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SUMMARY
Proteins are secreted from cells to send information to neighboring cells or distant tissues. Because of the
highly integrated nature of energy balance systems, there has been particular interest in myokines and adi-
pokines. These are challenging to study through proteomics because serum or plasma contains highly abun-
dant proteins that limit the detection of proteins with lower abundance. We show here that extracellular fluid
(EF) from muscle and fat tissues of mice shows a different protein composition than either serum or tissues.
Mass spectrometry analyses of EFs from mice with physiological perturbations, like exercise or cold expo-
sure, allowed the quantification of many potentially novel myokines and adipokines. Using this approach, we
identify prosaposin as a secreted product of muscle and fat. Prosaposin expression stimulates thermogenic
gene expression and induces mitochondrial respiration in primary fat cells. These studies together illustrate
the utility of EF isolation as a discovery tool for adipokines and myokines.
INTRODUCTION

Proteins secreted from various tissues can mediate inter-organ

crosstalk. These secreted factors can exert beneficial or detri-

mental effects, depending on their concentration, tissues, and

context.1,2 The secretome can be modulated by stimuli such

as cold exposure and exercise.3–5 Thus, identifying these poten-

tially beneficial secreted proteins is of great interest. Although

the computational analysis of transcriptomic or proteomic pro-

files from tissues may partially serve this purpose, this approach

will likely miss many secreted proteins where the changes in

secretion are not accompanied by changes at the mRNA levels

and where the secretion/shedding is non-canonical. Serum or

plasma proteomics analysis is a tool to identify novel secreted

proteins from various different tissues potentially acting in an

endocrine fashion.6,7 However, despite the latest improvements

in sample processing and instrument sensitivity, serum/plasma

proteomics remains highly challenging. This can be attributed

mainly to the tremendous variation in protein abundances,

from mg/mL to pg/mL, the so-called dynamic range problem.

In fact, the 12 most abundant proteins in serum and plasma ac-

count for approximately 95% of the total protein content, which

often masks the detection of lower abundance proteins, such as

hormones and cytokines.8–10 Previous studies have developed

techniques to increase mass spectrometry (MS) coverage on
serum and plasma proteome by enriching for low abundance

proteins through, for example, fractionation by two-dimensional

gel electrophoresis,11–13 immunoaffinity subtraction proced-

ures,14–16 protein enrichment technology,17–19 or a combination

of these methods. However, despite these efforts, the MS

coverage remains low, and the discovery of potentially important

molecules is either impossible or requires complex processing of

initial samples, extensive MS instrument time, and/or genetic

modifications.

Besides nutrients, extracellular fluid (EF) contains signaling

molecules such as secreted proteins and metabolites. Local

EF can be sampled through different techniques, e.g., the im-

plantation of wicks,20,21 micro-pipettes and catheters,22 or cap-

sules.23 Another frequently used method for EF isolation is mi-

cro-dialysis, which has been used in various tissues.24–27

Studies on skin EF have shown that 83% of proteins detected

in serum can also be detected in the EF, whereas 50% of skin

EF proteins cannot be detected in serum.27–29 This suggests

that the EF can serve as a source to identify novel extracellular

and bioactive proteins. Here, we hypothesized that secreted

proteins from tissues, as well as certain proteins coming from

the circulation, can be detected via tissue EF proteomics and

furthermore that EF profiling can provide a more comprehensive

picture of extracellular proteins in the respective tissues.

Although sampling EF can be performed using micro-dialysis
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and other methods,25–27,30 an implantation requires surgical

intervention, which itself can cause acute tissue trauma and in-

duces an inflammatory response at the site of implantation.24

In particular, the principle of micro-dialysis is based on passive

diffusion of substances across a semipermeable membrane.

This technique has been reported to suffer frommacromolecular

loss due to limited diffusion and recovery.31 A previous study by

Wiig and colleagues developed an elegant rapid EF isolation

method using a low-speed centrifugation technique for tumor

tissue.32,33 This method has been utilized to study the extracel-

lular metabolome in tumor andmuscle tissues.32,34–36 Moreover,

this technique has been applied to analyze the proteome of EF

from human ovarian carcinoma.37 However, in-depth proteomic

profiling of this rapidly isolated EF in muscle or adipose tissues

has not been performed before. Here, we have developed a pro-

tocol to profile the EF proteome in response to different interven-

tions in muscle and fat tissue, allowing for the discovery of pre-

viously unreported adipokines and myokines.

RESULTS

Muscle EF is distinct from muscle tissue and serum
proteome and can serve as a potential discovery tool for
secreted proteins in muscle tissue
To characterize the composition of EF, including potentially

novel secreted proteins frommuscle tissue, we adapted a previ-

ously developed technique for analyzing metabolites in the mus-

cle EF.32,34,36 Briefly, the gastrocnemius muscle—amuscle con-

taining mixed fiber types—was dissected, the soleus was

removed, and the muscle tissue was placed into a 20 mm mesh

filter and centrifuged (600–800 g; Figure 1A). We first analyzed

how the EF proteome differs qualitatively from that of muscle tis-

sue, serum, and plasma by performing SDS-PAGE on these four

different compartments (Figure S1A). These gels revealed that

the protein pattern of muscle EF appeared distinct from muscle

tissue, serum, and plasma. Although serum and plasma MS an-

alyses remain highly challenging due to the extensive amount of

highly abundant proteins, such as albumin and IGG, EF ap-

peared to have reduced amounts of these proteins (Figure S1A).

Nevertheless, albumin was still abundant in the EF of muscle

(Figure S1B, asterisk). Therefore, we depleted the albumin

from the EF to increase MS coverage using the R&D albumin/

IGG immunodepletion resin, a kit intended to reduce the over-

whelming abundance of these proteins in plasma and serum

samples. As seen in Figure S1B, this resin effectively removed al-

bumin from the EF samples and could potentially increase the

polypeptide coverage of the MS analysis. We therefore incorpo-

rated this albumin depletion step in the preparation of all sam-

ples. Next, we determined EF volume/mass ratios for muscle

(gastrocnemius) and also determined the protein concentration

in muscle EF compared with plasma and serum (Figures S1C

and S1D). As reported previously, the protein concentration of

EF was lower than that of plasma or serum33 (Figure S1D).

The protein content of the EF and the other biological com-

partments were compared by protein MS, using the tandem

mass tag (TMT) method of isobaric labeling (Figures 1BI and

1BII; Tables S1 and S2). Principal component analysis of the

two-by-two datasets demonstrated that when the EF was

compared with either muscle tissue (Figures 1CI), or serum
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(Figures 1CII), there was a clear separation into distinct clusters.

Gene Ontology (GO) analysis of upregulated proteins in EF

versus muscle tissue (q value < 0.05) using the GOrilla pro-

gram38,39 further revealed that proteins associated with the

extracellular space were upregulated in the EF compared with

whole muscle tissue (Figure S1E) (cutoff enrichment > 1.5). Pro-

teins associated with intracellular compartments were upregu-

lated in muscle tissue (q value < 0.05) (Figure S1F) (cutoff enrich-

ment > 1.5). The distinct EF proteome therefore likely represents

the proteins enriched in a local compartment that is surrounding

the myocytes.

We next analyzed the number of proteins annotated to be

secreted by the UniProt dataset (SwissProt, subcellular location,

downloaded January 202240) across the EF and muscle tissue

(Figure S1G). There were 856 proteins upregulated in EF when

comparedwithmuscle tissue (Figure 1D). Among these EF-upre-

gulated proteins, 132 were annotated to be secreted, according

to UniProt subcellular location. Thus, around 15.4% of EF-upre-

gulated proteins were known to be secreted, whereas only 4.7%

of muscle tissue upregulated proteins were annotated as

secreted (Figure 1D). Furthermore, using Fisher’s exact test,

the power of the EF method to enrich for proteins annotated to

be secreted was statistically significant (Figure 1E). Notably, pro-

teins quantified in the EF, which were not annotated as secreted,

may still be secreted through non-conventional pathways, and

thus are not annotated as such in SwissProt. Thus, applying a fil-

ter for proteins annotated to be secreted will certainly cause the

exclusion of interesting candidates.

Comparing proteins quantified in EF versus serum showed an

upregulation of 833 proteins in EF, whereas only 324 proteins

were upregulated in serum (Figure 1F). This suggests that we

were indeed able to detect a more diverse protein composition

in the EF. Of note, and as expected, a smaller proportion of pro-

teins upregulated in EF was annotated as secreted when

compared with serum proteins. This may reflect that the EF con-

tains proteins that are secreted through various non-canonical

secretion pathways, including extracellular vesicles, and also

may reflect a certain amount of intracellular leakage. To further

validate the extent of intracellular contamination in the EF centri-

fugate, we investigated whether highly abundant intracellular

proteins are leaking into the EF during centrifugation. As seen

in Figure S1H, commonly used marker proteins for cytosolic,

ER, mitochondrial, Golgi, and nuclear proteins were greatly

reduced in EF, suggesting rather minimal intracellular contami-

nation of EF centrifugate. Whether the remaining signal for

some markers stems from cell breakage or represents secretion

through, for instance, the release of extracellular vesicles re-

mains to be analyzed in the future.

Taken together, this newly established MS protocol shows

that the EF method can enrich for secreted proteins and thereby

allows for new discoveries. This approach can be used across

many different genetic and environmental interventions.

Acute exercise training remodels the muscle EF
proteome and impacts proteins of the coagulation and
complement cascades
We next examined changes within the muscle EF proteome in

response to a single, intense bout of exercise. A cohort of

8-week-old male C57BL/6J mice was assigned randomly to
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Figure 1. Muscle EF is distinct from muscle tissue and serum proteome and can serve as a potential discovery tool for secreted proteins in

muscle tissue

(A) (1) Scheme of EF in the muscle tissue. SF, secreted factor. (2) Scheme of muscle EF isolation procedure.

(B) Scheme of MS experiment comparing (I) EF to muscle tissue and (II) EF to serum.

(C) Principal component analysis of (I) EF versus muscle tissue and (II) EF versus serum (n = 5–6 per compartment).

(D) Venn diagram of proteins increased in EF and muscle tissue. Proteins up/down determined by q value < 0.05.

(E) Fisher’s exact test of secreted proteins in EF and muscle compared with the UniProt dataset.

(F) Venn diagram of proteins increased in EF and serum. Proteins up/down determined by q value < 0.05.

See also Figure S1 and Tables S1 and S2.
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either an exercise or sedentary group. The exercise group was

run vigorously on a treadmill for 45 min, with speeds ramped

up as previously described (Figure 2A).36 To get a measure of

the amount of intracellular leakage into the EF samples, one

pair of mice was injected intramuscularly with a GFP adenovirus

and subjected to the exercise protocol. Subsequently, gastroc-

nemius muscle was harvested, EF was isolated, and tissue ly-

sates were prepared. Western blot analysis showed no detect-

able GFP in the EF samples, even after this vigorous bout of

exercise (Figure 2B). Furthermore, we performed a western

blot analysis for commonly used, highly abundant, intracellular

marker proteins and again did not observe leakage of these pro-

teins into the EF, even after exercise (Figure 2C).

For proteomics analysis, we chose to isolate EF 60min after an

acute exercise bout, based on delayed Ppargc1a expression

post-exercise in the gastrocnemius muscle. As shown in Fig-

ure S2A, muscle Ppargc1a gene expression increased after
30 min post-exercise and peaked around 60 min. In addition,

serum interleukin (IL)-6 was significantly elevated 60 min post-

exercise when compared with pre-exercise levels of the same

mouse (Figure S2B). IL-6 is a well-known myokine induced and

secreted with exercise.41–44 Thus, IL-6 served as a positive con-

trol in the EF after acute exercise. As expected, elevated IL-6

levels were measured in EF isolated from exercised mice

compared with sedentary control mice (Figure 2D).

The gastrocnemius muscle EF proteome was then analyzed

from sedentary and exercised mice (Table S3). In total, we

were able to quantify 6,507 proteins within the EF (Figure 2E).

To further filter the quantified proteins for secreted factors, we

mapped the EF dataset onto the publicly available whole-protein

classification database from UniProt, SwissProt as described in

Figure S1G.40 Among the 1,322 proteins that were significantly

changed (q value < 0.05) in the EF of exercised versus sedentary

mice, we quantified 40 upregulated and 35 downregulated
Cell Metabolism 35, 1–15, February 7, 2023 3



Figure 2. Acute exercise training remodels the muscle EF proteome and impacts proteins of the coagulation and complement cascades

(A) Scheme of acute exercise and EF isolation procedure and processing.

(B) Western blot of GFP protein expression in muscle EF and tissue of sedentary and exercised mice 2 weeks post-GFP adenovirus intramuscular injection.

(C) Western blot analysis of common intracellular marker proteins in muscle EF and tissue of sedentary and exercised mice.

(D) ELISA of EF IL-6 levels in sedentary and exercised mice (two-tailed unpaired t test, n = 6).

(E) Venn diagram of quantified proteins and significantly changed proteins upon acute exercise regimen (significant if q value < 0.05, n = 5–6 per group).

(F) KEGG pathway analysis of significantly downregulated proteins annotated as secreted in exercise. Gene symbols displayed.

(G) Volcano plot of top 10 upregulated and downregulated proteins annotated as secreted (significant if q value < 0.05, n = 5–6). Gene symbols displayed.

(H) Heatmap of top 10 upregulated and downregulated proteins annotated as secreted (q value < 0.05, n = 5–6). Data are presented as means ± SEM. Gene

symbols displayed.

See also Figure S2 and Tables S3 and S4.
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known secreted factors according to the UniProt database

(Figures 2E and S2C). Interestingly, among the significantly

downregulated proteins in the EF of exercised mice, we quanti-

fied many proteins that were associated with the complement

and coagulation cascades according to KEGG pathway analysis
4 Cell Metabolism 35, 1–15, February 7, 2023
(Figures 2F and S2D).45 This finding is consistent with a recent

publication that identified significantly changed proteins of the

complement and coagulation cascades when analyzing plasma

proteomics from mice that were trained for 4 weeks.46 Of note,

some factors reduced in our acute exercise EF proteomics
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Figure 3. Muscle-specific PGC1a expression remodels EF proteome and reveals elevated protein levels of the neurotrophic factor pro-
saposin

(A) Scheme of MCK-PGC1a EF isolation procedure and processing.

(B) qRT-PCR of Ppargc1a gene expression normalized to Rplp0 in different tissues (two-way ANOVA, n = 4). Gas, gastrocnemius muscle; BAT, brown adipose

tissue.

(C) Venn diagram of quantified proteins and significantly changed proteins in MCK-PGC1a versus ctrl EF (significant if q value < 0.05, n = 5 per genotype).

(D) Scheme of data filtering procedure.

(E) Volcano plot of top 10 upregulated and downregulated proteins annotated as secreted (significant if q value < 0.05, n = 5). Gene symbols displayed.

(F) Heatmap of top 10 upregulated and downregulated proteins annotated as secreted (log2 fold changes, n = 5). Data are presented as means ± SEM. Gene

symbols displayed.

See also Figure S3 and Table S5.
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were increased in plasma of these 4-week trained mice,

including LIFR, CLU, QSOX1, F13B, MASP2, and KLKB1. This

might be due to differences in exercise regimens and/or the dif-

ference in EF versus plasma proteome.

Importantly, the EF profiling also allowed for the quantification

of secreted factors that have not been associated with exercise

or muscle tissue before (Figures 2G and 2H). Among the top 10

upregulated candidates in exercise that were annotated to be

secreted, phospholipase A2 group XIIB (PLA2G12B) and hepsin

(HPN) were increased 1.8- and 1.7-fold, respectively. Both have
been associated with high-density lipoprotein (HDL) levels in the

blood.47 Furthermore, sorbitol dehydrogenase (SORD) was

increased 1.7-fold upon acute exercise. The loss of SORD func-

tion is related to slowly progressing hereditary motor axonop-

athy.48 Thus, we provide a more comprehensive description of

the EF proteome in themuscle tissue following an acute exercise

protocol, including secreted proteins not previously associated

with exercise and/or muscle tissue.

Toexamine reproducibilitybetweenpreparations,wecompared

the sedentary control EF samples with an independently prepared
Cell Metabolism 35, 1–15, February 7, 2023 5
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TMT-plexof another cohort of sedentarymice (TableS4).Between

these two independently run and prepared TMT-plexes, 89.4%

and 74.7% of the total quantified proteins were identical in TMT-

plex-1 and TMT-plex-2, respectively (FigureS2E). Then 5,819 pro-

teins quantified in both TMT-plexes were rank-ordered, and the

Spearman’s coefficient was calculated (Figures S2E and S2F).

The coefficient describes the correlation of the abundance order,

of each commonly identified protein, in the two TMT-plexes.

Importantly, proteins detected in both experiments had a very

highly significant rank correlation across the two plexes of rs =

0.8 and p < 0.0001, indicating a high reproducibility across these

independent EF preparations.

Muscle-specific PGC1a expression remodels EF
proteome and reveals elevated protein levels of the
neurotrophic factor PSAP
Muscle-specific transgenic expression of PGC1a (MCK-PGC1a

mice) has been proven to be a very useful genetic model, which

mimics certain aspects of exercise, including angiogenesis and

the stimulation of greater muscle innervation.49–55 Forced

expression of PGC1a is also sufficient to induce a fiber-type

switch toward more oxidative fibers, as does endurance

training.49 The fiber-type phenotype in the MCK-PGC1a mice

is present to a far greater extent than has been observed in

trained mice or humans. Thus, the EF of MCK-PGC1a mice

might provide a genetic tool for the identification of novel

myokines, which are not present at detectable levels in models

exercised within normal parameters. The EF of 8-week-old

transgenic mice and their littermate controls were isolated, im-

munodepleted, and analyzed using MS (Figure 3A). MCK-

PGC1a transgenic mice display a muscle-specific increase in

Ppargc1a gene expression but not in other tissues, such as in

brown adipose tissue (BAT) (Figure 3B). Proteomic analysis us-

ing the EF of MCK-PGC1a mice and their littermate controls

quantified 3,113 proteins, amongwhich 824 proteins were signif-

icantly changed between these groups (q value < 0.05)

(Figures 3C and 3D; Table S5). Filtering for secreted proteins,

we found 17 known secreted proteins to be upregulated,

whereas 31 were downregulated. In line with previously pub-

lished data, myostatin (MSTN) was among the top significantly

downregulated proteins in the EF of MCK-PGC1a transgenic

mice (Figures 3E and 3F).56 Another very interesting candidate

among the top 10 downregulated proteins in EF of MCK-

PGC1a mice was nicotinamide phosphoribosyltransferase

(NAMPT), whose extracellular form, eNAMPT, was reported to

be elevated upon acute and chronic inflammation, such as

obesity and insulin resistance57 (Figures 3E and 3F). Among

other interesting candidates within the top 10 upregulated pro-

teins in the EF of MCK-PGC1a mice (Figures 3E and 3F), was

the highly conserved glycoprotein prosaposin (PSAP), this was

increased 1.66-fold in the EF of MCK-PGC1amice (Figure S3A).

This protein has not been previously identified as a myokine or

adipokine. PSAP is the precursor of four active saposins (sapo-

sin A-D). Saposins are lysosomal proteins that activate sphingo-

lipid hydrolysis through lysosomal hydrolases.58,59 However,

full-length PSAP is found in many secretory fluids including the

blood and cerebrospinal fluid (CSF) and, interestingly, has

been shown to act as a neurotrophic factor by preventing

neuronal degradation and axonal loss. It has also been shown
6 Cell Metabolism 35, 1–15, February 7, 2023
to induce nerve regeneration.60–65 Of note, in the MS analysis 8

peptides of PSAP were quantified, covering several regions

across the PSAP molecule (Figure S3B). This suggests that the

detected molecule is probably the full-length PSAP protein.

EF proteome analysis identifies many cold-induced,
secreted factors in thermogenic adipose tissue,
including PSAP
Activating BAT and increasing the browning of white adipose tis-

sue (WAT) can increase whole-body energy expenditure66—this

represents a potential approach to treat obesity and associated

metabolic diseases. However, beyond the regulation of energy

expenditure, adipose tissue also affects glucose and lipid meta-

bolism, insulin sensitivity, and acts as an endocrine organ

by secreting adipokines.67–70 In particular, brown and beige

adipocytes secrete beneficial adipokines such as PM20D1,71

Slit2-C,72 follistatin (FST),73 Epdr1,74 and FGF21.75 However, a

more comprehensive report of proteins released from thermo-

genic adipose tissues is still needed. Thus, we applied this EF

proteomic method to explore proteins released from thermo-

genic fat in mice. Upon cold adaptation, thermogenic fat depots

increase the expression of certain genes leading to increases in

non-shivering thermogenesis. BAT and subcutaneous fat depots

such as the inguinal WAT (iWAT) respond to cold exposure with

vigorous thermogenesis, whereas visceral fat depots such as the

epididymal WAT (eWAT) do not. To profile the cold-induced EF

proteome of 2 thermogenic fat depots (BAT and iWAT) and one

non-thermogenic fat depot (eWAT), we housed mice for 2 weeks

at cold temperatures (4�C) and subsequently isolated the EF

from BAT, iWAT, and eWAT (Figure 4A). The protein composition

was first analyzed via SDS-PAGE. Similar to muscle EF, adipose

EF protein composition was obviously different from whole adi-

pose tissue lysates (Figure S4A). As previously demonstrated,

2 weeks of cold exposure induced the expression of thermo-

genic genes in thermogenic fat (BAT and iWAT) but not to the

same extent in eWAT (Figures 4B, S4B, and S4C).

EF volume varied among the different depots, with higher

percent volume to tissue masses in iWAT and BAT compared

with eWAT (Figure S4D). Protein concentration was lowest in

iWAT and highest in BAT (Figure S4E). To determine the purity

of EF isolated from these adipose tissue depots, western blots

were performed for common intracellular marker proteins

(Figures S4F–S4H). Lamin A and C, two nuclear markers, were

not detectable in EF of all depots, whereas some proteins of

the respiratory chain were detectable among these fluids with

the highest abundance in eWAT (Figures S4F–S4H). However,

theseOXPHOSprotein levels were still very low in EFs compared

with respective tissue lysates.

Performing proteomics on EF of adipose tissues quantified a

total of 3,844 proteins among which 1,579 proteins were signif-

icantly changed (q value < 0.05) in cold-exposed iWAT

compared with cold-exposed eWAT (Figure 4C; Table S6).

Following filtering for significantly changed proteins that were

annotated as secreted, 172 proteins were found to be higher,

whereas 41 proteins were lower expressed in iWAT versus

eWAT EF (Figure 4C). In order to further filter for proteins

expressed in the fat cells themselves, we also combined this

proteomics list with published translating ribosome affinity

purification (TRAP)-seq RNA datasets.76 Roh et al. utilized
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Figure 4. EF proteome analysis identifies many cold-induced, secreted factors in thermogenic adipose tissue, including PSAP

(A) Scheme of fat depot EF isolation procedure and processing.

(B) qRT-PCR of thermogenic gene expression normalized to Rplp0 in iWAT after 2 weeks of room temperature or cold exposure (unpaired t test, n = 4–5).

(C) Venn diagram of quantified proteins and significantly changed proteins in cold-adapted EF of iWAT versus eWAT (significant if q value < 0.05, n = 4, EF pooled

from 5 mice per sample).

(D) Scheme of data filtering procedure including overlay of upregulated proteins annotated as secreted in iWAT EF versus upregulated mRNA in TRAP dataset.76

(E) Volcano plot of top 15 upregulated proteins annotated as secreted in cold-adapted EF of iWAT versus eWAT (significant if q value < 0.05, n = 4, EF pooled from

5 mice per sample). Gene symbols displayed.

(F) Venn diagram of proteins annotated as secreted and significantly changed upon cold exposure in iWAT EF and PGC1a expression in muscle EF (significant if q

value < 0.05). Data are presented as means ± SEM.

See also Figure S4 and Table S6.
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Ucp1-NuTRAP (nuclear tagging and TRAP) mice and performed

RNA sequencing (RNA-seq) to identify altered gene expression

levels in warm versus cold-exposed beige adipocytes. Over-

laying the secreted proteins that were significantly changed

from our iWAT versus eWAT dataset with the TRAP-seq dataset

revealed 27 commonly changed candidates (Figure 4D). Among

these candidates, we identified known, cold-induced adipo-

kines, such as EPDR1 (Figure 4E).74 The browning of adipocytes

requires elevated PGC1a levels to drive expression of the ther-

mogenic gene program.77 Consequently, we wanted to investi-
gate whether there were common secreted proteins that were

released upon forced PGC1a expression in the muscle-specific

PGC1a transgenic mice and in cold exposed iWAT EF. To this

end, we overlayed the MCK-PGC1a muscle EF dataset with

the cold-induced iWAT EF dataset (Figure 4F). Among the signif-

icantly enriched secreted proteins, we found 5 proteins that were

shared across the muscle and adipose EF, PSAP being one of

them (Figure 4F). PSAP protein abundance was 1.5-fold higher

in iWAT compared with eWAT EF (Figure S4I). Of note, the func-

tions of PSAP in adipose tissue remain unexplored. Taken
Cell Metabolism 35, 1–15, February 7, 2023 7
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together, these data show that the EF from different fat depots

contained previously unrecognized secreted factors that were

induced upon cold exposure in thermogenic iWAT but not in

non-thermogenic eWAT.

PSAP expression and secretion are induced by PGC1a
and cold adaptation in muscle and fat, and PSAP
expression is sufficient to boost oxidativemetabolism in
primary iWAT adipocytes
The identification of increased PSAP in EF frommodels involving

the increased expression of PGC1a prompted us to study

whether this gene is expressed in a PGC1a-dependent manner.

Gene expression analysis of gastrocnemius muscle from MCK-

PGC1a mice revealed a mild but significant induction of Psap

expression when compared with their littermate controls (Fig-

ure 5A). However, in the soleus, forced PGC1a expression was

not sufficient to induce Psap gene expression (Figure 5A),

perhaps due to high PGC1a levels in the wild-type soleusmuscle

(Figure 3B). Next, we investigated whether muscle cells were

able to secrete PSAP protein upon exogenous PGC1a expres-

sion. Primary myotubes were transduced with a PGC1a-ex-

pressing adenovirus or a GFP-expressing control adenovirus.

Subsequently, proteins in the conditioned medium were deter-

mined via MS analysis (Table S7). The expression of PGC1a re-

sulted in a significant, 2.3-fold increase of PSAP secretion into

the medium (Figure 5B).

Psap gene expression was then examined in iWAT, BAT, and

eWAT of mice housed at different temperatures. Mice

were housed at 30�C (thermoneutrality), 22�C (room tempera-

ture), or 4�C for 2 weeks. Psap mRNA was specifically induced

in thermogenic fat after 2 weeks of cold exposure, whereas

non-thermogenic eWAT did not show this induction (Figure 5C).

Subsequently, we investigated whether short-term cold expo-

sure is sufficient to induce Psap expression in thermogenic fat

depots. We found a mild increase of Psap levels after 12 h of

cold exposure in BAT, whereas short-term cold exposure was

not sufficient to significantly induce Psap expression in iWAT

(Figure 5D).

As PSAP expression and secretion correlated with the cold-

induced remodeling of thermogenic fat, we studied the effects
Figure 5. PSAP expression and secretion are induced by PGC1a and co

boost oxidative metabolism in primary iWAT adipocytes

(A) qRT-PCR of Psap gene expression normalized to Rplp0 in different tissues of M

brown adipose tissue.

(B) PSAP intensity in conditioned medium of PGC1a- and GFP-transduced prim

(C) qRT-PCR of Psap gene expression normalized to Rplp0 in different fat depots

(one-way ANOVA, n = 4–5). iWAT, inguinal white adipose tissue; BAT, brown ad

(D) qRT-PCR of Psap gene expression in iWAT and BAT upon different times of c

BAT, brown adipose tissue.

(E) qRT-PCR of thermogenic gene expression and brown-fat identity genes norm

adenovirus (pAd) (two-way ANOVA, n = 4).

(F) Western blot of UCP1 protein expression in primary iWAT adipocytes transdu

(G) Top upregulated hallmarks in GSEA enrichment analysis of RNA-seq data of

(H) Enrichment plot of top upregulated hallmark oxidative phosphorylation in

transduced with GFP- or PSAP-pAd (q value < 0.001, n = 4).

(I) Oxygen consumption rate (OCR) of iWAT adipocytes transduced with GFP- o

ilcyanide p-triflouromethoxyphenylhydrazone; Rot, rotenone; Anti A, antimycin A

(J) Basal OCR of iWAT adipocytes transduced with PSAP or GFP adenovirus (tw

See also Table S7.
of forced PSAP expression on the adipose cells. PSAP expres-

sion using a viral vector induced the expression of essential ther-

mogenic genes, as well as brown adipocyte identity genes, such

as Prdm16,Cidea,Dio2, and Elovl3 (Figure 5E). Furthermore, the

expression of PSAP resulted in higher UCP1 protein levels

comparedwith cells transducedwith theGFP control adenovirus

(Figure 5F). To comprehensively profile transcriptional changes

upon forced Psap expression, we performed RNA-seq analysis

on pAd-PSAP or pAd-GFP transduced primary iWAT cells.

Downstream gene set enrichment analysis (GSEA) 78,79 of hall-

markgene sets, which were increased upon Psap expression re-

vealed oxidative phosphorylation as the top upregulated

gene set (Figures 5G and 5H). In line with this evidence, forced

expression of PSAP was sufficient to boost overall and basal

respiration in iWAT cells (Figures 5I and 5J), thus suggesting

that PSAP plays a previously unrecognized function in fat cell

metabolism.

DISCUSSION

In this study, we developed a simple and rapid protocol for the

analysis of the EF proteome. We show that this method can be

adapted to different genetic and environmental interventions,

such as exercise, tissue-specific transgenic expression of

PGC1a, and cold exposure. It is also applicable to different tis-

sues, like muscle and various adipose depots. Importantly, it is

demonstrated that the composition and complexity of the EF

proteome are distinct from that of serumand tissues. The EF pro-

teomic method can presumably also be applied to many other

tissues, including those of humans. This may lead to the devel-

opment of new biomarkers, as well as provide potential new tar-

gets for therapeutic interventions.

Previously, several proximity biotinylation systems have been

developed to identify secreted factors from specific tissues. The

Finkel group developed an elegant mousemodel, termed the se-

cretome mouse, which conditionally expresses a proximal bio-

tinylation system in the lumen of the endoplasmic reticulum

(ER), resulting in the labeling of proteins that are secreted

through the conventional secretory pathway.80 Secreted pro-

teins in serum of these mice can be enriched by streptavidin
ld adaptation in muscle and fat and PSAP expression is sufficient to

CK-PGC1amice (two-way ANOVA, n = 4). Gas, gastrocnemius muscle; BAT,

ary myotubes (unpaired t test, n = 4).

upon thermoneutrality (30�C), room temperature (22�C), or cold exposure (4�C)
ipose tissue; eWAT, epididymal white adipose tissue.

old exposure (one-way ANOVA, n = 4–5). iWAT, inguinal white adipose tissue;

alized to Rplp0 in primary iWAT adipocytes transduced with GFP- or PSAP-

ced with GFP- or PSAP-pAd (n = 4).

primary iWAT adipocytes transduced with GFP- or PSAP-pAd.

GSEA enrichment analysis of RNA-seq data from primary iWAT adipocytes

r PSAP-pAd (n = 10). NE, norepinephrine; Oligo, oligomycin; FCCP, carbon-

.

o-tailed unpaired t test, n = 10). Data are presented as means ± SEM.
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purification. Although highly specific, this system requires time-

consuming breeding, as well as high biotin plasma levels

achieved through injections and biotin feeding.80 To overcome

the time-consuming breeding step of transgenic mice, a condi-

tional adeno-associated virus expressing an ER biotin ligase

has been developed, which can be injected locally to label

secreted proteins from specific tissues.81 However, whole-pro-

teome profiling of EF, as done here, has several advantages

over these approaches. The EF method is quick and simple

and does not require any genetic manipulations, injections, or

feeding of chemicals—all of these may interfere with disease

processes or impact homeostasis.82 Additionally, our EF prote-

omic workflow allows for the detection of proteins that do not

use the conventional secretory pathway through the ER lumen.

Although the EF proteomics method already allows for identi-

fying many secreted proteins, as illustrated here, it could be

further broadened by adding a treatment step with glycosidases.

This step could allow better MS detection of very heavily glyco-

sylated proteins such as the myokine irisin. Many such heavily

glycosylated proteins exist in plasma or serum.

Another limitation of our method might be the occurrence of

some cell breakage during the isolation procedure and subse-

quent leakage of intracellular contents into the EF. Although

this likely happens to a certain extent, we were unable to detect

several highly abundant intracellular proteins (or GFP) in muscle

EF. Additionally, another study using a similar rapid EF isolation

failed to detect intracellular metabolite classes in the muscle

EF.36 This leakage problem is particularly important to consider

for softer tissues, such as adipose tissue. There, some intracel-

lular proteins from the respiratory chain were detected at low but

significant levels. However, we again cannot rule out that these

proteins are actively secreted by extracellular vesicles, as

recently described,83 or are due to cellular leakage during the

isolation procedure. The application of a filtering procedure us-

ing the SwissProt subcellular location database can help here,

at the potential cost of losing information concerning proteins

secreted non-canonically. This has been done in this study and

allows to exclude potential intracellular, non-secreted proteins

in the EF.

Using this approach, we have been able to identify knownmy-

okines, such as IL-16, IL-18, and decorin (DCN), which can be

difficult to detect in serum proteomics due to their relatively

low concentrations.46 Interestingly, in muscle EF, we did also

detect bona fide hepatokines and adipokines, which are known

to be regulated in response to exercise, such as FST, angiopoie-

tin-like 4 (ANGPTL4), adiponectin (ADIPOQ), and resistin

(RETN).84

Importantly, several novel polypeptides were found that might

contribute to the beneficial effects of exercise, such as

PLA2G12B, HPN, and SORD in acute exercise muscle EF.

Loss of function of PLA2G12B and HPN have both been corre-

lated with low serumHDL levels in amutagenesis screen47; how-

ever, these have not been investigated in the context of exercise.

Notably, favorable HDL increased with exercise and is believed

to reduce the risk for cardiovascular diseases.85 Thus,

PLA2G12B and HPN are potential candidates in the regulation

of increased HDL upon exercise. Another interesting candidate

induced with acute exercise is SORD, an enzyme metabolizing

sorbitol to fructose.86,87 Recently, SORD deficiency has been
10 Cell Metabolism 35, 1–15, February 7, 2023
linked to slowly progressing hereditary motor axonopathy

caused by a mutation in the SORD gene.48 Patients with SORD

deficiency displayed 100 times higher sorbitol levels in the blood,

suggesting that SORD deficiency drives sorbitol-induced nerve

toxicity. To our knowledge, SORD has not been linked to exer-

cise before and could serve as a potential beneficial factor to

clear increased sorbitol levels from the blood.

NAMPT was among the top 10 downregulated proteins in

the EF of MCK-PGC1a mice. Intracellular NAMPT regulates the

nicotinamide adenine dinucleotide (NAD) pool by impacting the

activity of NAD-dependent enzymes.88,89 eNAMPT has been de-

tected in mouse and human circulation90,91 and is elevated un-

der conditions of acute and chronic inflammation, such as

obesity and insulin resistance.57 However, the extracellular regu-

lation and function of this enzyme are still debated. Reduced eN-

AMPT might be a potential link between physiologic conditions

showing elevated PGC1a expression and changes in insulin

sensitivity.

Finally, because of the metabolic benefits brought by PGC1a

in both muscle and fat tissues, we have long been interested in

myokines and adipokines regulated by PGC1a.92,93

Here, we identify PSAP in the EF of iWAT upon cold adaptation

and in muscle EF of MCK-PGC1amice in vivo. Full-length PSAP,

which is a precursor for the lysosomal proteins Saposins A–D,

exerts neurotrophic functions in the central nervous system

and periphery.60–65 Of note, other neurotrophic factors, e.g.,

brain-derived neurotrophic factor (BDNF), have been shown to

be secreted by contracting skeletal muscle and also play a role

in adipose thermogenesis.94,95 To date, PSAP expression has

not been investigated in adipose tissues. As shown here, the

forced expression of Psap exerts effects on the adipogenic

gene program of adipocytes as well as on genes involved in

oxidative phosphorylation. Interestingly, PSAP has been linked

to organellar crosstalk between lysosomes and mitochondria.96

Furthermore, the siRNA-mediated knockdown of Psap in murine

bone marrow-derived macrophages reduces oxygen consump-

tion rates (OCRs).97 We show here that forced Psap expression

was sufficient to boost OCRs in primary iWAT cells. Although un-

explored here, PSAP could potentially play an important role in

the elevated muscle innervation and neuromuscular junctions

(NMJs) observed in MCK-PGC1a mice.50,53 In fact, a previous

study has shown that PSAP induces nerve regeneration after

sciatic nerve injury62; however, its exact roles in muscle tissues

remain to be determined.

Limitations of study
The EF proteomic analysis described in this study uses a centri-

fugation technique to isolate the EFs from different tissues.

Although we have shown that the EF isolated through this tech-

nique seems to have only minimal contamination with intracel-

lular ‘‘marker’’ proteins, we would like to highlight again that it

is important to further validate potential secreted proteins via

different approaches, as done here for PSAP. In addition, it

should be considered that the EF most likely contains extracel-

lular vesicles and their contents. It is also important to note

that this method may miss candidates that are highly glycosy-

lated or bound to albumin, as the protocol includes an albumin

depletion step. If necessary, deglycosylation could be included

in the sample preparation.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Goat Polyclonal Anti-Mouse IgG

(H+L), HRP Conjugate

Promega Cat#: W4021; RRID: AB_43083

Goat Polyclonal Anti-Rabbit IgG

(H+L), HRP Conjugate

Promega Cat#: W4011; RRID: AB_430833

Rabbit Polyclonal Anti-UCP1 Abcam Cat#: ab10983; RRID: AB_2241462

Rabbit Polyclonal Anti-alpha-tubulin Cell signaling Cat#: 2144; RRID: AB_2210548

Rabbit Monoclonal Anti-GFP Cell signaling Cat#: 2956; RRID: AB_1196615

Mouse Monoclonal Anti-OXPHOS cocktail Abcam Cat#: ab110413; RRID: AB_2629281

Rabbit Monoclonal Anti-GOLGIN 97 Cell signaling Cat#: 13192; RRID: AB_2798144

Rabbit Monoclonal Anti-LAMIN A/C Abcam Cat#: ab169532

Rabbit Monoclonal Anti-BCL2 Cell signaling Cat#: 3498; RRID: AB_1903907

Bacterial and virus strains

pAd-GFP This paper N/A

pAd-PGC1a This paper N/A

pAd-PSAP This paper N/A

Critical commercial assays

R&D Systems Proteome Purify 2 Mouse

Serum Protein Immunodepletion Resin

R&D Systems Cat#: MIDR002020

IL-6 ELISA Kit R&D Systems Cat#: MB100B

Adeno-X Rapid Titer Kit Takara Bio Cat#: 632250

ViraPower Adenoviral Expression System Invitrogen Cat#: K4930-00

pAd/CMV/V5-DEST Gateway Vector Kit Thermo Fisher Cat#: V49320

TMTpro 16plex Label Reagent Set Thermo Fisher Cat#: A44522

Deposited data

Proteomics data, mm01-mm06, Tables S1, S2,

S3, S5, S6, and S7

This paper ProteomeXchange: PXD031982

Proteomics data, mm07, Table S4 This paper ProteomeXchange: PXD037731

RNAseq of pAd transduced iWAT cells This paper GEO: GSE216094

Data S1 – Source Data This paper Data S1

Experimental models: Cell lines

HEK 293A Invitrogen Cat#: R70507;

RRID: CVCL_6910

Experimental models: Organisms/strains

Mouse: C57BL/6J The Jackson Laboratory RRID: IMSR_JAX:000664;

Strain #:000664

Mouse: C57BL/6-Tg(Ckm-Ppargc1a)31Brsp/J Lin et al.49 RRID: IMSR_JAX:008231;

Strain #:008231

Oligonucleotides

Psap Exon 3-5 for qPCR IDT Mm.PT.58.29345087

Psap Exon 5-6 for qPCR IDT Mm.PT.58.32763434

Primers for qPCR, see Table S8 This paper N/A

pAd psap_attb1_forw: GGGGACAAGTTTGTAC

AAAAAAGCAGGCTTCaccATGGTCTGGAGCA

AGCCCACAGC

This paper N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

pAd psap_attB2_rev:

GGGGACCACTTTGTACAAGAAAGCTGGGTGCT

AGTTCCACACATGGCGTTTGC

This paper N/A

pAd gfp_attb1_forw: GGGGACAAGTTTGTACAA

AAAAGCAGGCTgccgccATGGTGAGCAAGGGCGAGG

This paper N/A

pAd gfp_attb1_rev: GGGGACCACTTTGTACAAG

AAAGCTGGGTtCTTGTACAGCTCGTCCATGC

This paper N/A

pAd pgc1a_attb1_forw: GGGGACAAGTTTGTACAA

AAAAGCAGGCTgccgccATGGCTTGGGACATGTGCAG

This paper N/A

pAd pgc1a_attb1_rev:

GGGGACCACTTTGTACAAGAAAGCTGGGTT

TACCTGCGCAAGCTTCTCT

This paper N/A

Recombinant DNA

cDNA PSAP Horizon AI037048

cDNA GFP GenBank AAB02576.1

cDNA PGC1a OriGene NM_008904.3

Software and algorithms

GSEA 4.1.0 Mootha et al.78;

Subramanian et al.79
https://www.gsea-msigdb.org/

gsea/index.jsp

GOrilla Eden et al.38,39 http://cbl-gorilla.cs.technion.ac.il

STRING Szklarczyk et al.45 https://string-db.org

Perseus Tyanova et al.98 https://maxquant.net/perseus/

Biorender Biorender https://biorender.com/

Others

20 mm nylon mesh for EF isolation Millipore Sigma Cat#: NY2004700
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Bruce

Spiegelman (bruce_spiegelman@dfci.harvard.edu).

Materials availability
Unique material generated in this study, such as adenoviruses, will be available from the lead contact upon request.

Data and code availability
d Source data for graphs can be found in Data S1. The mass spectrometry proteomics data have been deposited to the

ProteomeXchange Consortium via the PRIDE partner repository with the dataset identifier ProteomeXchange: PXD031982,

PXD037731. The RNAseq data have been deposited to GEO: GSE216094.

d This paper does not report original code

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice
Mice used for this study were housed at 22�C, unless stated differently. They were housed at a 12 h light/dark cycle and had unlimited

access to food andwater.Wild-type, 8week old,malemice for exercise experiments and cold adaptation studieswere obtained from

The Jackson Laboratory (C57BL/6J, #000664). Mice were randomly assigned to control and experimental groups. Hemizygous

transgenic MCK-PGC1a mice have been described previously49 and were bred in house on a C57BL/6J background. Wild-type lit-

termates served as controls. Transgenic MCK-PGC1a and control mice were mixed gender and 8 weeks old. All experiments were

performed according to procedures approved by the Institutional Animal Care and Use Committee (IACUC) of Beth Israel Deaconess

Medical Center and were in line with NIH guidelines.
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Cell culture
Primarymyoblasts were isolated fromC57BL/6Jmice. Cells weremaintained in growthmediumDMEM/F12 supplemented with 20%

fetal bovine serum and penicillin/streptomycin at 37�C. Inguinal white adipose stromal-vascular fraction (SVF) was isolated from

6-10 week old C57BL/6J mice. Cells were maintained in growth medium DMEM/F12 supplemented with 10% fetal bovine serum

and penicillin/streptomycin at 37�C. For primary cell isolation protocols see ‘‘method details’’ section.

HEK293A cells were obtained from Invitrogen (Cat#: R70507) and maintained in growth medium DMEM supplemented with 10%

fetal bovine serum and penicillin/streptomycin at 37�C.

METHOD DETAILS

Exercise protocol
Mice were trained on a motorized treadmill (Columbus Instruments) for three consecutive days. The exercise protocol was adapted

from Reddy et al. with minor modifications.36 In brief, mice were trained 5 min at 12 m/min followed by a 1 min rest. Subsequently,

mice run another 5 min at 12 m/min and 5min at 14 m/min. On the third day of training, sedentary mice were removed from the tread-

mill and exercise mice were kept running for a total of 45 min with ramped up speed of 2 m/min every 5 mins and maximum speed of

26 m/min. Mice were sacrificed either 0 h, 30 min, 60 min, 2 h, or 4 h after the run, as indicated. Blood samples were taken, the

gastrocnemius muscle was dissected and EF was isolated. To isolate serum, blood was allowed to clot for 15 min at room temper-

ature, and centrifuged 10min at 10,000 g to remove the clot. To isolate plasma, blood was collected into BDMicrotainer Tube, Blood

Collection Lithium Heparin (BD, 365985) and centrifuged for 10 min at 10,000 g. Tissue, EF, and serum/plasma samples were snap

frozen and stored at -80�C for further analysis. EF was isolated 60 min post exercise for proteomic analysis.

For the GFP-exercise experiment (Figure 2B), 1.7x108 infectious particles of GFP-Adenovirus (vector generation described below)

were injected into gastrocnemius muscle two weeks prior to the exercise experiment. Subsequently, mice were trained as described

above. Sedentary control mouse was removed from the treadmill and the exercised mouse was kept running until exhaustion with

ramped up speed as described above. EF and tissue was isolated directly after exercise.

Exposure to 4�C, 22�C, or 30�C
For long term adaptation, 8 week old wildtype male mice were exposed to either 4�C, 22�C, or 30�C for two consecutive weeks. Sub-

sequently, blood samples were taken, adipose tissue and gastrocnemius muscle were dissected and EF was isolated. Blood was

clotted for 15 min at room temperature, and centrifuged 10 min at 10,000 g to remove the clot. Tissue, EF, and serum samples

were snap frozen and stored at -80�C for further analysis. For short term exposure, mice were acclimated at 30�C for 3 weeks before

being shifted to 4�C. At the indicated time point (0 h, 3 h, 6 h, 12 h, 24 h), tissues from 5 mice were harvested and kept at -80�C for

further processing and analysis.

Extracellular fluid isolation
EF isolation wasmodified from previous procedures.32,34–36 Gastrocnemius muscle, BAT, iWAT, or eWATwas dissected, placed into

a 20 mm nylon mesh (Millipore Sigma, NY2004700), and fixed in a 1.5 ml tube. Subsequently, tissue was centrifuged at 600–800 g for

10 min at 4�C. EF was snap frozen and kept at -80�C for further processing and analysis. For proteomics analysis of cold exposed

adipose tissues, EF of both fat pads of 5 mice were pooled for each sample and prepared for proteomics analysis. For muscle EF

proteomics analysis, EF of left and right gastrocnemius muscles of the same mouse were pooled and prepared for proteomics anal-

ysis. EF volume was measured and protein concentration was determined using Pierce BCA Protein Assay Kit (Thermo Scienti-

fic, 23227).

Immunodepletion of EF and Serum
Serum and EF samples were immunodepleted using R&D Systems Proteome Purify 2 Mouse Serum Protein Immunodepletion Resin

(R&DSystems,MIDR002020). The protocol was performed as described by themanufacturer. Briefly, 10 ml EF (pooled from either left

and right gastrocnemius muscle of the same mouse or from left and right fat pads of 5 mice) or serum was mixed with 1 ml of im-

munodepletion resin and incubated on a rotator shaker at room temperature for 45 min. Subsequently 1 ml of resin was equally split

into two SpinX filter tubes (R&D Systems, SPINX8160036) and centrifuged at 1,500 g for 2 min. Flowthrough was collected, protein

concentration was analyzed using PierceMicro BCAProtein Assay Kit (Thermo Scientific, 23235), and samples were snap frozen and

kept at -80�C for further analysis.

Primary myoblast isolation and culturing
Primary myoblasts were isolated from C57BL/6J mice and propagated on collagen-coated tissue culture plates (Corning) in growth

medium containing an equal mixture of F10 (Thermo, 11550043) andDMEM (Corning, 10017CV) supplemented with 20% fetal bovine

serum and penicillin/streptomycin.99 One day prior to differentiation, myoblasts were plated on 10 cm collagen-coated plates at a

density of 3.6x106 cells per plate. The next day, differentiation was initiated by washing with PBS and then adding differentiation me-

dium: DMEM with 5% horse serum (HyClone) and penicillin/streptomycin. One day later, differentiation medium was replaced and

adenovirus encoding GFP or PGC1a was added at MOI 100. Sixteen hours later, the differentiation medium was replaced. After an

additional 24 hours, the cells were washed 3Xwith PBS and then incubated in DMEMwith 1mMsodium pyruvate and no serum. After
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8 hours of conditioning, the medium was removed and centrifuged twice at 5 min 600 g to remove insoluble material. For each repli-

cate, approximately 50 ml conditioned medium was concentrated to 2 ml using a 3000 MWCO spin column (Amicon), then snap

frozen and stored at -80�C.

Conditioned medium preparation for mass spectrometry
2 ml of concentration conditioned medium combined with an equal volume of protein lysis buffer (2% SDS, 150 mM NaCl, 50 mM

HEPES pH 8.8, 5 mM TCEP, Protease Inhibitor (Sigma Aldrich, 11836170001)) and vortexed for 2 min. Samples were placed at

60�C for 30 min and subsequently cooled down to room temperature (RT) for 10 min. 14 mM iodoacetamide was added and incu-

bated for 45 min at RT in the dark. DTT was added to a final concentration of 5 mM and incubated 15 min in the dark. Next, proteins

were precipitated. Therefore, 1 volume of TCA stock (Sigma Aldrich, T0699) was added to 4 volumes of protein sample, mixed thor-

oughly, and placed on ice to precipitate overnight. Subsequently, samples were centrifuged at 17,000 g for 10 min at 4�C. Protein
pellets were washed 4X with 1 ml of ice cold HPLC grade methanol (Fisher Scientific, A4544). Protein pellets were dried and resus-

pended for overnight digest using 6 mg LysC and 6 mg trypsin in 25mMHEPES pH 8.5 and 2M urea. Samples were acidified with 10%

acetic acid, clarified by centrifugation 16,000 g for 5 min, and subjected to C18 solid-phase extraction (50 mg SPE) using Sep-Pak

cartridges. Isobaric labeling of peptides was performing using 10-plex tandem mass tag reagents (Thermo). 5 mg of reagents were

dissolved in 252 ml acetonitrile (ACN) and 1/10 of the solution was added to 100 mg of peptides dissolved in 100 ml of 200 mM EPPS.

After 1 hour (RT), the reaction was quenched by adding 3 ml of 5 % hydroxylamine. Labeled peptides were combined and acidified

prior to C18 SPE on Sep-Pak cartridges (Waters, WAT054955), followed by drying in a speed-vac. Next, glycosylated peptides were

separated and enzymatically deglycosylated. Briefly, peptides were resuspended in 0.1% TFA in 50% ACN; sodium periodate was

added to 10 mM and sample was rotated at 4�C for 1 h, followed by C18 SPE. Peptides were subsequently bound to hydrazine resin

(Thermo) overnight at RT with rotation in 50% ACN and 0.1% TFA. The hydrazine resin was washed twice with 100mM ammonium

bicarbonate, resuspended in 500 ml 100 mM ammonium bicarbonate, and bound peptides were released by addition of 30 ml NEB

deglycosylationmix II (P6044S) with rotation for 6 h at 37�C. Subsequently, the supernatant was brought to 60%ACN, acidified to pH

1 using TFA, and passed over C18 SPE material. Flow-through was desalted by C18 SPE and proceeded to mass spectrometry.

Muscle Tissue preparation for Mass Spectrometry
To isolate the soluble fraction from muscle tissue, 1% NP-40 lysis buffer (1% NP-40, 50 mM Tris pH 8.0, 5 mM EDTA, Phosphatase

Inhibitor (Sigma Aldrich, 04906837001), Protease Inhibitor (Sigma Aldrich, 11836170001)) was added to gastrocnemius muscles and

tissues were homogenized using a bead homogenizer for 20 min at max speed (Qiagen, TissueLyser II). Subsequently, homogenates

were centrifuged at 17,000 g at 4�C for 10 min to pellet the muscle contractile fraction. The supernatant was transferred into a new

tube and the protein concentration was determined using bicinchoninic acid assay (Fisher Scientific, 23225). Samples were snap

frozen and stored at -80�C for further processing.

Protein digest and peptide isobaric labeling
50–100 mg of immunodepleted EF, immunodepleted serum, or soluble fraction of muscle lysates were mixed 1:1 with protein lysis

buffer (2% SDS, 150 mM NaCl, 50 mM HEPES pH 8.8, 5 mM dithiothreitol (DTT), Phosphatase Inhibitor (Sigma Aldrich,

04906837001), Protease Inhibitor (Sigma Aldrich, 11836170001)) and vortexed for 2 min. Samples were placed at 60 �C for

30min and subsequently cooled down to room temperature (RT) for 10min. To reduce disulfide bonds and alkylate cysteine residues,

14 mM iodoacetamide was added and incubated for 45 min at RT in the dark. DTT was added to a final concentration of 5 mM and

incubated 15 min in the dark. Next, proteins were precipitated. Therefore, 1 volume of TCA stock (Sigma Aldrich, T0699) was added

to 4 volumes of protein sample, mixed thoroughly, and placed on ice to precipitate overnight. Subsequently, samples were centri-

fuged at 17,000 g for 10 min at 4�C. Protein pellets were washed 4x with 1 ml of ice cold HPLC grade methanol (Fisher Scientific,

A4544). Protein pellets were dried and resuspended in 200 mM EPPS buffer (Fisher Scientific, J61476). For protein digestion

LysC (1/100 enzyme/protein ratio) and trypsin (1/200 enzyme/protein ratio) were added and incubated overnight at 37�C. Next, sam-

ples were acidified with formic acid (FA) to a pH �2. Peptides were labeled using 16-plex tandem mass tag (TMT) reagents (Thermo

Fisher Scientific, Rockford, IL). 5.0mg of reagents were dissolved in 252 ml acetonitrile (ACN) (Honeywell) and 1/10 of the solutionwas

added to 100 mg of peptides dissolved in 100 ml of 200 mM EPPS. After 1 hour (RT), the reaction was quenched by adding 3 ml of 5 %

hydroxylamine. Labeled peptides were combined and acidified prior to C18 SPE on Sep-Pak cartridges (Waters, WAT054955). Pep-

tides were eluted in 70% acetonitrile, 1% formic acid and dried by vacuum centrifugation. The peptides were resuspended in 10 mM

ammonium bicarbonate pH 8, 5% acetonitrile and fractionated by basic pH reverse phase HPLC. In total 24 fractions were collected.

The fractions were dried in a vacuum centrifuge, resuspended in 5% acetonitrile, 1% formic acid and desalted by stage-tip. Final

peptides were eluted in, 70% acetonitrile, 1% formic acid, dried, and finally resuspended in 5% acetonitrile, 5% formic acid. 12

of 24 fractions were analyzed by LC-MS/MS.

Mass spectrometry data acquisition
All data were collected on anOrbitrap Eclipsemass spectrometer (ThermoFisher Scientific) coupled to a Proxeon EASY-nLC 1000 LC

pump (ThermoFisher Scientific) except the in vitro conditioned media, which was collected on Orbitrap Fusion Lumos as previously

described.100 Peptides were separated using a 90-min gradient at 500 nL/min on a 30-cm column (i.d. 100 mm, Accucore, 2.6 mm,

150 Å) packed inhouse. Data in Tables S1 and S2 were collected as follows: High-field asymmetric-waveform ion mobility
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spectroscopy (FAIMS) was enabled during data acquisition with compensation voltages (CVs) set as �40 V, �60 V, and �80 V.101

MS1 data were collected using the Orbitrap (60,000 resolution; maximum injection time 50 ms; AGC 4 3 105). Determined charge

states between 2 and 6 were required for sequencing, and a 60 s dynamic exclusion window was used. Data dependent mode

was set as cycle time (1 s). MS2 scans were performed in the Orbitrap with HCD fragmentation (isolation window 0.5 Da; 50,000 res-

olution; NCE 36%; maximum injection time 86 ms; AGC 1 3 105). Data in Tables S3, S4, S5, S6, and S7 were collected as follows:

High-field asymmetric-waveform ion mobility spectroscopy (FAIMS) was enabled during data acquisition with compensation volt-

ages (CVs) set as �40 V.101 MS1 data were collected using the Orbitrap (60,000 resolution; maximum injection time 50 ms; AGC

10 3 105). Determined charge states between 2 and 6 were required for sequencing, and a 60 s dynamic exclusion window was

used. Data dependent modewas set as cycle time (3 s). MS2 scanswere performed in the Orbitrap with HCD fragmentation (isolation

window 0.5 Da; 50,000 resolution; NCE 37.5%; maximum injection time 300 ms; AGC 1 3 105).

Mass spectrometry data analysis
Raw files were first converted tomzXML, andmonoisotopic peaks were re-assigned usingMonocle.102 Database searching included

all mouse entries from Uniprot (downloaded in July, 2014). The database was concatenated with one composed of all protein

sequences in the reversed order. Sequences of common contaminant proteins (e.g., trypsin, keratins, etc.) were appended as

well. Searches were performed using the comet search algorithm. Searches were performed using a 50-ppm precursor ion tolerance

and 0.02 Da product ion tolerance. TMTpro on lysine residues and peptide N termini (+304.2071 Da) and carbamidomethylation of

cysteine residues (+57.0215 Da) were set as static modifications, while oxidation of methionine residues (+15.9949 Da) was set as a

variable modification.

Peptide-spectrum matches (PSMs) were adjusted to a 1% false discovery rate (FDR).103 PSM filtering was performed using linear

discriminant analysis (LDA) as described previously,104 while considering the following parameters: comet log expect, different

sequence delta comet log expect (percent difference between the first hit and the next hit with a different peptide sequence), missed

cleavages, peptide length, charge state, precursor mass accuracy, and fraction of ions matched. Each run was filtered separately.

Protein-level FDR was subsequently estimated at a data set level. For each protein across all samples, the posterior probabilities

reported by the LDA model for each peptide were multiplied to give a protein-level probability estimate. Using the Picked FDR

method,105 proteins were filtered to the target 1% FDR level.

For reporter ion quantification, a 0.003 Da window around the theoretical m/z of each reporter ion was scanned, and the most

intense m/z was used. Reporter ion intensities were adjusted to correct for the isotopic impurities of the different TMTpro reagents

according to manufacturer specifications. Peptides were filtered to include only those with a summed signal-to-noise (SN) of 160 or

greater across all channels. For each protein, the filtered peptide TMTpro SN values were summed to generate protein quantification.

Statistical analysis MS
Statistical analysis was performed using Perseus.98 P-values were calculated by the Student’s t-test. Fold changes were calculated

by averaging abundance of each group and dividing ‘‘treated’’ group by control group average. Q-values were calculated by a per-

mutation-based false discovery rate estimation and proteins with q-values < 0.05 were considered statistically significant.

Gene-Ontology analysis was performed usingGOrilla.38,39 Two lists of genes (target and background sets) were used, all quantified

proteins were used as background set. P-value threshold was set to < 10-3. Enrichment (N, B, n, b) is defined as follows: N - is the total

number of genes, B - is the total number of genes associated with a specific GO term, n - is the number of genes in the top of the

user’s input list or in the target set when appropriate, b - is the number of genes in the intersection, Enrichment = (b/n) / (B/N). Enrich-

ment cutoff was set to 1.5. KEGG pathway analysis was performed on significantly downregulated secreted proteins in Figures 2E

and S2C using String.45 Whole mouse genome was used as background set.

IL-6 ELISA
IL-6 ELISA (R&D, MB100B) for EF and serum samples of mice, sedentary and exercised or pre- and post-exercise, was performed

according to the manufactures instructions.

Gene expression analysis by qRT-PCR
Total RNA was isolated from cells and tissues using TRIzol reagent (Invitrogen, 15596018) and RNeasy Mini purification kit (Qiagen,

74104) according the manufactures protocol. Tissues were homogenized in TRIzol reagent using a bead homogenizer for 20 min at

max speed (Qiagen, TissueLyser II). DNA was digested on column using RNase-Free DNase Set (Qiagen, 79254). RNA was reversely

transcribed using High-Capacity cDNA Reverse Transcription kit with RNase Inhibitor (Applied Biosystems, 4374966) and gene

expression was determined by quantitative PCR (QuantStudio� 6 Pro Real-Time PCR System, 384-well). Briefly, cDNA was mixed

with 250-500 nmol primers and GoTaq qPCR System (Promega, A6002). Relative mRNA levels of the gene of interests were normal-

ized to mRNA level of Rplp0. If not stated otherwise, primer sequences were chosen from PrimerBank.106–109 Used primers and se-

quences are listed in Table S8.

Primary adipocyte isolation and cell culture
Inguinal white adipose stromal-vascular fraction (SVF) was isolated from 6-10week oldwild-typemice. In detail, iWATwas dissected,

washed with ice-cold HBSS, and minced. Subsequently, suspension was incubated in HBSS (Life Technologies, 14025-092)
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containing 10 mg/ml collagenase D (Sigma Aldrich, 11088882001), 3 U/ml dispase II (Roche Diagnostics, 4942078001), and 10 mM

CaCl2 for 30 min at 37�Cwith occasional shaking. To stop collagenase reaction, complete adipocyte culturing medium (DMEM/F-12

GlutaMAX (Life Technologies, 10565042), 10 % fetal bovine serum (BenchMark,100-106), 1X PenStrep (Life Technologies,

15140122), 100 mg/ml Primocin (Fisher Scientific, NC9141851)) was added to the suspension and filtered through a 100 mm cell

strainer. Next, cell suspension was centrifuged at 600 g for 5 min, and SVF pellet was resuspended in complete adipocyte culturing

medium, filtered through a 40 mmcell strainer and centrifuged at 600 g for 5 min. SVF pellet was resuspended and plated in complete

adipocyte culturing medium. Cells were split two times at a 1:3 ratio when confluency reached 70%. For experiments, cells were

grown until confluency. Afterwards, differentiation of pre-adipocytes was induced by treatment with an adipogenic cocktail (1 mM

rosiglitazone (Cayman Chemical, 71740), 0.5 mM 3-Isobutyl-1-methylxanthine (IBMX) (Sigma Aldrich, I5879), 1 mM dexamethasone

(Sigma Aldrich, D4902), 870 nM insulin (Sigma Aldrich, I5500)) in complete adipocyte culture medium for 2 days. Subsequently, me-

dium was changed to complete adipocyte maintenance medium containing 1 mM rosiglitazone and 870 nM insulin. Cells were fully

differentiated at day 8 after induction. Adenoviral transductions were performed at day 3-4 after differentiation initiation at an MOI of

100 and cells were harvested 72h post transduction.

Recombinant adenovirus preparation
pAd-DEST expression clones were prepared using Gateway recombination cloning technology (Invitrogen, 12536-017). Primers for

all constructs can be found in the key resources table. For pAd PSAP, the open reading frame (ORF) of mouse Psap was amplified

froma cDNAclone (Horizon, AI037048). For pAdGFP the eGFPORFwas used (Genbank sequence ID: AAB02576.1). For pAdPGC1a

the PGC1a1 ORF was use (OriGene, NM_008904.3). ORFs were inserted into pDONR221 vector via BP recombination reaction, and

subcloned into pAd/CMV/V5-DEST vector via LR recombination reaction.

Adenovirus was produced using ViraPower Adenoviral Expression System (Invitrogen, K4930-00). Briefly, pAd-DEST vectors

were linearized by Pac I restriction enzyme (New England Biolabs, R0547), HEK 293A cells (Invitrogen, R70507) were transfected

with linearized vectors using Lipofectamine 2000 (Invitrogen, 11668500). HEK 293A cells were grown until cytopathic effect

reached around 80% (10-13 days) and subsequently harvested. The viral titer was determined using Adeno-X Rapid Titer Kit

(Takara Bio, 632250).

Recombinant adenovirus transduction
Adenoviral transduction was performed at day 3-4 post differentiation initiation at an multiplicity of infection (MOI) of 100 per cell.

Medium was changed 24 h afterwards and cells were harvested 72 h post transduction.

Protein isolation
Tissue and cells were homogenized in RIPA buffer (50 mM Tris pH 7.4, 150 mMNaCl, 1% Triton X-100, 0.5%Sodium-Deoxycholate,

0.1%SDS, 1mM EDTA, Phosphatase Inhibitor (Sigma Aldrich, 04906837001), Protease Inhibitor (Sigma Aldrich, 11836170001)). Tis-

sue homogenization was performed using a bead homogenizer (Qiagen, TissueLyser II). Cells were homogenized by passing suspen-

sion through a 25 gauge syringe. Subsequently, tissue and cell lysates were centrifuged at 17,000 g for 30 min, pellet was discarded

and protein concentration was determined using bicinchoninic acid assay (Fisher Scientific, 23225). Samples were snap frozen and

stored at -80�C for further analysis.

SDS-PAGE, Silver Stain, and Western Blot
Samples were denatured in SDS sample buffer (6X) (0.375 M Tris pH 6.8, 12% SDS, 60% glycerol, 0.6 M DTT, 0.06% bromophenol

blue) for 5 min at 95�C. 10-20 mg of protein was resolved on a 4-12% NuPAGE BisTris SDS–PAGE (Invitrogen) with MOPS SDS

Running Buffer (Sigma Aldrich, M1254).

SDS-PAGE used for silver staining (Life Technologies, 24612) were processed according to the manufactures protocol,

respectively.

For western blot, SDS-PAGE was transferred to a polyvinylidene difluoride (PVDF) membrane (Millipore, IPVH00010) using Towbin

transfer buffer (25 mM Tris, 192 mM glycine, 20% (v/v) methanol). To control for correct loading and transfer, Ponceau staining was

performed according to manufactures instructions (Sigma Aldrich, P7170). Membranes were blocked in 5% BSA or 5% milk in TBS

containing 0.05% Tween (TBST) and incubated overnight at 4�Cwith primary antibody. Secondary HRP-conjugated antibodies were

used,membranes were incubated in Immobilon CrescendoWestern HRP substrate (Fisher Scientific, WBLUR0500), and imaged (GE

Amersham Imager AI680). Used antibodies are displayed in the key resources table.

Mitochondrial respiration
Mitochondrial respiration was determined using the XF24 Extracellular Flux Analyzer (Seahorse Bioscience). Differentiated primary

inguinal adipocytes were counted and equal amounts were plated per well of a seahorse plate and incubated at 37�C and 5% CO2

overnight. Norepinephrine-stimulated respirationwas inducedwith 500nMNorepinephrine. Uncoupled andmaximal OCRwas deter-

mined using oligomycin (5mM) and FCCP (5mM). Rotenone and antimycin A (5mM each) were used to inhibit complex 1- and complex

3-dependent respiration.
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RNA sequencing
Library preparation and sequencing

Libraries were prepared using Roche Kapa mRNA HyperPrep strand specific sample preparation kits from 200ng of purified total

RNA according to the manufacturer’s protocol on a Beckman Coulter Biomek i7. The finished dsDNA libraries were quantified by

Qubit fluorometer and Agilent TapeStation 4200. Uniquely dual indexed libraries were pooled in an equimolar ratio and shallowly

sequenced on an Illumina MiSeq to further evaluate library quality and pool balance. The final pool was sequenced on an Illumina

NovaSeq 6000 targeting 40million 150bp read pairs per library at the Dana-Farber Cancer Institute Molecular Biology Core Facilities.

RNAseq Analysis

Sequenced reads were aligned to the UCSC mm10 reference genome assembly and gene counts were quantified using STAR

(v2.7.3a).110 Differential gene expression testing was performed by DESeq2 (v1.22.1).111 RNAseq analysis was performed using

the VIPER snakemake pipeline.112 GSEA analysis was performed to search for enriched gene sets.78,79 For GSEA analysis, TPM cut-

off was set to > 5.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data are displayed as means ± S.E.M. P-values were calculated using either two-tailed Student’s t-test, multiple unpaired t-tests,

one-way ANOVA, and two-way ANOVA. All used statistical tests and n numbers are presented in figure legends. For cellular assays,

n corresponds to the number of experimental replicates (e.g., independent transfections). For animal assays or tissue extracted from

animals, n corresponds to the number of mice used per genotype or condition. Sample sizes were determined on the basis of pre-

vious experiments using similar methodologies. No statistical method was used to predetermine sample size. For exercise and cold

exposure studies, mice were randomly assigned to groups. For mass spectrometry analyses, samples were processed in random

order and the experimentalists were blinded to experimental conditions.

Figures have been generated using GraphPad Prism9, Adobe Illustrator, and BioRender.com.
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Supplemental Figures and Legends: 
 
Figure S1: Experimental validation of muscle extracellular fluid protein 
composition. Related to Figure 1.  
(A) Protein gel and subsequent silver staining of serum, plasma, EF, and muscle 
lysates (10 µg protein per sample).  
(B) Protein gel and subsequent silver staining of immunodepleted serum and EF 
samples (10 µg protein per sample). – = untreated, + = immunodepleted, * = albumin.  
(C) Percent EF volume (µl) to gastrocnemius tissue mass (mg) (n = 20).  
(D) Protein concentration of gastrocnemius EF, plasma, and serum samples (one-way 
ANOVA, n = 10).  
(E) GO-term component analysis of proteins higher (q-value < 0.05) in EF vs. muscle 
tissue (GOrilla, enrichment cut off > 1.5 1,2). Target set: proteins higher (q-value < 0.05) 
in EF vs. muscle tissue, background set: all proteins quantified by MS in this 
experiment (n = 5 per compartment).  
(F) GO-term component analysis of proteins higher (q-value < 0.05)  in muscle tissue 
vs. EF (GOrilla, enrichment cut off > 1.5 1,2). Target set: proteins higher (q-value < 
0.05) in muscle tissue vs. EF, background set: all proteins quantified by MS in this 
experiment (n = 5 per compartment). 
(G) Scheme of filtering procedure of quantified proteins.  
(H) Heat map depicting fold changes of common intracellular marker proteins in 
muscle tissue and EF (n = 5 per compartment). Normalized to muscle tissue.  
Data are means ± S.E.M. 
 
Figure S2: Muscle extracellular fluid composition in exercise. Related to Figure 2.  
(A) qRT-PCR of Ppargc1a gene expression normalized to rplp0 at different timepoints 
after an acute bout of exercise (one-way ANOVA, n = 4-6 per timepoint).  
(B) ELISA of serum IL-6 levels pre- and 60 min post-exercise, measured in the same 
mouse (two-tailed paired t-test, n = 5).  
(C) Scheme of data filtering procedure.  
(D) String analysis of KEGG-Pathways enriched among proteins significantly 
decreased in EF of exercised mice 3.  
(E) Venn diagram of two independent prepared TMT-plexes showing overlap of 
quantified proteins and spearman coefficient of rank-ordered common proteins.  
(F) Log2 relative abundances of all proteins commonly quantified in TMT-plex 1 and 
TMT-plex 2, rs = spearman coefficient.  
Data are means ± S.E.M. 
 
Figure S3: Prosaposin in muscle extracellular fluid. Related to Figure 3.  
(A) PSAP fold change of relative abundances in MCK-PGC1D vs. ctrl EF MS (two-
tailed unpaired t-test, n = 5 per genotype).  
(B) Scheme of Psap gene and quantified peptides in MS analysis.  
Data are means ± S.E.M. 
 



Figure S4: Experimental validation of fat extracellular fluid protein composition. 
Related to Figure 4.  
(A) Protein gel and silver stain of EF and tissue lysates of iWAT and eWAT after 
immunodepletion.  
(B) qRT-PCR of thermogenic gene expression normalized to rplp0 in eWAT after 2 
weeks room temperature or cold exposure (unpaired t-test, n = 2-5) 
(C) qRT-PCR of thermogenic gene expression normalized to rplp0 in BAT after 2 
weeks room temperature or cold exposure (unpaired t-test, n = 3-5).  
(D) Percent of muscle EF volume (µl) to respective adipose tissue mass (mg) of 2 
weeks cold exposed mice (iWAT and eWAT n = 36, BAT n = 18).  
(E) Protein concentration of respective adipose EF samples of 2 weeks cold exposed 
mice (one-way ANOVA, n = 6).  
(F) Western blot for intracellular markers LAMIN A/C and OXPHOS proteins of iWAT 
EF and tissue lysates of 2 weeks cold exposed mice.   
(G) Western blot for intracellular markers LAMIN A/C and OXPHOS proteins of eWAT 
EF and tissue lysates of 2 weeks cold exposed mice.   
(H) Western blot for intracellular markers LAMIN A/C and OXPHOS proteins of BAT 
EF and tissue lysates of 2 weeks cold exposed mice.  
(I) PSAP fold change of relative abundances in iWAT vs. eWAT EF MS (two-tailed 
unpaired t-test, n = 4).  
Data are means ± S.E.M. 
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