
mentary Fig. S2B, top). No significant differences were observed in
melanoma cells’ mitochondrial activity; however, melanoma growth
was significantly higher when cocultured with active stroma cells
treated with both drugs compared with vehicle (Supplementary
Fig. S2B, bottom). This indicates that although only 50% of melanoma
cells succeeded in seeding in active tissue compared with control
(Fig. 3K), melanoma mitochondrial status does not affect their ability
to seed in either active or control stroma.

We next evaluated glucose uptake of primary cells isolated from the
metastases in the lungs and lymph nodes of the active and controlmice
(Fig. 4D). The cells were sorted based on the mCherry fluorescence of
the Ret-melanoma cells, resulting in two populations: cancer cells
(mCherryþ) and stromal cells (mCherry�). Cells were then starved for
30 minutes in glucose-free DMEM, after 30 minutes 2-NBDG was
added. FACS analysis of the 2-NBDG uptake performed after 30
minutes of incubation revealed significantly higher glucose uptake of
the stroma from active mice than control mice (Fig. 4E). In contrast,
melanoma cells from active animals had significantly higher glucose
uptake thanmelanoma cells from the control animals (Fig. 4E). Sorted
cells from active and control mice were also subjected to mRNA
analysis of Glut4, a marker of glucose sensing, Aldoa, indicative of
glycolysis, andHspa9, amarker ofmitochondrial activity. Stromal cells
isolated from active mice had significantly higher expression of these
metabolic markers compared with the control stroma (Supplementary
Fig. S4B). Whereas, in most instances, tumor cells from active animals
expressed significantly lower levels of metabolic markers than tumor
cells from control mice (Supplementary Fig. S4C). These experiments
suggest thatmelanoma cells have lessmetabolic activity in tissues from
exercisedmice due to the highmetabolic demand of the stroma in these
animals.

To examine melanoma metabolic adaptation further, we subjected
biopsies of lymph nodes, lungs, and livers harboring metastases from
active and control mice to pathology analysis. Melanoma and stroma
were defined based on distinct morphologic changes seen in hema-
toxylin and eosin staining and on staining for melanoma-specific
marker S100-beta. We also stained the tissues for GLUT1, ALDOA,
and COMPLEX I. The latter takes part in the electron transport chain
and is a marker of oxidative phosphorylation. To allow comparison
between stroma and tumor as well as between active and control
samples, intensities of GLUT1, ALDOA, and COMPLEX I were
normalized to intensities of DAPI staining of the same areas. The
stroma of tissues from active mice had significantly higher expression
of metabolic markers than stroma of control animals, but tumor
metastases in tissues from active mice had significantly lower expres-
sion of these markers compared with metastases of control mice
(Fig. 4F–H). When comparing the metastases to its stroma, we found
significantly higher expression of the metabolic markers in the tumor
region comparedwith stroma in the controlmice, whereas in the active
animals we found the opposite trend (Fig. 4F–H). There were no
differences in S100-beta levels in the tumor area of the control and
active mice, nor in the stroma area (Fig. 4F–H). Taken together, these
results support our hypothesis that exercise, which increases the
microenvironmental metabolic demand, results in a microenviron-
ment that does not support melanoma colonization, thus protecting
against the metastatic spread.

Discussion
Mutation, selection, and adaptation processes during cancer pro-

gression likely occur at both the primary tumor and at the metastatic
site (14); however, the dynamics of these processes are poorly under-
stood. Tracking the metabolism of the tumor and its stroma might be
an opportunity to reveal the dynamics of these three forces. Dupuy and
colleagues suggest that different metabolic traits that characterize the
heterogeneous population of breast cancer cells dictate their selective
preferences to disseminate to specific sites via specific mutations or
adaptations to metastatic microenvironments that support their met-
abolic demands (46).

Our in vitro and in vivo data demonstrate that approximately 50%of
the cells succeed to disseminate in active tissue, suggesting that the
metastasis host organ transformed into amore highlymetabolic organ.
We challenged the heterogeneous population of the primary tumor,
and the ability of certain clones to “choose” their metastatic site
according to their metabolic demands. This favors the selection
model (14) by which cells from primary tumors metastasize to
favorable metabolic niches. Of the melanoma cells that were success-
fully able tometastasize, we showed thatmelanoma cells in activemice
had reduced their metabolic needs compared with cells in sedentary
mice. This suggests that metastasis development stems from interac-
tionswith themicroenvironment (stromal cells, nutrients, and oxygen;
ref. 47). It is therefore clear that cancer cells’ metabolic state plays a
central role in both selection and adaptation during cancer progres-
sion, a hypothesis that requires further investigation to determine the
precise dynamics.

The classic hallmarks of cancer, including immune response, tumor
vasculature, hypoxia, pH, and autophagy (14), all can be affected by
exercise thus helping to further create a hostile tumor microenviron-
ment against melanoma. We will expand here on two aspects, the
immune response, and the extracellular matrix (ECM). Clinically,
melanoma patients who responded to two types of immunotherapies
(TIL-based or anti–PD-1) had highly increased levels of metabolic
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proteins, mitochondrial activity, and oxidative phosphorylation (48).
Further, glucose consumption by cancer cells has been shown to
metabolically restrict T-cell activity in the tumor microenvironment
causing T-cell loss of function (49). Without proper levels of glucose,
mTOR activity, as well as activity of other pathways, is reduced in
T cells (49). In our study, we targetedmTOR activity in the stroma and
were able to significantly return active stroma cells to the control state,
in terms of melanoma’s ability to grow when in coculture with treated
active stroma. This supports the hypothesis that exercise may induce
metabolic capabilities of the immune cells in the tumor microenvi-
ronment, thus enhancing the immune response to cancer. Future
studies should investigate the relationship between metabolic shifts
and immune system efficacy.

Given that cancer progression and metastasis formation are com-
prised of many factors working together for melanoma to successfully
reach the metastatic phase, we recognize that factors such as prolif-
eration inhibition may be at play in our model. Because we and
others (3) found that the primary tumor is smaller upon exercise, we
reasoned that there will be fewer circulating tumor cells and therefore
fewer metastases; therefore, we bypass this hurdle, and we injected the
same amount of melanoma cells intercarotid. However, our inter-
cardiac injections also showed less growth and does not uncouple the
proliferation defects from metastatic seeding defects. Further studies
are required to understand the direct effect of exercise on in vivo tumor
proliferation separated from the tumors ability to seed in themetastatic
niche.

Another aspect in tumor development is ECM remodeling of the
premetastatic niche (23). After exercise, the intermuscular ECM is
altered (23). It will be interesting to explore whether changes in
ECM-related genes and proteins induced by exercise are also
observed in metastatic host locations (e.g., lung, liver, lymph
nodes), in addition to the muscle. We found that metabolic prop-
erties such as glucose uptake and metabolic mitochondrial activity
marker expression were downregulated in melanoma cells from
active mice that had metastasized to stroma. Studies have shown
that dormant cancer cells have lower metabolism than nondormant
cancer cells (50); thus, melanoma cells that survived in the active
microenvironment may have become dormant. Interestingly,
autophagy is activated during nutrient deficiency, and autophagy
inhibition has been shown to result in the apoptosis of dormant
breast cancer cells (51). Therefore, dormancy and autophagy should
be explored with our exercise animal model to understand if
autophagy inhibition more efficiently induces apoptosis of meta-
static cells under an exercise protocol.

Various agents have been identified that target the metabolism of
either the tumor or the stroma cells of the metastatic niche (14). Some
metabolic enzyme inhibitors are currently being evaluated in clinical
trials (52). Tumors can become resistant to such treatments due to
their metabolic plasticity, allowing them to bypass the blockade of a
specific metabolic pathway by adopting new metabolic traits (53).
Thus, like combined treatments of signaling pathway inhibitors for
melanoma (54), the simultaneous inhibition of multiple metabolic
pathways should be evaluated (55). Moreover, it has recently been
suggested that the immunotherapy resistance of melanoma patients
can be overcome by combining the treatment withmetabolism-related
drugs (48). Here, we show that exercise reprograms the metabolic
capacity of nonskeletal tissues known to be niches for metastatic
melanoma as shown by the increased activity of the glycolytic pathway
and increased mitochondrial activity. This suggests that exercise
generates a metabolic shield and may be beneficial in combination
with immunotherapy as a replacement or in addition to metabolism-

altering drugs. Although we used melanoma as our preclinical model
as it is a highly metastatic cancer, we expect that our findings will
translate to other cancers, given that our human studies were not
cancer specific, and our mouse findings refer to the metabolic shift
prior to cancer arrival.

Glycogen metabolism is upregulated in many tumor types, suggest-
ing that it is an important aspect of cancer cell pathophysiology (56).
Because muscle cells require a large amount of glycogen following
bouts of prolonged or high-intensity exercise to return to preexercise
glycogen concentrations, muscles may take up to 24 hours to replace
glycogen stores (57). This phenomenon, which is known as super-
compensation, might protect muscles from metastatic dissemination
because the muscle cells compete with the malignant cells for available
glycogen resources. Further, the super-compensation process might
also provide a metabolic shield again tumor seeding in internal
organs (58). This should be further investigated. An additional way
to generate competition between normal and cancerous cells is by
decreasing the available glucose resources. For example, low-
carbohydrate diets, such as the ketogenic diet, have been proposed
to starve malignant growth by inhibiting the availability of glycogen
storage. Several long-term studies with large human cohorts and
studies using animal models have shown a correlation between cancer
risk and dietary composition (59). Several factors related to nutrition
are associated with cancer incidence. For example, overfeeding leads to
obesity (60), which is associated with impaired whole-body metabo-
lism including a decreased ability to quickly clear and store excess
calories. High levels of expression of the tumor progesterone receptor,
as observed in obese humans and animals who are overfed, are
associated with a glycolytic–lipogenic phenotype typical of aggressive
tumors and with high metastatic rates (59). In addition, high-fat diets
and consumption of high amounts of saturated fatty acids increase gut
permeability and induce colonic inflammation and mesenteric fat
inflammation, which increase overall cancer risk (59). Other factors
that are correlated with cancer risk are alcohol consumption, which is
detrimental, and fiber intake, which improves cancer immunosurveil-
lance (59). In our human cohort analysis, we controlled for these key
factors in the diet to determine the independent effect of the level of
exercise on cancer risk; however, a future study should investigate the
combination of both nutrition therapy and physical activity to limit
metastatic growth.

As a final note, it will be important for clinical application to
explore how long the exercise effect lasts and how long-term resting
alters the dissemination of cancer cells. The existing literature is
contradictory. For example, in one study, a very limited amount of
strength and muscle fiber was retained after 8 weeks of detraining,
whereas another showed that halting training did not negatively
affect muscle fibers and breathing capacity benefits due to the initial
exercise regimen (61, 62). Mouse studies are also contradictory,
which might be due to the use of various training methods, resting
periods, and measures of exercise retention, as explained in the
review by Gundersen and colleagues (63). To investigate the long-
term effects of exercise and subsequent resting a future study is
needed. Further, because Olympic athletes and professional athletes
are not immune from developing cancer, even with their high-
intensity training regimens (64), and exercise intensity depends on
an individual’s ability, proposing a personalized exercise regime for
each patient might provide better clinical outcomes.
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