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SUMMARY

Circulating factors released from tissues during ex-
ercise have been hypothesized to mediate some of
the health benefits of regular physical activity. Lipo-
kines are circulating lipid species that have recently
been reported to affect metabolism in response to
cold. Here, lipidomics analysis revealed that a bout
of moderate-intensity exercise causes a pronounced
increase in the circulating lipid 12,13-dihydroxy-9Z-
octadecenoic acid (12,13-diHOME) in male, female,
young, old, sedentary, and active human subjects.
In mice, both a single bout of exercise and exercise
training increased circulating 12,13-diHOME and
surgical removal of brown adipose tissue (BAT)
negated the increase in 12,13-diHOME, suggesting
that BAT is the tissue source for exercise-stimulated
12,13-diHOME. Acute 12,13-diHOME treatment of
mice in vivo increased skeletal muscle fatty acid up-
take and oxidation, but not glucose uptake. These
data reveal that lipokines are novel exercise-stimu-
lated circulating factors that may contribute to
the metabolic changes that occur with physical
exercise.

INTRODUCTION

Exercise results in adaptations to almost all tissues in the body,

and these changes contribute to the beneficial effects of exer-

cise to improve metabolic health. Even a single bout of moder-

ate-intensity exercise can have dramatic effects on glucose

metabolism, lowering circulating insulin concentrations and

making skeletal muscles more sensitive to insulin (Goodyear

and Kahn, 1998). Exercise training, defined as repeated bouts

of exercise over a period of weeks, months, or years, can also
Cell M
result in lowering of insulin concentrations and improve glucose

tolerance (Egan and Zierath, 2013; Goodyear and Kahn, 1998).

Recently there has been great interest in identifying novel circu-

lating factors that mediate the beneficial effects of exercise on

health. Most of this focus has been on the investigation of mus-

cle-derived factors, known as myokines (Pedersen and Feb-

braio, 2008), and we and others have also hypothesized that

there may be exercise-stimulated adipokines that mediate

some of the benefits of exercise on health (Stanford and Good-

year, 2016; Stanford et al., 2015a).

There has been a recently identified class of lipids called ‘‘lip-

okines’’ that act as signaling molecules and can influence sys-

temic metabolism (Cao et al., 2008; Liu et al., 2013; Lynes

et al., 2017; Yore et al., 2014). Our recent study demonstrated

that both acute and chronic cold exposure increase the circu-

lating lipokine 12,13-diHOME and that an increase in this lipid

is associated with improved metabolic health (Lynes et al.,

2017). Lipokines can be released from adipose tissue (Cao

et al., 2008; Lynes et al., 2017; Yore et al., 2014) and liver (Bur-

hans et al., 2015; Liu et al., 2013) and have been reported to

both improve skeletal muscle insulin sensitivity (Cao et al.,

2008; Liu et al., 2013; Yore et al., 2014) and impair metabolic ho-

meostasis (Burhans et al., 2015). Whether exercise can regulate

circulating signaling lipokines has not been investigated. Here,

we tested the hypothesis that exercise regulates the production

of lipokines. We identified 12,13-diHOME as a lipokine increased

in response to a single bout of exercise in humans and rodents,

the tissue source of 12,13-diHOME in the mouse is brown adi-

pose tissue (BAT), and 12,13-diHOME can increase skeletal

muscle fatty acid oxidation and uptake.
RESULTS AND DISCUSSION

12,13-diHOME Is an Exercise-Induced Lipokine in
Humans
We studied two separate cohorts of human subjects to test the

hypothesis that an acute bout of exercise alters the concentra-

tion of circulating lipokines. Cohort 1 (n = 27) were from the
etabolism 27, 1111–1120, May 1, 2018 ª 2018 Elsevier Inc. 1111
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Figure 1. Identification of 12,13-diHOME, an Exercise-Induced Lipokine

(A) Volcano plot of 88 lipids comparing the fold induction after acute exercise with the p value; 12,13-diHOME is circled in red (cohort 1, n = 27). See Table S1.

(B) Plasma concentration of 12,13-diHOME before, immediately post, and 3 hr post acute exercise (cohort 1, n = 27). Symbols are differences versus pre-exercise

(***p < 0.001).

(C) Plasma concentration of 12,13-diHOME before, during, and 1 hr after exercise (cohort 2, n = 12). Symbols are differences compared with: pre-exercise

(**p < 0.01); immediately post exercise (#p < 0.05); and 15 min into exercise ($p < 0.05).

(D) Plasma concentrations of 12,13-diHOME before, during, and after exercise for each individual subject (cohort 2, n = 12; n = 6 male and n = 6 female).

(E) Plasma concentrations of baseline (pre-exercise) 12,13-diHOME in sedentary (n = 30) versus active (n = 13) (cohort 1 and males from cohort 2). Symbols are

differences compared with pre-exercise values (***p < 0.001).

(F) Plasma concentration of 12,13-diHOME before, immediately post, and 3 hr post an acute bout of exercise in subjects from cohort 1. YS (n = 4; historical data),

YA (n = 6), OS (n = 14), and OA (n = 7). Asterisks represent differences compared with pre-exercise values (*p < 0.05); compared with OS at the same time point

(#p < 0.05); compared with YS at the same time point (&p < 0.05); or compared with OA at the same time point ($p < 0.05).

(legend continued on next page)
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greater Orlando, Florida, area and were healthy young and older

male subjects with a range of activity levels. Cohort 1 performed

40min of cycle ergometer exercise at 70%heart rate reserve and

blood samples were obtained before, immediately post, and 3 hr

post exercise. Plasma was analyzed by liquid chromatography-

tandem mass spectrometry (LC-MS/MS) to measure the con-

centrations of a panel of 88 mediator lipids with annotated

signaling properties. These lipids were categorized by several at-

tributes, including the precursor fatty acids, pro- or anti-inflam-

matory effects, and the enzymes that catalyze the first step in

the formation of the lipid (Figure S1A). Only one lipid was signif-

icantly increased and 13 lipids were significantly decreased

immediately post exercise (Table S1). The lipid significantly

increased in circulation after an acute bout of exercise was the

linoleic acid metabolite 12,13-diHOME (Figures 1A and 1B). To

confirm and extend these findings, we studied a second cohort

of subjects from the greater Boston, Massachusetts, area.

Cohort 2 subjects were healthy young (29.4 ± 0.6 years) males

(n = 6) and females (n = 6) that were not engaged in consistent

exercise training regimens. Cohort 2 performed 45 min of tread-

mill running at 75% peak oxygen uptake (VO2peak) with blood

sampling before, 15min into, immediately post, and 1 hr post ex-

ercise. 12,13-diHOME tended to increase 15 min into exercise,

was significantly increased immediately post exercise, and re-

turned to baseline by 1 hr post exercise (Figure 1C). There

were no differences in baseline 12,13-diHOME between male

and female subjects, although interestingly exercise increased

12,13-diHOME in all female subjects but only four of six male

subjects (Figure 1D).

Effects of Activity Level on Exercise-Stimulated
12,13-diHOME
To determine whether chronic levels of physical activity affect

baseline concentrations of 12,13-diHOME, we compared

sedentary (n = 30) and active (n = 13) subjects from cohorts

1 and 2. Active subjects had significantly higher 12,13-

diHOME concentrations at baseline (Figure 1E), indicating

that activity status could be a factor in determining 12,13-

diHOME concentrations. Because cohort 1 had male subjects

with a range of ages and activity levels, we analyzed the ef-

fects of exercise on 12,13-diHOME based on both factors.

These male subjects were categorized as young sedentary

(YS) (age 24–42 years; n = 4); young active (YA) (age 24–

40 years; n = 6); older sedentary (OS) (age 65–90 years;

n = 14); and older active (OA) (age 65–90 years; n = 7). Histor-

ical data from our recent study were used to provide com-

parison with the cohort of YS male subjects (age 24–42 years;

n = 4) (Lynes et al., 2017). Active subjects performed aerobic

exercise at least 3 days/week during the previous 6 months,

and sedentary subjects performed <1 exercise session per

week. YA, OA, and OS subjects all had a significant increase

in 12,13-diHOME immediately post exercise, although the ef-
(G–I) Correlations of baseline (pre-exercise) 12,13-diHOME (pmol/mL plasma) and

and Table S2.

(J and K) Correlations of (J) post-exercise 12,13-diHOME (pmol/mL plasma) and

12,13-diHOME (pmol/mL plasma) (D12,13-diHOME) and BMI (n = 39). Correlation

(OS, n = 14) circles represent cohort 1, while the blue (YS males [YS-M], n = 6)

means ± SEM.
fect was greater in the active subjects (Figure 1F). At 3 hr

post exercise, only YA subjects had an increase in circulating

12,13-diHOME. Taken together, these data show that a single

bout of exercise increases circulating 12,13-diHOME in hu-

mans regardless of gender, age, or activity level.

Resting 12,13-diHOME Concentrations Are Correlated
with Fat Mass
We next examined whether there was a relationship with 12,13-

diHOME and cardiorespiratory fitness, measured by VO2peak.

12,13-diHOME was positively correlated with VO2peak in both

cohorts (Figure 1G). The direct correlation between cardio-

vascular fitness and 12,13-diHOME was specific for 12,13-

diHOME; VO2peak was not significantly correlated with other lino-

leic acidmetabolites, including 12,13-epOME, 9,10-epOME, and

9,10-diHOME (Figures S1B–S1D). 12,13-diHOME also corre-

lated with total fat mass (Figure 1H), body mass index (BMI) (Fig-

ure 1I), body weight (Figure S1E), and triglycerides (Figure S1F).

There was no correlation between 12,13-diHOME and fasting

glucose concentrations (Figure S1G), and none of these factors

were correlated with 12,13-epOME, 9,10-epOME, and 9,10-

diHOME (Figures S1H–S1J; data not shown).

Since 12,13-diHOME was positively correlated with VO2peak,

and negatively correlated with fat mass and BMI, we performed

covariate analyses to determine whether the increase in 12,13-

diHOME was driven primarily by fat mass. Covariate analyses

revealed that when percentage fat mass is accounted for,

12,13-diHOME is only significantly correlated with circulating tri-

glycerides (Table S2).

Given the relationship between BMI and baseline 12,13-

diHOME concentrations, we also determined whether BMI or

fat mass were important factors in the increase in 12,13-diHOME

in response to exercise. There was no correlation between BMI

and immediate post-exercise 12,13-diHOME concentrations

(Figure 1J) or between BMI and the increase (delta) in 12,13-

diHOMEwith acute exercise (Figure 1K). Thus, the post-exercise

increase in 12,13-diHOME is independent of BMI and indicates

a specific effect of acute exercise to increase 12,13-diHOME.

12,13-diHOME Is Increased with Exercise in Mice
Amousemodel was used to investigate mechanisms of exercise

regulation of 12,13-diHOME. Interestingly, and consistent with

our previous study (Lynes et al., 2017), 12,13-diHOME concen-

trations were lower in mice compared with humans, which may

be due to differences in fatty acid precursors, enzyme activity,

or general animal physiology. To study exercise in mice, we

housed 10-week-old C57BL/6 male mice either singularly in

static cages for 3 weeks (sedentary), singularly in static cages

for 3weeks followedby a single bout ofmoderate-intensity tread-

mill exercise (acute exercise), or singularly in a cage containing

an exercise wheel for 3 weeks (exercise trained; 7.4 ± 0.6 km/

day). Consistentwith the human studies, a single bout of exercise
(G) VO2peak (n = 39), (H) total fat mass (n = 39), and (I) BMI (n = 39). See Figure S1

BMI (n = 39), and (K) the difference between post-exercise and pre-exercise

s include data from cohorts 1 and 2; red (YA, n = 6), green (OA, n = 7), and black

and pink (YS females [YS-F], n = 6) represent cohort 2. For (B)–(F), data are
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Figure 2. 12,13-diHOME Is Increased in Mice Following Exercise, and BAT Is Required for Exercise-Induced Increase in 12,13-diHOME

(A–C) Circulating 12,13-diHOME (A) immediately post an acute bout of exercise (n = 7 sedentary, n = 6 acute exercise), (B) 24 hr post an acute bout of exercise

(n = 4/group), and (C) 6 hr or 24 hr removed from 3 weeks of exercise training (n = 8 sedentary, n = 6 6 hr post exercise, n = 6 24 hr post exercise). See Figure S2.

Asterisks represent differences compared with sedentary mice (*p < 0.05; **p < 0.01).

(D–F) (D) Body weight, (E) glucose tolerance test, and (F) circulating 12,13-diHOME in shammice and iBAT� at rest (sham, n = 4; iBAT�, n = 7) and after an acute

bout of exercise (sham, n = 6; iBAT�, n = 6). Asterisks represent differences compared with sedentary, sham mice (***p < 0.001).

(legend continued on next page)
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significantly increased circulating 12,13-diHOME in mice (Fig-

ure 2A). At 24 hr post exercise, there was no longer a significant

increase in 12,13-diHOME (Figure 2B). Chronic exercise training

by wheel running also significantly increased circulating 12,13-

diHOME at both 6 and 24 hr after removal of mice fromwheel ca-

ges (Figure 2C). Body mass and fat mass were decreased after

3 weeks of wheel running (Figure S2A) and thus, similar to the hu-

man data, it is likely that a decrease in fat mass contributes to the

increase in 12,13-diHOME in the trained mice.
BAT Is the Tissue Source for the Exercise-Induced
Increase in Circulating 12,13-diHOME
Our recent study determined that BAT is the source of the

increase in circulating 12,13-diHOME in cold-exposed mice

(Lynes et al., 2017). To investigate whether BAT was the source

of 12,13-diHOME with acute exercise, we had mice undergo

sham surgery or had BAT surgically removed from their intra-

scapular region (iBAT�), the depot that accounts for �60% of

BAT in a mouse. Eight weeks later, body weights and glucose

tolerancewere not different between sham and iBAT�mice (Fig-

ures 2D and 2E). There was no difference in basal 12,13-diHOME

concentrations between sham and iBAT� mice, indicating that

there are other tissues that contribute to circulating 12,13-

diHOME levels (Figure 2F). Exercise significantly increased

12,13-diHOME in the sham mice, but the effects of exercise

were fully blunted in the iBAT� mice (Figure 2F). Thus, although

liver, kidney, and white adipose tissue have all been shown to

express 12,13-diHOME, this experiment identifies iBAT as the

tissue responsible for the exercise-induced increase in circu-

lating 12,13-diHOME.

We next assessed the effects of exercise training on the

expression of genes responsible for the production of 12,13-

diHOME. Biosynthesis of 12,13-diHOME is regulated by soluble

epoxide hydrolases (sEH), of which Ephx1 and Ephx2 are

the major isoforms expressed in adipose tissue (Lynes et al.,

2017). A single bout of exercise increased Ephx1 in BAT but

did not affect Ephx1 expression in subcutaneous white adipose

tissue (scWAT), tibialis anterior (TA) muscle, or liver (Figure 2G).

Ephx2 was not changed in any tissue after exercise (Figure 2H).

After 3 weeks of exercise training, gene expression of Ephx1

and Ephx2 was measured in BAT, scWAT, perigonadal white

adipose tissue (pgWAT), TA muscle, liver, and kidney. Training

increased Ephx1 in BAT (Figure 2I) but not in any other tissue.

Exercise training had no effect on Ephx2 expression in BAT,

scWAT, pgWAT, muscle, or liver, but significantly decreased

Ephx2 expression in the kidney (Figure 2J). The function of the

decrease in Ephx2 in the kidney with exercise is unknown. These

data indicate that both a single bout of exercise and exercise

training increase Ephx1 expression only in BAT.

To determine whether exercise training increases 12,13-

diHOME in BAT, we had mice undergo 3 weeks of exercise

training by wheel running and analyzed BAT by LC-MS/MS

lipidomics. Of the 88 lipid species measured (Table S3), only
(G–J) Gene expression of (G) Ephx1 and (H) Ephx2 in sedentary mice (Sed) and

exercise training (n = 6/group).

(K) 12,13-diHOME concentrations measured by LC-MS/MS in BAT after 3 weeks

See Table S3. Asterisks represent differences compared with sedentary (*p < 0.
12,13-diHOME was significantly increased in BAT from exer-

cise-trained mice (Figure 2K). Together, these data indicate

that BAT is the tissue source for the exercise-induced increase

in circulating 12,13-diHOME.
12,13-diHOME Increases Skeletal Muscle Fatty Acid
Uptake In Vivo

Amajor source of energy for the working skeletal muscles during

exercise comes from the uptake and oxidation of fatty acids. To

test the hypothesis that 12,13-diHOME increases fatty acid up-

take and oxidation in skeletal muscle in vivo, we generated

ACTA1Cre+/�Rosa(stop)Luc+/� mice that constitutively express

a bioluminescent reporter in skeletal muscle. Mice were injected

intravenously with FFA-SS-Luc, a fatty acid conjugated to lucif-

erin (Henkin et al., 2012; Liao et al., 2005), in the presence of

12,13-diHOME or a vehicle control. Injection of 12,13-diHOME

increased fatty acid uptake in skeletal muscle (Figures 3A and

3B, Video S1). This increasewasmost prominent immediately af-

ter injection and remained significantly elevated above vehicle

for 10 min. These intriguing in vivo data provide a potential phys-

iological function for the exercise-induced increase in 12,13-

diHOME. Consistent with these findings, acute injection of

wild-type mice with 12,13-diHOME resulted in a decreased

respiratory exchange ratio (RER), indicating increased lipid

oxidation and supporting the hypothesis that 12,13-diHOME in-

creases fatty acid oxidation in vivo (Figure 3C). The decrease in

RER was independent of any change in energy expenditure

(Figure 3D).

To determine whether the effects on fatty acid uptake and

oxidation were cell autonomous and specific to skeletal muscle

cells, we measured the effects of 12,13-diHOME incubation on

the uptake of radiolabeled palmitate in differentiated C2C12 my-

otubes and 3T3-L1 white adipocytes. Consistent with the in vivo

data, there was a significant increase in fatty acid uptake (Fig-

ure 3E) and oxidation (Figure 3F) in C2C12 cells. 12,13-diHOME

did not increase fatty acid uptake or oxidation in 3T3-L1 cells,

indicating that 12,13-diHOME does not upregulate lipid meta-

bolism in white adipocytes (Figures 3G and 3H). The mechanism

for the increase in fatty acid uptake and oxidation in skeletal

muscle and in cells is not known, but it is likely that 12,13-di-

HOME activates signaling pathways leading to translocation of

fatty acid transporters.
12,13-diHOME Increases Mitochondrial Respiration in
Muscle Cells
To determine whether 12,13-diHOME regulates mitochondrial

function in muscle, we incubated differentiated C2C12 myo-

tubes with 12,13-diHOME and then analyzed the cells for mito-

chondrial respiration. 12,13-diHOME incubation increased basal

oxygen consumption rate (OCR) and respiratory capacity in

C2C12 cells (Figures 4A and 4B). 12,13-diHOME did not affect

ATP turnover (Figures 4A and 4C) but did increase maximal un-

coupled respiration (Figures 4A and 4D). In 3T3-L1 cells,
after acute exercise (Ex) in mice, and (I) Ephx1 and (J) Ephx2 after 3 weeks of

of exercise in mice.

05). For (A)–(K), data are means ± SEM.
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Figure 3. 12,13-diHOME Enhances Fatty Acid Uptake into Skeletal Muscle

(A) Representative images of luciferase activity in ACTAcre+/�Rosa(stop)Luc+/� injected intravenously with luciferin-conjugated fatty acid and 12,13-diHOME

(mouse on left) or vehicle (mouse on right). Data are representative images at 8 min.

(B) Quantification of luciferase activity after injection; luminescence was measured every 30 s for 15 min (n = 6/group).

(C–H) (C) Average RER and (D) energy expenditure asmeasured by Comprehensive Laboratory AnimalsMonitoring System (CLAMS) for 4 hr at room temperature

in mice acutely treated with 12,13-diHOME (n = 5) or vehicle (n = 4). Fatty acid uptake and oxidation measured by 14C radiolabeled palmitic acid in differentiated

(E and F) C2C12 cells and (G and H) 3T3-L1 cells incubated with either 12,13-diHOME or vehicle. The data were normalized by protein content (n = 5/group).

Asterisks represent differences compared with vehicle (*p < 0.05; ***p < 0.001). For (A)–(H), data are means ± SEM.
12,13-diHOME did not increase OCR under any condition (data

not shown).

Function and Mechanism of Increased 12,13-diHOME
with Exercise Training
Our data support the concept that the increase in 12,13-

diHOME after acute exercise functions to regulate fatty acid

uptake and metabolism. Therefore, we utilized sham and

iBAT� mice to determine whether increased 12,13-diHOME

with training regulates fat utilization in vivo. Sham and iBAT�
mice were sedentary or exercise trained for 3 weeks and RER

was measured in metabolic cages. RER was significantly

reduced in the sham-trained mice compared with the sham-

sedentary mice. In contrast, there was no effect of exercise

training on RER in the iBAT� mice. However, when the trained
1116 Cell Metabolism 27, 1111–1120, May 1, 2018
iBAT� mice were treated with 12,13-diHOME, RER was signifi-

cantly decreased (Figure 4E). These data indicate an essential

role for 12,13-diHOME in the regulation of fatty acid metabolism

with exercise training.

To identify a mechanism for increased fat utilization with

12,13-diHOME in skeletal muscle, we determined the effects

of injecting mice with 12,13-diHOME in vivo on the expres-

sion of mitochondrial and fatty acid oxidation genes in TA

muscle. 12,13-diHOME increased expression of several genes

involved in mitochondrial activity and biogenesis (citrate

synthase, Nrf1, Nrf2), and fatty acid uptake (Cd36, Fatp4)

(Figure S2B). 12,13-diHOME also increased expression of

Nrf1 and Nrf2 in the heart (Figure S2C). There was no effect

of 12,13-diHOME on mitochondrial or fatty acid oxidation

genes in scWAT, pgWAT, liver, or BAT (Figures S2D–S2G).



Figure 4. 12,13-diHOME Increases Respiration in Skeletal Muscle

(A) Bioenergetic profile of differentiated C2C12 cells treated with 12,13-diHOME or vehicle (n = 5/group). Asterisks represent differences compared with vehicle

(***p < 0.001).

(B–D) (B) Basal OCR, (C) ATP turnover, and (D) maximal respiration were measured (n = 5/group). Asterisks represent differences compared with sedentary (**p <

0.01, ***p < 0.001).

(E–I) (E) Average RER measured by CLAMS for 4 hr at room temperature in sham sedentary (n = 4), sham trained (n = 4), iBAT� sedentary (n = 4), iBAT� trained

(n = 5), or iBAT� trained acutely treated with 12,13-diHOME (n = 5). Asterisks represent differences compared with sham-sedentary mice (*p < 0.05) or compared

with iBAT� sedentary mice (#p < 0.05). Respiration was measured in permeabilized fiber bundles by high-resolution respirometry in subjects from cohort 1. Pre-

exercise 12,13-diHOME correlated with ADP-stimulated respiration: (F) FAO supported oxidative phosphorylation (OXPHOS) (FAOP); (G) complex I and FAOP

(CI&FAOP) mitochondrial; (H) complex I, II, and FAO supported coupled respiration (CI+II&FAOP); and (I) non-ADP-stimulated (FAOL) respiration (n = 27). For (A)–(I),

data are means ± SEM.
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These findings are consistent with the data showing that

12,13-diHOME regulates fatty acid metabolism in skeletal

muscle.

12,13-diHOME Correlates to Greater Skeletal Muscle
Respiration in Humans
We next determined whether 12,13-diHOME was correlated

with mitochondrial respiration in permeabilized fiber bundles

from vastus lateralis biopsy specimens from human subjects

(cohort 1). ADP stimulated respiration (FAOP, fatty acid oxidation

in the presence of palmitoyl/carnitine/malate), maximal com-

plex I, and FAOP respiration (CI&FAOP), and maximal com-

plex I, II, and FAOP respiration (CI+II&FAOP) were significantly

correlated to circulating 12,13-diHOME (Figures 4F–4H). Non-

ADP-stimulated respiration (FAOL) was also significantly corre-

lated to 12,13-diHOME (Figure 4I). These data indicate that

circulating 12,13-diHOME is correlated to increased capacity

for mitochondrial respiration in skeletal muscle. Together with

the finding that 12,13-diHOME increases maximal respiratory

capacity of the C2C12 myotubes, these data raise the possibility

that increases in circulating 12,13-diHOME with exercise func-

tions to help increase the respiratory capacity of a working skel-

etal muscle and may enhance exercise capacity. This will be

an interesting question for future investigation.

12,13-diHOMEDoes Not Affect Skeletal Muscle Glucose
Uptake
Glucose is another important fuel source during exercise, thus

we also tested the hypothesis that 12,13-diHOME would in-

crease glucose uptake in skeletal muscle. In contrast to the ef-

fects of 12,13-diHOME to increase fatty acid uptake and oxida-

tion in C2C12 myotubes, 12,13-diHOME did not affect glucose

uptake in these cells (Figure S3A). To confirm these findings,

we isolated mouse soleus and extensor digitorum longus (EDL)

skeletal muscles and incubated them with either vehicle or

12,13-diHOME for 1 hr. There was no effect of 12,13-diHOME

on rates of glucose uptake in either muscle (Figures S3B and

S3C). The finding that 12,13-diHOME regulates fatty acid uptake

and oxidation, but not glucose uptake, is interesting in light of

our data showing that 12,13-diHOME is correlated with circu-

lating triglycerides but not circulating glucose in human subjects

(Figures S1F and S1G).

Collectively, these data identify 12,13-diHOME as a circulating

lipokine released during moderate-intensity exercise in humans

and mice. In human subjects, the increase in 12,13-diHOME af-

ter acute exercise was present regardless of age, gender, activ-

ity levels, BMI, or fat mass. Baseline 12,13-diHOME was higher

in physically active compared with sedentary subjects, although

this comparison was made in male subjects and cannot be

generalized to females. Our correlation analyses suggest that

the relationship between 12,13-diHOME and both activity and

fitness level is driven by the fat mass of the subjects. It will be

important in future studies to determine the direct effects of an

exercise training program, independent of changes in fat mass,

on 12,13-diHOME in both male and female subjects.

The mouse experiments show that the tissue source for an in-

crease in 12,13-diHOME with a single bout of exercise is iBAT,

and that an increase in 12,13-diHOME increases fatty acid up-

take in skeletal muscle in vivo. Importantly, a direct role of
1118 Cell Metabolism 27, 1111–1120, May 1, 2018
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and fatty acid oxidation was determined in a mouse model. In

the absence of BAT (iBAT-), there was no training effect of

RER determined. However, when iBAT� mice were treated

with 12,13-diHOME, their RER decreased to the level of exer-

cise-trained mice, indicating an essential role for 12,13-diHOME

to contribute, at least in part, to the metabolic response to

exercise.

A previous study aimed at identifying biomarkers for oxidative

stress showed that extremely high-intensity, prolonged (75 km)

cycling exercise in elite male cyclists increased several linoleic

acid metabolites, including 13 HODE + 9-HODE, 9,10-diHOME,

and 12,13-diHOME (Nieman et al., 2014). In the current study,

the only linoleic acid metabolite that was increased with moder-

ate-intensity exercise was 12,13-diHOME. Whether the severity

and duration of the exercise in the previous study increased a

greater number of linoleic acid metabolites is not known, nor is

it known how these metabolites may function in response to se-

vere exercise. Althoughwe could not directly test the hypothesis,

our data suggest that 12,13-diHOMEmay function specifically in

skeletal muscle to increase fatty acid uptake and oxidation and

mitochondrial activity.

Our recent study investigated the effects of cold exposure on

BAT and identified 12,13-diHOME as a metabolite elevated in

response to both short-term (1 hr) and chronic (7–11 days) cold

exposure in rodents and humans (Lynes et al., 2017).We demon-

strated that 12,13-diHOME is a cold-induced lipokine released

from BAT and functions to decrease circulating triglycerides

and promote fatty acid uptake specifically in BAT. The parallels

between the effects of exercise and cold exposure on 12,13-di-

HOME are striking and somewhat unexpected. For one, both

short-term and chronic treatments with these stimuli increase

circulating 12,13-diHOME to similar concentrations. In addition,

both cold and exercise increase 12,13-diHOME in BAT, which

is thought to be the tissue source of circulating 12,13-diHOME.

This is surprising because, while cold exposure is a well-known

and potent stimulator of BAT activity, most investigations have

shown that exercise training decreases BAT activity in humans

and rodents (Motiani et al., 2017; Vosselman et al., 2015; Wu

et al., 2014). We propose that cold causes the release of 12,13-

diHOME from BAT to function in an autocrine manner to provide

fuel for the BAT, whereas exercise causes the release of 12,13-

diHOME from BAT to function in an endocrine manner, resulting

in stimulation of fatty acids into the working skeletal muscle.

While the current investigation has focused on the identifica-

tion of 12,13-diHOME as the first BAT-derived molecule regu-

lated by exercise, in future studies it will be important to investi-

gate the physiological consequences of the signaling lipids that

are significantly decreased by exercise, as these factors may

play important roles in regulating the metabolic effects of exer-

cise. In sum, these data provide a previously unidentified role

for BAT in the metabolic response to exercise and the first evi-

dence that BAT-derived molecules, including signaling lipids,

can increase fatty acid oxidation and uptake in skeletal muscle.

Limitations of Study
While our human cohort consisted of male subjects of various

ages and activity levels, our female subjects were all young

and sedentary. Although the male and female YS subjects had



a similar increase in 12,13-diHOME after an acute bout of exer-

cise, it is not clear whether this would be the same in female sub-

jects of varying ages or activity levels. In addition, only male

C57BL/6 mice were used, and it is possible that female mice

or mice of a different strain would have a different response to

exercise. A further limitation of our study is that these experi-

ments were all performed in healthy human subjects and we

identified fat mass as an important driver of 12,13-diHOME.

Thus, obese subjects may not have the same response to acute

exercise.
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GraphPad Prism 7 GraphPad Software https://www.graphpad.com/scientific-

software/prism/

ImageJ Java 1.6.0_2.4 NIH https://imagej.nih.gov/ij/

Living Image Software (IVIS Imaging Systems) PerkinElmer http://www.perkinelmer.com/product/li-software-

for-spectrum-1-seat-add-on-128113
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Kristin

Stanford (kristin.stanford@osumc.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human Subjects
All participants provided written informed consent and the study protocol was approved by the Institutional Review Boards at Florida

Hospital (Florida cohort) or the Joslin Diabetes Center (Massachusetts cohort). Participants from Florida cohort were all male sub-

jects with an average age of 58.7±2.5 yr and a BMI of 24.8±0.6 kg/m2 and were categorized as: Young Active (YA) 21-40 yrs

(31.1±1.5 yr), Older Active (OA) and Older Sedentary (OS) 65-90 yrs (69.8±0.7 yr), with ‘‘Active’’ based on engaging in aerobic

exercise (running, cycling, swimming) at least 3 days/wk. Subjects were classified as ‘‘Sedentary’’ if they performed one or less struc-

tured exercise session/wk. Objectively measured physical activity indicated that the YA group engaged in 60 min/day of vigorous

physical activity and 126 min/day of moderate physical activity. The OA group engaged in 40 min/day of vigorous physical activity

and 72 min/day of moderate physical activity. The OS group engaged in 1 min/day of vigorous physical activity and 24 min/day

of moderate physical activity. Inclusion criteria included stable weight, non-smoker, BMI <35 kg/m2, resting blood pressure

%150mmHg systolic and %95mmHg diastolic. Exclusion criteria included inability or unwillingness to comply with the protocol,

clinically significant CVD including MI within the past year, the presence of peripheral vascular disease, hepatic disease, renal dis-

ease, muscular or neuromuscular disease, hematologic/oncologic disease, peripheral neuropathy, orthopedic limitations, history of

pulmonary emboli, history of alcohol or substance abuse, current use of blood thinners or any medication that can alter glucose

homeostasis.
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Participants from the Massachusetts cohort consisted of males (n=6) and female (n=6), all who were young (29.4 ±0.6 yr), and lean

(BMI 22.5±0.8 kg/m2). There was no effect of sex or gender identity on the outcomes of the study. All subjects performed less than

150 min/week of exercise for the previous 3 months (87±16 minutes of exercise/week). Inclusion criteria included being between

18-35 yrs of age, BMI R20 and %26 and HbA1C %5.7%. Exclusion criteria included current dieting or weight loss efforts, heart

of lung disease, acute systemic infection, currently pregnant or breast feeding, HIV/AIDS, cancer, hepatic disease, renal disease,

demyelinating diseases, clinical history of hypertension (systolic >140mmHg or diastolic >90mmHg, type 1 or 2 diabetes, inability

to exercise at 50% of predicted heart rate, or taking beta-blockers.

Animals
Animal procedures were approved by the Institutional Animal Use and Care Committee at The Ohio State University and Joslin Dia-

betes Center. Mice were housed on a 12-hour light/dark cycle (6a (ON)/6p (OFF)) at room temperature (22�C) for all experiments and

fed a standard chow-diet (21% kcal from fat; PharmaServ 9F5020) and given ad libitum access to food and water. Mice were housed

individually in static cages or in wheel cages (Nalgene) (Stanford et al., 2015b). For chronic exercise experiments, mice were given ad

libitum access to food and water after removal from wheel cage. Any mouse that ran 10% less than the average of the trained group

was excluded from analyses. For acute exercise experiments, 12 wk old male C57BL/6 mice were familiarized with the treadmill

(Quinton model 42) for 2 days prior to experiment. For iBAT- mice, mice were anesthetized using isofluorane. iBAT was surgically

removed and the artery immediately cauterized. Sham mice underwent the same surgical procedure, but iBAT was not removed.

For experiments measuring in vivo bioluminescent fatty acid uptake in skeletal muscle, ACTA1cre+/� mice (C57BL/6) (Stock no.

006149) were bred with Rosa(stop)Luc+/+ (FVB) (Stock no. 005125) (Jackson Laboratory). Experiments measuring skeletal muscle

glucose uptake in isolated skeletal muscle glucose uptake were performed in 6 wk old, female, CD-1 IGS mice (Charles River

Laboratories).

Cell Culture
Cells were housed at 37�C, 95% humidity and 5% CO2. C2C12 myoblasts (ATCC; passage 4–7) were maintained in DMEM contain-

ing 10% FBS and 1% penicillin/streptomycin. Differentiation was induced by incubating the cells in DMEM containing 2% horse

serum and 1% penicillin/streptomycin for 4 days. 3T3-LI adipocytes (ATCC: passage 4-7) were maintained in DMEM containing

10% FBS and 1% penicillin/streptomycin. Differentiation was induced by incubating the cells in DMEM containing 10% FBS and

1% penicillin/streptomycin with 400ng/mL dexamethasone, 1 mg/mL insulin, and 115 mg/mL IBMX for days 0-2, 1mg/mL insulin

for days 2-4, and DMEM with 10% FBS and 1% penicillin/streptomycin only for days 4-8. For both C2C12 cells (mouse skeletal

muscle) and 3T3-L1 cells (mouse embryos) it is not clear if the cells were isolated from males, females, or a combination.

METHOD DETAILS

Human Exercise Testing and Monitoring
For the Florida cohort, VO2 peak was determined as peak aerobic capacity measured during a graded exercise protocol on an elec-

tronically braked cycle ergometer (Coen et al., 2013), and body composition was determined by Dual energy X-ray absorptiometry

scan. The SenseWear Pro Armband (BodyMedia) was used to monitor physical activity behaviors (Carnero et al., 2017). For the sub-

maximal exercise test, participants were fasted overnight and were 48 h removed from the last exercise bout. Participants performed

a 6-min warm-up of light cycling on the ergometer followed by 40 min at 70% of heart rate reserve (HRR). Heart rate, perceived exer-

tion and blood pressure data were collected every 5 mins and indirect calorimetry measurements recorded (Parvo Medics). A fasting

blood sample was drawn before exercise, immediately after, and 3 hrs post-exercise. Exercise was performed at room temperature

(22�C). Vastus lateralis muscle biopsies were obtained under local anesthesia (Pruchnic et al., 2004). Permeabilizedmyofiber bundles

(�1-3 mg each) were prepared immediately after the biopsy and mitochondrial respiration was evaluated by high-resolution respi-

rometry (Coen et al., 2015).

For participants of the Massachusetts cohort, VO2peak was determined as peak aerobic capacity measured during a graded ex-

ercise modified Bruce protocol on a treadmill (Beltz et al., 2016; Bruce, 1971). For the submaximal exercise test, participants

were fasted overnight and were one week removed from the determination of VO2peak. A fasting blood sample was drawn before

exercise, 15 min during exercise, immediately after, and 1 h post-exercise. Exercise was performed at room temperature (22�C).

Mice and Exercise
Male, 10 wk old C57BL/6 mice were fed a chow-diet (21% kcal from fat) ad libitum. Mice were housed individually in static cages or in

wheel cages (Nalgene) (Stanford et al., 2015b). For chronic exercise experiments, mice were given ad libitum access to food and

water after removal fromwheel cage. For acute exercise experiments, 12 wk oldmale C57BL/6mice were familiarized with the tread-

mill (Quinton model 42) for 2 days prior to experiment. Mice underwent 40 min of treadmill exercise at 0.8 mph, 10% incline and all

mice were able to successfully complete the acute bout of exercise. Both acute and chronic exercise experiments were performed at

room temperature (22�C).
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Removal of iBAT
For iBAT-mice, micewere anesthetized using isofluorane. iBATwas surgically removed and the artery immediately cauterized. Sham

mice underwent the same surgical procedure, but iBAT was not removed.

In Vivo Fatty Acid Uptake
For experiments measuring in vivo bioluminescent fatty acid uptake in skeletal muscle, ACTA1cre+/� mice (C57BL/6) (Stock no.

006149) were bred with Rosa(stop)Luc+/+ (FVB) (Stock no. 005125) (Jackson Laboratory). Male offspring carrying the cre allele

were injected retro-orbitally with 1 mg/kg body weight 12,13-diHOME in 0.1% BSA PBS or methyl acetate as a vehicle and

all mice were co-injected with 2mm FFA-SS-Luc (Intrace Medical). This dose is based on the circulating concentration of 12,13-

diHOME in mice that are housed at room temperature, 3ng/mL (10nM). After an acute bout of exercise, 12,13-diHOME increased

to 10-30ng/mL (30-100nM). This is considerably below the reported cytotoxic dose of 100mg/kg body weight (Sisemore et al.,

2001). Mice at room temperature (22�C) were anesthetized and imaged (IVIS Spectrum CT) using sequential 30 second exposures

for 12 min.

Metabolic Studies
For measurements of respiratory exchange ratio (RER) and energy expenditure, mice were placed in metabolic chambers and in-

jected intravenously with 1mg/kg body weight 12,13-diHOME in 0.1%BSA PBS or vehicle and then monitored in the Comprehensive

Laboratory Animals Monitoring System (CLAMS) at room temperature (22�C) for 4h.

Skeletal Muscle [3H]-2-deoxyglucose Uptake
Isolated skeletal muscle glucose uptake wasmeasured as previously described (Hayashi et al., 1998). Briefly, EDL or soleus muscles

were dissected from 6 week old female CD-1 mice, mounted, and incubated in Krebs-Ringer bicarbonate buffer (KRB) pH 7.4 con-

taining 2 mM pyruvate for 60 min. Both EDL and soleus were incubated with vehicle or 300ng/mL of 12,13-diHOME at room temper-

ature (22�C). Following treatment, glucose transport activity was measured for an additional 10 min.

Lipidomic Profiling
Lipidomic profiling was done as we have described in detail (Lynes et al., 2017). Briefly, a mixture of deuterium-labeled internal stan-

dards was added to aliquots of thawed serum, followed by cold methanol (MeOH) for Solid Phase Extraction (SPE). Following vortex,

overnight storage at �20�C, and centrifugation, the supernatant was acidified and SPE was performed (Powell, 1999). The methyl

formate fractions were collected, dried under nitrogen, reconstituted in MeOH:H2O, centrifuged and the supernatant analyzed using

the LC–MS/MS mediator lipidomics platform.

PCR and Cell Studies
mRNA levels of were measured by quantitative RT-PCR using primers (Table S4). Fatty acid uptake and oxidation into differentiated

C2C12 muscle cells and 3T3L1 adipocytes measured using 14C-labeled palmitic acid uptake and conversion of 14C-labeled palmitic

acid into CO2 as previously described (Townsend et al., 2013). Cells were treated with 1.5mM 12,13-diHOME or methyl acetate

vehicle for 15 min, similar to previous studies (Lynes et al., 2017). Oxygen consumption rates (OCR) were measured in starved

(1 hr) C2C12 skeletal muscle cells treated with 1.5mM 12,13-diHOME or methyl acetate vehicle for 15 min and OCR measured in

200mM palmitate (Seahorse XF24) (Vernochet et al., 2012).

Glucose Uptake in C2C12 Cells
2-deoxyglucose uptake in C2C12 cells was measured as previously described (Nedachi and Kanzaki, 2006). Briefly, differentiated

C2C12 myotubes were serum starved for 3 h in DMEM before any treatment. Cells were incubated with 12,13-diHOME (1.5 mM;

15 min) or insulin (100 nM; 15 min). After stimulation, cells were washed with buffer containing 140 mM NaCl, 20 mM Hepes-Na

(pH 7.4), 5 mM KCl, 2.5 mMMgSO4, and 1.0 mM CaCl2. Glucose transport was determined by the addition of [3H]-2-deoxyglucose

for glucose for 10 min on ice. Cells were washed with ice-cold saline solution and harvested in 0.05 N NaOH to determine net accu-

mulation of [3H]-2-deoxyglucose (Nedachi and Kanzaki, 2006).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistics
Data are mean ± SEM and significance defined as P% 0.05 and determined by Student’s t tests or two-way ANOVA and Bonferroni

post hoc analysis. All analyses were performed using features present in GraphPad Prsim (version 7; GraphPad Software, San Diego,

CA). No statistical method was used to pre-determine sample size. Covariate analyses between 12,13-diHOME and body compo-

sition parameters were assessed using Spearman and Pearson correlation coefficients. The statistical parameters and the number of

mice or human subjects used per experiment are found in the figure legends.
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