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SUMMARY
Adipocytes undergo intense energetic stress in obesity resulting in loss of mitochondrial mass and function.
We have found that adipocytes respond tomitochondrial stress by rapidly and robustly releasing small extra-
cellular vesicles (sEVs). These sEVs contain respiration-competent, but oxidatively damaged mitochondrial
particles, which enter circulation and are taken up by cardiomyocytes, where they trigger a burst of ROS. The
result is compensatory antioxidant signaling in the heart that protects cardiomyocytes from acute oxidative
stress, consistent with a preconditioning paradigm. As such, a single injection of sEVs from energetically
stressed adipocytes limits cardiac ischemia/reperfusion injury in mice. This study provides the first descrip-
tion of functional mitochondrial transfer between tissues and the first vertebrate example of ‘‘inter-organ
mitohormesis.’’ Thus, these seemingly toxic adipocyte sEVs may provide a physiological avenue of potent
cardio-protection against the inevitable lipotoxic or ischemic stresses elicited by obesity.
INTRODUCTION

Adipose tissue dysfunction is at the forefront of metabolic distur-

bances in obesity and type 2 diabetes. In the context of obesity,

hypertrophied adipocytes become dysfunctional, lose their

beneficial endocrine functions, and promote tissue inflammation

and fibrosis (Crewe et al., 2017). It is this unhealthy expansion of

the adipose tissue that triggers systemic lipotoxicity and insulin

resistance and promotes the development of comorbid condi-

tions associated with obesity, such as cardiovascular disease

(CVD) (Lavie et al., 2018; Oikonomou and Antoniades, 2019). A

major determinant of adipocyte function is the adequacy of mito-

chondrial metabolism (An et al., 2019; Kusminski et al., 2012). As

in all cells, initial high-fat diet (HFD)-inducedmitochondrial stress

in adipocytes is counteracted by mitohormesis. This is the pro-

cess whereby a transient, mild, oxidative, or proteotoxic chal-

lenge stimulates an adaptive cellular response that confers pro-

tection against a future lethal stress (Yun and Finkel, 2014).

However, this protective pathway in adipocytes is overwhelmed

in obesity. The result is severe mitochondrial dysfunction, char-
Cell Metabo
acterized by a reduction in mitochondrial mass, high reactive ox-

ygen species (ROS) production, and low cellular ATP levels

(Curtis et al., 2010; Schöttl et al., 2015; Wang et al., 2014).

We have recently demonstrated that in vivo overexpression of

mitochondrial ferritin (FtMT) selectively in adipocytes (the adipo-

FtMT mouse) mimics obesity-associated impairment of mito-

chondria by inducing adipocyte oxidative stress and suppress-

ing oxidative phosphorylation (Kusminski et al., 2020). The

phenotype of this mouse on an HFD is striking, involving a strong

effect on multiple organ systems that culminates in metabolic

deterioration. Interestingly, this model displayed marked mito-

chondrial oxidative stress in the heart. This phenotype is of

particular interest as obese mice and humans display high car-

diac oxidative stress compared to their lean counterparts. The

observation in the adipo-FtMT mouse suggests that a pro-

oxidant signal can be transmitted from the adipocyte to the

myocardium, a phenomenon that may contribute to cardiac

ROS production in obesity. The pleiotropic inter-organ signaling

stimulated by adipocytes in adipo-FtMT mice led us to postulate

that the phenotypes were extracellular vesicle-mediated. By
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definition, small extracellular vesicles (sEVs) are produced in

multivesicular bodies (in the case of exosomes) or at plasma

membrane budding structures (in the case of microvesicles) of

parent cells and are released into the extracellular space. sEVs

can have diverse signaling capabilities determined by their cell

of origin, target cells, and the cargo they carry, which includes

miRNAs, mRNAs, signaling proteins, lipids, and enzymes (van

Niel et al., 2018). Thomou et al. have shown that adipocytes sup-

ply the majority of circulating sEV-associated miRNAs in mice,

which have the ability to alter gene expression in the liver (Tho-

mou et al., 2017). Although it is unclear which cell type contrib-

utes the majority of sEVs to circulation, the Thomou et al. study

suggests that adipocyte sEVs may contribute to whole-body

metabolic signaling at a level that has not yet been fully

appreciated.

Here we demonstrate that adipocytes undergoing mitochon-

dria-specific energetic stress, as in obese conditions, release

sEVs containing mitochondrial particles that are respiration-

competent but oxidatively damaged. These EV-enclosed mito-

chondria enter circulation and are taken up by cardiomyocytes.

There they elicit transient mitochondrial dysfunction of the host

network and free radical production. This is not a pathological

process but, instead, results in robust adaptation of the heart

to combat this adipocyte sEV-imposed stress. This adaptive

mechanism is advantageous to the degree that it protects the

heart from ischemia reperfusion injury, a common pathology in

human obesity.

RESULTS

Adipocyte-specific mitochondrial dysfunction induces
mitochondrial oxidative stress in the heart via
extracellular vesicles
To establish the mechanism of adipocyte-to-cardiomyocyte

ROS-mediated communication, we utilized our inducible, tis-

sue-specific mouse model of FtMT overexpression. In this

model, herein referred to as the adipo-FtMT mouse, transgene

expression is dependent on the presence of doxycycline (dox)

and is restricted to mature adipocytes (Figure 1A) (Kusminski

et al., 2020). As proof of concept, mature adipocytes differenti-

ated from adipo-FtMT mouse adipose stromal vascular fraction

(SVF), when treated with dox, displayed robust overexpression

of the FtMT protein compared to cells from control mice (Fig-

ure S1A). FtMT-overexpressing cells exhibited greater oxidative

stress compared to control cells, as measured by the CellROX

oxidation-sensitive dye (Figure S1B). The level of cellular oxida-

tive stress induced by this model was, however, not severe

enough to induce apoptosis, as previously shown (Kusminski

et al., 2020) and verified here by TUNEL staining (Figure S1C).

Protein carbonylation (PC) adduct formation, a measure of pro-

tein damage by ROS, was determined in adipose depots in vivo.

Adipo-FtMT and control mice were supplied an HFD containing

600 mg/kg dox to induce FtMT overexpression in adipocytes.

Subcutaneous white adipose tissue (sWAT) of adipo-FtMT

mice exhibited higher PC levels compared to control mice,

whereas the epididymal white adipose tissue (eWAT) and brown

adipose tissue (BAT) showed lower levels of PC in transgenic

mice (Figure S1D). This suggests that sWAT is particularly sensi-

tive to the pro-oxidative stress elicited by FtMT overexpression.
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Following 3 weeks of dox diet, cardiac tissue was assessed for

PC. Higher levels of cardiac PC were detected in adipo-FtMT

mice on dox-HFD compared to controls on the same diet (Fig-

ure 1B). No changes in PC were observed in mice on a dox-

chow diet (Figure 1B). These data suggest the dietary lipid load

is necessary to promote ROS production in adipo-FtMT mouse

hearts with a magnitude sufficient to induce damage to proteins.

Interestingly, the cardiac ROS produced in adipo-FtMT mice on

a dox-HFD is likely specific to the mitochondria. This was deter-

mined by in vivo injection of MitoB, a mitochondria-targeted

probe that reacts selectively with H2O2 to form the phenol prod-

uct MitoP. The ratio of MitoP/MitoB was determined by liquid

chromatography-tandem mass spectrometry (LC-MS/MS); a

higher ratio is proportionate to greater oxidative stress. Cardiac

tissue from adipo-FtMT mice exhibited higher levels of mito-

chondrial H2O2 production than control mice (Figure 1C). The de-

gree of cardiac oxidative stress in the adipo-FtMT mouse after

just 3 weeks on dox-HFD is similar to that observed in wild-

type (WT) mice after 16 weeks on HFD compared to their respec-

tive controls (Figures 1B and 1D). Thus, acute high-fat feeding in

the adipo-FtMT mouse mimics the cardiac ROS effect seen in

chronically obese WT mice. These data have led us to the

intriguing hypothesis that there is an endocrine mechanism

that relays a pro-oxidant signal from adipocytes to the myocar-

dium in vivo.

We tested for the possible involvement of EVs as mediators of

the observed adipocyte-to-cardiomyocyte ROS signal. Adipo-

FtMTmice on dox-HFD for 3 weeks exhibited significantly higher

levels of circulating sEVs than control mice, as measured by

nanoparticle tracking analysis (NTA; Figure 1E). Furthermore,

sEVs isolated from the serum of adipo-FtMT mice contained

higher levels of sEV markers—Alix, CD63, and CD81—

compared to sEVs isolated from the same volume of control

mouse serum (Figure S1E). Additionally, circulating sEVs from

adipo-FtMT mice carried more FABP4, an adipocyte-enriched

protein previously used to identify adipocyte-specific sEVs (Fig-

ure S1F) (Ferrante et al., 2015). A similar effect on circulating

sEVs is seen in other mouse models of mitochondrial dysfunc-

tion: the adipocyte-specific overexpression of mitochondrially

targeted amyloid precursor protein (adipo-APP) or adipocyte-

specific knockdown of superoxide dismutase 2 SOD2 (adipo-

SOD2 shRNA; Figure 1F) (An et al., 2019; Cox et al., 2018). These

data provide evidence that the release of sEVs is a general

response of the adipocyte to mitochondrial dysfunction and

not an artifact of the adipo-FtMT mouse. To assess whether

serum sEVs are responsible for the observed cardiac oxidative

stress in the adipo-FtMT mouse, we utilized GW4869, an inhibi-

tor of neutral sphingomyelinase (n-SMase), thererby restraining

exosome production in many cell types (Hessvik and Llorente,

2018). We chose an acute injection of GW4869 to avoid any

compensatory responses to long-term treatment. GW4869

completely abolished the rise in serum sEVs in adipo-FtMT

mice following 4 h of dox-HFD feeding (Figure 1G). GW4869

also fully prevented the induction of cardiac oxidative stress in

adipo-FtMT mice as measured by PC and thiobarbituric acid

reactive substances (TBARS), a measure of lipid peroxidation

(Figures 1H and 1I). These data provide a line of evidence that

the pro-oxidant signal is relayed from adipocytes to the heart

via sEVs.
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Figure 1. Adipocyte-specific mitochondrial dysfunction induces mitochondrial oxidative stress in the heart via extracellular vesicles

(A) Mouse model schematic of adipocyte-specific, doxycycline (dox)-inducible overexpression of mitochondrial ferritin (FtMT).

(B) Cardiac protein carbonylation (PC) assay, representative of n = 5, and quantification. Adipo-FtMT PC levels were normalized to their controls on respective

diets so no comparisons can be made between dox-chow and dox-HFD.

(C) MitoB/P measurements in cardiac tissue following 3 weeks of dox-HFD.

(D) PC measurements in cardiac tissue from lean and obese mice (20-week HFD).

(E) Serum sEV quantification following 3 weeks of dox-HFD.

(F) Serum sEV count from adipo-APPb or adipo-SOD2 shRNA mice on dox-HFD for 2 weeks.

(G–I) Control and adipo-FtMT mice were placed on dox-HFD for 4 h and given an injection of either DMSO or GW4869.

(J and K) Representative microscopy images and quantification (corrected total cell fluorescence; CTCF) of isolated cardiomyocytes stained with CellROX

following 2 h of sEV treatment as indicated.

(L) A representative confocal image and quantification of PHK26-labeled adipocyte-derived sEV uptake by mature cardiomyocytes in vitro.

(M) Quantification of CellROX signal in isolated cardiomyocytes 2 h post-sEV treatment as indicated.

Data are presented as mean ± SEM. *p < 0.05, **p < 0.01. See also Figures S1 and S2.

ll
Article

Cell Metabolism 33, 1853–1868, September 7, 2021 1855



ll
Article
Adipocyte sEVs stimulate ROS production in isolated
cardiomyocytes
We employed an in vitro culture method as a direct approach for

assessing sEV ROS signaling between adipocytes and cardio-

myocytes. Serum sEVs were isolated from lean control mice or

control and adipo-FtMT mice fed dox-HFD for 3 weeks. Primary

WT cardiomyocytes treated with sEVs from lean control mice

displayed significantly less oxidative stress than those cells

cultured with no sEVs as measured by CellROX (Figures 1J

and 1K). Cardiomyocytes treated with serum sEVs from control

mice on a dox-HFD exhibited more oxidative stress than treat-

ment with lean sEVs (Figures 1J and 1K). Those cells treated

with sEVs from adipo-FtMT mice on a dox-HFD displayed the

highest oxidative stress of any conditions examined (Figures

1J and 1K). A similar, but less robust effect was seen when car-

diomyocytes were treated with microvesicles (large EVs; lEVs)

isolated from mouse serum under the above-mentioned condi-

tions (Figure S1G).

To determine if adipocyte-derived sEVs are directly taken up

by cardiomyocytes, we purified sEVs from the conditioned me-

dia of in vitro-differentiated adipocytes, labeled them with the

fluorescent dye PHK26, and treated cardiomyocytes with these

labeled sEVs. We observed that cardiomyocytes robustly took

up adipocyte sEVs by assessing the amount of transferred

fluorescence (Figure 1L). Cardiomyocytes took up sEVs to the

same extent if the sEVs were isolated from control or adipo-

FtMT adipocytes (Figure 1L). However, significant oxidative

stress was induced in cardiomyocytes treated with sEVs from

adipo-FtMT adipocytes compared to those treated with sEVs

from control adipocytes (Figure 1M). All sEV preparations

used in these experiments were within the correct size range

for sEVs by NTA, carried the expected exosomal markers,

and displayed acceptable purity by electron microscopy

(Figures S2A–S2D). Adipocytes were only used for sEV produc-

tion if they reached a differentiation rate greater than 80%

(Figure S2E).

sEVs derived from palmitate-treated adipocytes
stimulate ROS production and cause mitochondrial
dysfunction in cardiac tissue in vivo

We confirmed that adipocyte sEVs home to the heart in vivo.

sEVs were harvested from the culture media of control and

adipo-FtMT adipocytes and labeled with PKH26 fluorescent

dye. A fixed number of labeled particles were injected intrave-

nously into WT mice. Whole-mount confocal microscopy was

used to determine the biodistribution of the fluorescent label.

PKH26-labeled sEVs were detected in the myocardium to the

same extent, regardless of the genotype of parent adipocytes

(Figure S3). However, the heart is likely not the primary target

of adipocyte sEVs as the liver contained substantially more fluo-

rescent signal (Figure S3).

sEVs from WT, healthy, cultured adipocytes did not produce

oxidative stress in the heart when injected into mice on a chow

diet (Figure 2A). Next, we determined if sEVs produced by adipo-

cytes under energetic stress could promote cardiac ROS

production. We chose to use palmitate treatment of cultured

adipocytes to simulate in vivo high-fat feeding, which is a

more physiological way to induce mitochondrial dysfunction

compared to FtMT overexpression. We isolated sEVs from adi-
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pocytes treated with palmitate for 16 h (sEVPA) for injection into

WT mice. Mice were fasted for 3 h to encourage feeding and

then simultaneously providedwith anHFD and an intravenous in-

jection of 3 mg sEVPA (Figure 2B). This experimental setup was

used to provide the system with a lipid load, which seems to

be required for the effect of adipocyte sEVs on the myocardial

redox state (Figure 1B). Each mouse consumed 0.191 ±

0.042 g HFD within the first hour, an amount that was sufficient

to increase circulating triglycerides (Figure S2F). In addition, an

acute injection and diet regime is important to evaluate the spe-

cific effects of sEVPA on the heart in the absence of the con-

founding variables in the obese state. Mice treated with adipo-

cyte sEVPA displayed significantly higher cardiac oxidative

stress compared to PBS treatment, a transient effect that ap-

peared at 1 h and was resolved by 2 h post-injection (Figure 2C).

In contrast, PC adduct presence in the heart was significantly

lower at 16 h post-sEVPA injection (Figure 2C). Likewise, reduced

mitochondria-specific oxidative stress in the heart was seen as

early as 4 h post-sEVPA injection (Figure 2D). This is consistent

with an adaptive, antioxidant response, as catalase (CAT) protein

was significantly increased 2 h after sEVPA exposure (Figure 2E).

We determined if adipocyte sEVPA-induced ROS is an indication

of mitochondrial dysfunction. Cardiac mitochondria isolated 1 h

after sEVPA injection displayed significantly reduced electron

transport chain (ETC) activity when utilizing fatty acids, the

main energetic substrate of cardiomyocytes (Figure 2F). Two

hours post-sEVPA injection, cardiac mitochondrial palmitoylcar-

nitine oxidation was restored, and uncoupled respiration was

enhanced above that seen with PBS injection (Figures 2G and

2H). Furthermore, at 2 h, mitochondrial pyruvate oxidation was

augmented in mice injected with sEVPA (Figure S4A). Likewise,

when isolated cardiomyocytes were treated in vitro with adipo-

cyte sEVPA for 2 h, basal and FCCP-stimulated OCRs were

significantly higher than in non-treated cells when glucose and

pyruvate were supplied as energetic substrates (Figures S4B

and S4C). Furthermore, this time point was also concurrent

with a compensatory antioxidant effect in cardiomyocytes (Fig-

ure S4D). These data suggest sEVPA may induce cardiac ROS

production by causing mitochondrial dysfunction. However,

this stress is rapidly met by cardiomyocyte adaptive mecha-

nisms to restore energetic and redox homeostasis. sEVPA from

adipo-FtMT adipocytes also displayed this adaptive response

but with faster kinetics than that fromWT cells. At 1 h after injec-

tion, cardiac catalase mRNA and protein were increased, and at

2 h oxidative stress was significantly decreased (Figures S4E–

S4G). It is important to note that the sEV dose chosen for injec-

tion (1 3 109 particles) is an estimated 0.033% of endogenous

circulating sEVs in mice. Thus, the injected EVs could not be de-

tected in tail vein serum (Figure S4H). This physiological dose of

sEVs has a surprisingly robust effect on cardiac redox state

(Figure 2).

Mitochondrial energetic stress stimulates the release of
sEVs from adipocytes
We wanted to assess the relationship between adipocyte mito-

chondrial dysfunction and sEV release. We show that mature,

in vitro-differentiated adipocytes overexpressing FtMT release

more sEVs into the culture media (Figure 3A). Furthermore,

exposure of white or brown adipocytes to a variety of ETC
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Figure 2. sEVs from palmitate-stressed adipocytes induce cardiac ROS in vivo

(A) Protein carbonylation (PC) assay on cardiac tissue from chow-fed WT mice treated 2 h after injection of sEVs from healthy adipocytes.

(B) Experimental design for (C)–(H).

(C) PC determination in heart tissue post-sEVPA injection at the indicated time points.

(D) mitoP/B ratio in cardiac tissue 4 h post-sEVPA injection.

(E) Catalase (CAT) protein expression in whole cardiac tissue 2 h following an sEVPA injection.

(F and G) Seahorse analysis of cardiac mitochondria isolated from mice 1 h (F) or 2 h (G) following the indicated injections. Palmitoylcarnitine and malate were

provided as energetic substrates.

(H) Palmitoylcarnitine oxidation in isolated cardiac mitochondria 2 h post-sEVPA injection as measured by optical oxygen respirometry.

Data are presented as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001. See also Figures S3 and S4.
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inhibitors elicited a strong increase in sEV release (Figures 3B

and S5A). Enhanced release of sEVs could be detected as

soon as at 6 h of antimycin A treatment, but the most robust

sEV production was seen at 20 h of antimycin A or oligomycin

treatment (Figure 3C). All compounds were used at non-toxic

concentrations. As an example, no cell death was detected in

antimycin A-treated adipocytes above those treated with

vehicle (Figure S5B). Treating adipocytes with buthionine sul-

foximine (BSO), a compound that causes oxidative stress by

depleting cellular glutathione, did not affect sEV production

(Figure S5C), suggesting that the signal that triggers sEV

release is specific to mitochondrial stress. Amore physiological

energetic stress can be exerted on adipocytes by treatment

with palmitate, a condition that also enhanced sEV release (Fig-

ure 3D). Likewise, the sWAT depot of WT mice fed an HFD for

3 days or 3 weeks produced significantly more sEVs when incu-

bated ex vivo than those from chow-fed mice (Figure S5D). This

acute duration of HFD feeding is sufficient to induce high sWAT

H2O2 production (Figure S5E) and sWAT mitochondrial oxida-

tive damage (Figure S5F), with no change in total mitochondrial

content (Figure S5G). FtMT overexpression, ETC inhibition, and

palmitate treatment cause mitochondrial dysfunction through

different mechanisms; thus, sEV release seems to be a general

response to adipocyte mitochondrial energetic and oxidative

stress.
Stress-stimulated adipocyte sEVs are enriched with
respiration-competent mitochondrial particles
To determine the molecular mediators of the adipocyte sEV pro-

oxidant properties, we performed an unbiased proteomics

screen of serum sEVs from control and adipo-FtMT mice on

dox-HFD for 3 weeks. Surprisingly, themost highly enriched pro-

teins in adipo-FtMT serum sEVs were of mitochondrial origin

(Figure S6). We confirmed this finding by western blot analysis.

Adipo-FtMT serum sEVs contained higher levels of VDAC,

HSP60, and COXIV compared to sEVs from control mice (Fig-

ure 3E). To confirm that the observed mitochondrial proteins

are enclosed in exosome-like vesicles and not simply contami-

nating mitochondria, we utilized an OptiPrep density gradient

to purify sEVs isolated from the serum of adipo-FtMT mice on

a 3-week dox-HFD. The mitochondrial markers VDAC and

COXIV equilibrated in the same fractions as known exosomal

markers ALIX, CD63, and CD9, at the published exosomal den-

sity range of 1.1–1.18 g/mL (Figure 3F). Recent studies have re-

ported the existence of mitochondrial fatty acid oxidation en-

zymes and mitochondrial DNA (mtDNA) in exosome-like

vesicles (Lazar et al., 2016; Sansone et al., 2017). We found

that in vitro-differentiated adipocytes do indeed basally release

sEVs containing mitochondrial proteins VDAC, HSP60, and

COXIV (Figure 3G). When adipocytes are under the energetic

stress provoked by FtMT overexpression, more VDAC was
Cell Metabolism 33, 1853–1868, September 7, 2021 1857



A D

E F G

I J K

L

H

M N

CB

Figure 3. Adipocytes undergoing energetic stress release respiration-competent but oxidatively damaged mitochondria in sEVs

(A) sEVs released from dox-treated, in vitro-differentiated control and adipo-FtMT adipocytes.

(B–D) sEV production by in vitro-differentiated WT adipocytes treated with the indicated compounds. Media were harvested for sEV quantification after 24 h of

treatment (B and D) or the time points indicated in (C).

(E) Western blot was performed for mitochondrial proteins in sEVs isolated from the serum of control or adipo-FtMTmice on dox-HFD for 3 weeks (representative

of n = 3).

(F) Optiprep density gradient purification of serum sEVs isolated from adipo-FtMT mice fed dox-HFD for 3 weeks.

(G and H) Mitochondrial proteins were assessed in sEVs from WT in vitro-differentiated adipocytes (G; representative of n = 3) and dox-treated in vitro-differ-

entiated control and adipo-FtMT adipocytes (H; representative of n = 5).

(I and J) Western blot and densitometry for mitochondrial proteins in sEVs produced by primary in vitro-differentiated adipocytes treated as shown.

(K) Mitochondrial protein content in serum sEVs from lean and obese (20 weeks of HFD) WT mice.

(L and M) Seahorse flux analysis of isolated serum sEVs from control or adipo-FtMT mice fed dox-HFD for 3 weeks.

(N) Protein carbonylation (PC) assay on isolated sEVs from control and adipo-FtMT mice on dox-HFD for 3 weeks or conditioned media from adipocytes treated

as indicated. sEVs recovered from equal amounts of media or serum were loaded into the SDS-PAGE gels. oligo, oligomycin; Anti A, antimycin A; PA, palmitate;

Ad, adipocyte.

Data are presented as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001. See also Figures S5 and S6.
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Figure 4. Mitochondrial-derived vesicles are packaged into sEVs

(A) Electron micrograph of a mitochondrion displaying a budding structure (left) and released MDVs (right).

(B) Nanoparticle tracking (NTA) quantification of MDVs released from isolated mitochondria from control and adipo-FtMT sWAT.

(C and D) VDAC and HSP60 protein content in MDVs released from isolated sWAT mitochondria under the specified conditions.

(E) Immunofluorescent co-stain for TOM20 (mitochondria) and EEA1 (endosomes) with or without antimycin A exposure.

(F) COXIV content in sEVs isolated from in vitro-differentiated adipocytes treated as indicated (anti-A, antimycin A; CQ, chloroquine).

(G) Mitochondrial proteins in sEVs isolated from the media of in vitro-differentiated adipocytes of the respective genotypes. sEVs recovered from equal amounts

of media were analyzed by western blot.

(H) Cardiac PC 1 h following sEVPA injections from adipocytes with the indicated genotypes.

Data are presented as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001.
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detected per mg of sEV protein compared to control cells (Fig-

ure 3H). A similar result was seen when adipocytes were treated

with mitochondrial ETC inhibitors. All inhibitors increased the

content of mitochondrial proteins in sEVs, but in general, the

amount of mitochondria was proportional to the amount of

sEVs released (Figure 3I). The exception was FCCP, a treatment

that resulted in a disproportionate increase in mitochondrial pro-

tein incorporation into sEVs (Figure 3I). Likewise, palmitate treat-

ment also resulted in more vesicle-associated mitochondrial

protein release (Figure 3J). Furthermore, sEVs isolated from

obese mouse serum contain more mitochondrial proteins

compared to those from leanmice, suggesting this phenomenon

has physiological relevance (Figure 3K). These data indicate that

both a total increase in sEV production and inclusion of mito-

chondrial proteins in sEVs are characteristic responses of adipo-

cytes to energetic stress.

As both mtDNA and protein have been reported in EVs, we

tested if intact, respiration-competent mitochondria are present

in serum sEVs. We developed a Seahorse protocol that enables

us to measure oxygen consumption of exosome-like vesicles.

We were surprised to find a detectable pyruvate-supported oxy-

gen consumption rate (OCR) in sEVs isolated from the serum of

control mice on dox-HFD for 3 weeks (Figure 3L). sEVs from an

equal volume of adipo-FtMT serum exhibited an even higher

basal OCR than control samples after the same feeding regime,

consistent with our observation that sEVs from these transgenic

mice contain more mitochondrial proteins (Figures 3E and 3L).
This OCRwas abolished by addition of digitonin to disrupt biolog-

ical membranes (Figure 3L). sEVs from mice of both genotypes

responded to the conditions of the Seahorse mitochondrial elec-

tron flow assay as would be expected from bona fide mitochon-

dria: decreased OCR with rotenone and antimycin A, and

increased OCR with succinate (Figure 3L). Furthermore, all sEVs

displayed higher rates of oxygen consumption when supplied

with ADP, suggesting these enclosed mitochondrial particles

have the capacity to generate ATP (Figure 3M). However, despite

more mitochondrial proteins, sEVs from adipo-FtMT mouse

serum did not display higher succinate- or ADP-stimulated OCR

than control sEVs, suggesting less functional mitochondria (Fig-

ures 3L and 3M).We tested if the sEV components are oxidatively

damaged, as they are derived from adipocytes under a strong

mitochondrial stress. sEVs isolated from the serum of adipo-

FtMT mice contained a greater amount of PC adducts compared

to those sEVs from control mice (Figure 3N). Similarly, sEVs from

the culture media of in vitro differentiated adipocytes treated with

antimycin A displayedmore PC than those from cells treated with

vehicle (Figure 3N). Therefore, sEVs produced from adipocytes

under oxidative stress likely contain oxidatively damaged, yet

functional, mitochondrial components.

Mitochondria packaged into stress-induced sEVs
originate as mitochondrial-derived vesicles
The properties of these mitochondrial particles are reminiscent of

a class of intracellular vesicles called mitochondrial-derived
Cell Metabolism 33, 1853–1868, September 7, 2021 1859
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vesicles (MDVs). MDVs form in response to mitochondrial oxida-

tive stress by budding from the mitochondrial network (Figure 4A)

to selectively deliver damaged mitochondrial components to the

endo-lysosomal system, in addition to initiating other inter-organ-

ellar signaling (McLelland et al., 2014; Soubannier et al., 2012a).

This quality control mechanism relies on Pink and Parkin but is in-

dependent of classic mitochondrial fission or autophagy machin-

ery like Drp1 and LC3 (Soubannier et al., 2012a). Unlikemitochon-

dria undergoing mitophagy, MDVs retain a membrane potential

(Soubannier et al., 2012a). MDVs enter multivesicular bodies to

be processed for degradation, the same compartment in which

exosomes are formed. Therefore, it is also possible that MDVs

can escape lysosomal degradation by release through exo-

somes, a theory that has also been suggested by others and

recently shown in mouse embryonic fibroblasts (Sugiura et al.,

2014; Todkar et al., 2021). To test this model, we first determined

if sWAT mitochondria from adipo-FtMT mice produced more

MDVs than those from control mice. Using a previously described

method of in vitro reconstitution of MDV formation (Soubannier

et al., 2012b), with minor modifications, we can demonstrate

that mitochondria isolated from the sWAT of adipo-FtMT mice

do produce more MDVs. This is assessed by NTA (Figure 4B)

and quantification of membrane-protected mitochondrial pro-

teins released into the assay buffer (Figures 4C and 4D). Antimy-

cin A treatment was used as a positive control (Figures 4C and

4D). When mitochondria are subjected to antimycin A-induced

oxidative stress, damaged components are shuttled as MDVs

into the endo-lysosomal system (Soubannier et al., 2012a). This

is demonstrated by greater co-localization of TOM20 and with

the endosomal marker EEA-1, when adipocytes are treated with

antimycin A compared to those treated with vehicle (Figure 4E).

If lysosomal degradation of these MDVs is prevented by incuba-

tion of adipocytes with chloroquine (CQ), in addition to antimycin

A, sEVs are further enriched with COXIV (Figure 4F). These data

suggest the mitochondrial proteins in sEVs are of endosomal

origin and likely MDVs. In addition, sEVs released from Parkin�/�

adipocytes displayed reducedmitochondrial proteins (Figure 4G).

If we inject WT mice with sEVs from palmitate-treated Parkin�/�

adipocytes, we do not detect ROS production in the heart

compared to that seen for WT-derived sEVPA (Figure 4H), sug-

gesting the mitochondria packaged into sEVs is a major contrib-

utor to the observed induction of cardiac ROS.

Adipocyte sEV-associated mitochondria enter
circulation and are incorporated into the cardiac
mitochondrial network
To visualize MDV transfer from adipocytes to the myocardium

in vivo, we generated an inducible mouse model that expresses

a mitochondrially localized Flag tag selectively in the adipocyte

(adipo-mitoFlag; Figures 5A and 5B). Following 11 weeks of

dox-HFD, the Flag tag was detected in both serum sEVs and

whole cardiac tissue of adipo-mitoFlag mice (Figure 5C). The

Flag signal was localized to cardiomyocytes, as determined

by immunofluorescent staining of heart sections for both Flag

and cardiac troponin (CTN1; Figure 5D). Moreover, adipocyte-

derived mitochondria likely integrated into the cardiomyocyte

network as the Flag signal was enriched in isolated cardiac

mitochondria following a chronic dox-HFD (Figure 5E). As these

mitochondria are likely damaged, integration into the host mito-
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chondrial network could explain the mitochondrial dysfunction

and ROS generation detected in the heart following sEVPA in-

jection (Figure 2). The transfer of adipocyte mitochondrial

Flag tag to the heart was not detected in mice on dox-HFD

for just 3 weeks (Figure S7A). In addition, sEVs isolated from

serum of WT mice on an HFD for 3 days or 3 weeks did not

display higher levels of mitochondrial VDAC compared to those

from chow-fed mice (Figure S7B). Thus, the systemic migration

of mitochondria from the adipocyte may only occur during

chronic obesity, unless this process is accelerated by a sec-

ondary insult such as FtMT overexpression or a bolus injection

of sEVPA. However, even after chronic dox-HFD feeding the

Flag tag signal detected in the heart is weak. This is likely

because the Flag tag with its associated mitochondria is

degraded soon after entry into the cardiomyocyte, as would

be expected for damaged mitochondria. In keeping with this,

the Flag tag was detected in the heart of WT mice just 1 h after

a bolus injection of sEVs from palmitate-stressed mitoFlag ad-

ipocytes (Figure 5F). If mice were pre-injected with CQ to inhibit

lysosomal degradation, more flag accumulated in the heart

after injection (Figure 5F). Furthermore, when WT mice are in-

jected with sEVs from palmitate-stressed primary human adi-

pocytes, human mtDNA could be readily detected in the mouse

heart, and more so if mice were pre-injected with CQ (Fig-

ure 5G). Therefore, cardiac mitochondrial quality control mech-

anisms likely ensure that the damaged mitochondria from adi-

pocytes do not result in sustained disruption of mitochondrial

metabolism in cardiomyocytes.

Evidence of the adipocyte sEV-mediated stress signal in
humans
Recent studies have demonstrated the presence of mitochon-

drial proteins in plasma sEVs from human subjects and changes

in sEV mitochondrial abundance with melanoma (Jang et al.,

2019; Karimi et al., 2018). Therefore, it is possible that circulating

mitochondria at least partially derive from adipocytes and

mediate a stress signal in human obesity. Human Simpson-Go-

labi-Behmel syndrome (SGBS) preadipocytes (Fischer-Pos-

ovszky et al., 2008; Wabitsch et al., 2001) were differentiated

into adipocytes and subjected to various treatments to disrupt

mitochondrial function. Palmitate treatment resulted in a strong

trend toward increased sEV release, whereas antimycin A, oligo-

mycin, and FCCP significantly increased sEV release (Figure 6A).

In addition, plasma samples frommetabolically unhealthy obese

(MUO) patients contained significantly higher sEV levels

compared to metabolically healthy lean controls (MHL; Fig-

ure 6B). In contrast, no change in circulating sEV content was de-

tected between lean andmetabolically healthy obese individuals

(MHO), although there was a trend toward higher levels in the

MHO group (Figure 6B). Furthermore, sEV-associated mtDNA

was robustly detected in the MUO group, whereas mtDNA was

undetectable in the MHL and MHO sEVs in all but one subject

sample (Figure 6C). However, the majority of mtDNA was found

in the lEV population and did not change between groups (Fig-

ure 6D). Interestingly, both obese groups, regardless of meta-

bolic health, displayed more mitochondrial protein and oxidized

proteins in sEVs compared to the lean cohort (Figures 6E and

6F). These data suggest there may be a physiological role for

circulating sEV-associated mitochondria in obese humans.



A

D
E

F

G

CB

Figure 5. Mitochondria released from adipocytes enter circulation and incorporate into the cardiomyocyte mitochondrial network

(A) Confocal microscopy image that demonstrates the mitochondrial localization (TOM20) of the Flag tag in dox-treated, in vitro-differentiated adipocytes from

adipo-mitoFlag mice.

(B and C) mitoFlag detection by gene expression (B) and immunoprecipitation (C) in heart or sWAT tissue from adipo-mitoFlag mice fed dox-HFD for 11 weeks.

(D) Confocal microscopy images demonstrating the localization of the Flag tag in cardiomyocytes (CTN1 positive) with no primary antibody control and no

mitoFlag transgene control. Arrow specifies non-specific signal and asterisks are supplied for orientation.

(E) Immunoprecipitated Flag tag in isolated cardiac mitochondria or whole sWAT from the adipo-mitoFlag mice on dox-HFD for 11 weeks.

(F) sEVs from in vitro-differentiated adipocytes expressing mitoFlag and treated with palmitate were injected into WT mice. Where indicated, mice were injected

with chloroquine (CQ) 3 h prior to sEV injection. The Flag tag was immunoprecipitated from heart tissue 1 h following sEV injection.

(G) sEVs from primary human (Hu) adipocytes treated with palmitate were injected intoWTmice with or without a CQ pre-injection. HumanmtDNAwas quantified

in mouse heart tissue 1 h following sEV injection and extensive perfusion with PBS.

Data are presented as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001. See also Figure S7.

ll
Article
Adipocyte sEVs protect cardiac tissue during acute
myocardial infarction in mice
Obesity is a strong, independent risk factor for the development

of CVD (Lavie et al., 2018; Poirier et al., 2006). Furthermore, circu-
lating sEVs have diagnostic, prognostic, and therapeutic potential

in CVD (Bank et al., 2015). Therefore, we went on to determine if

adipocyte sEV-mediated ROS production in cardiomyocytes is

pathological in the context of acute myocardial infarction, a
Cell Metabolism 33, 1853–1868, September 7, 2021 1861
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Figure 6. Obese, metabolically unhealthy humans display high circulating sEVs that carry mtDNA

(A) sEV quantification of conditioned media from human SGBS cells differentiated into mature adipocytes under the indicated conditions (n = 3–6). sEVs were

isolated from the plasma of metabolically healthy lean (MHL), metabolically healthy obese (MHO), and metabolically unhealthy obese (MUO) human patients.

(B) EVs were counted (n = 5).

(C and D) Mitochondrial DNA (mtDNA) was quantified (n = 5).

(E) Mitochondrial protein was quantified (n = 8).

(F) Oxidatively damaged proteins were assessed by the PC assay (n = 4).

Data are presented as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001.
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common event in overweight and obese patients (Thomsen and

Nordestgaard, 2014). Mice were injected with sEVPA under the

lipid-rich conditions previously determined to stimulate mito-

chondrial dysfunction and free radical production in the heart (Fig-

ure 2). Two hours post-injection, in vivo cardiac ischemia/reperfu-

sion (IR) was performed by occlusion of the left anterior

descending artery (LAD) for 45 min, and release of the ligature

for reperfusion. Cardiac function was measured by echocardiog-

raphy before IR as well as 1 day and 7 days after IR (Figure 7A).

TTC stain and plasma cardiac troponin I (CTNI) were used as

measures of myocardial injury 24 h post-IR. Surprisingly, mice

who received the pre-ischemia sEVPA injection displayed a signif-
1862 Cell Metabolism 33, 1853–1868, September 7, 2021
icant reduction in circulating CTNI, compared to those who

received PBS (Figure 7B). TTC staining of cardiac tissue also

demonstrated reduced infarct size in mice treated with sEVPA

from WT adipocytes, but not from parkin�/� adipocytes (Fig-

ure 7C). These data suggest that the protective outcome corre-

lates positively with the amount of mitochondria in the sEVsPA

and the pro-oxidant effect of the sEVsPA (Figures 4G and 4H).

At 7 days after IR, sEVPA-treated mice presented with slightly

smaller hearts, regardless of normalization to body weight, sug-

gesting a reduction in IR-inducedcardiachypertrophy (Figure 7D).

Mice treated with sEVPA also displayed a significant reduction in

infarct size 7 days post-IR, measured by Masson’s Trichrome
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Figure 7. Adipocyte sEVs produced under palmitate stress protect the heart from ischemia/reperfusion injury

(A) Experimental design for ischemia/reperfusion experiments (IR) in (B)–(I).

(B and C) Plasma cardiac troponin (CTNI) measurements (B) and TTC stain of cardiac tissue 24 h after IR (C).

(D) Absolute (left) and normalized (right) heart weight 7 days post-IR.

(E) Representative Masson’s Trichrome stain of cardiac histological sections and quantification of infarct size 7 days after IR.

(F) 203 magnification of cardiac Masson’s Trichrome stain at the specified regions.

(G) 4-hydroxynonenal (4-HNE) stain in heart tissue at 7 days post-IR.

(H) Cardiac functional parameters before (day 0) and at the denoted times after IR.

(I) Percentage drop in ejection fraction from before to 1 day and 7 days following IR.

Data are presented as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001.
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stain for scar tissue (Figure 7E). No changes in fibrosis at the

border zoneweredetectedbetween treatment groups (Figure 7F).

In addition, sEVPA-treated mice exhibited less of the lipid peroxi-

dation product 4-hydroxynonenol (4-HNE) at the site of infarction

(Figure 7G). Ejection fraction (EF) and fractional shortening (FS)

were significantly preserved in sEVPA- treated mice relative to
PBS-injected mice 7 days after IR (Figure 7H). As such, the ex-

pected drop in EF from before IR to 7 days post-IR was signifi-

cantly attenuated in mice pre-treated with sEVPA (Figure 7I).

Taken together, these data indicate that under the tested condi-

tions, the adipocyte-to-cardiomyocyte ROS relay does not partic-

ipate in pathology but instead fosters cardiac resilience.
Cell Metabolism 33, 1853–1868, September 7, 2021 1863
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DISCUSSION

High cardiac ROS production makes a destructive contribu-

tion to the pathogenesis of CVDs, particularly those involving

ischemic injury (Senoner and Dichtl, 2019). However, low

levels of ROS are appreciated to offer cardio-protection

through hormesis (Antonucci et al., 2019; Calabrese and Matt-

son, 2017). In fact, performing short cycles of occlusion and

reperfusion at the coronary artery prior to a prolonged

ischemic event (ischemic preconditioning, IPC) has a powerful

cardioprotective outcome. IPC has this beneficial effect

because it induces moderate levels of ROS, which stimulates

adaptation of the tissue, bolstering the cellular defense system

so that severe ROS production during extended ischemia is

better mitigated (Dhalla et al., 2000). Here we demonstrate a

natural occurrence that is reminiscent of IPC but is of meta-

bolic, not hypoxic, origin. In the obese state, adipocytes un-

dergo intense energetic and oxidative stress to which they

respond by releasing sEVs that harbor a mitochondria-medi-

ated pro-oxidant signal. The resulting ROS production in the

cardiac muscle provokes adaptations that prevent injury dur-

ing ischemia, a probable pathology in obese individuals. The

sEV-stimulated cardiac adaptation includes enhanced effi-

ciency of energy production via utilization of pyruvate (Fig-

ure S4A), a reduction in ROS production via mitochondrial un-

coupling (Figure 2H), and enhanced antioxidant capacity via

catalase upregulation (Figure 2E), all of which are favorable

conditions during IR (Dhalla et al., 2000; Ozcan et al., 2013;

Ussher et al., 2012). However, like all hormetic responses,

there is likely a threshold of ROS production or time of ROS

exposure that, when surpassed, would promote damage

instead of protection. Further work will be needed to deter-

mine if there is a point in the progression of obesity at which

adipocyte sEVs indeed promote CVD. This is likely the case

as others have demonstrated that adipocyte- or adipose tis-

sue-derived sEVs promote macrophage differentiation and

activation in a way that drives atherosclerotic plaque formation

and negatively impacts cardiac function (Gan et al., 2020; Kra-

nendonk et al., 2014; Xie et al., 2018). Furthermore, adipocyte

sEVs promote insulin resistance in myocytes and adipocytes

and enhance fibrotic signaling in hepatocytes (Deng et al.,

2009; Koeck et al., 2014; Mleczko et al., 2018; Pan et al.,

2019), a systemic environment that is unfavorable for cardio-

vascular health.

Although adipose tissue displays signs of oxidative stress as

soon as after 1–3 days of HFD feeding and responds by

enhancing sEV release (Figure S5), the amount of sEV-associ-

ated mitochondria remains at basal levels (Figure S7B). In

addition, there is no sign of adipocyte-cardiomyocyte mito-

chondrial transfer (Figure S7A). Only during chronic obesity,

with more pronounced adipocyte energetic stress, do we

detect enhanced mitochondrial packaging into sEVs and

transfer to the heart (Figures 3K, 5C, and S7A). Furthermore,

the cardioprotective effects of stress-induced adipocyte

sEVs are not associated with an overall increase in sEVs,

but instead the presence of damaged mitochondria in them

(Figures 4G, 4H, and 7C). For this reason, sEV-mediated pre-

conditioning may only be effective in mice with established

obesity and not during acute high-fat feeding. The content
1864 Cell Metabolism 33, 1853–1868, September 7, 2021
and role of sEVs released from adipocytes during acute HFD

feeding are still under investigation. The adipo-FtMT mouse

model allowed us to study this process in a much more acute

time frame, as circulating mitochondria were increased at just

3 weeks of dox-HFD feeding in the transgenic mice (Figure 3E).

This is likely because FtMT overexpression induces intense

adipocyte oxidative stress that mimics that seen in chronically

obese WT mice.

In keeping with these findings in mice, we have shown here

that human adipocytes also increase sEV production in response

to mitochondrial stress (Figure 6A). In addition, obese, metabol-

ically unhealthy individuals have more circulating sEVs that carry

more mtDNA, mitochondrial protein, and oxidized proteins

compared to lean individuals (Figure 6). These data provide

some evidence that circulating mitochondria may have a hor-

metic role in humans aswe have reported inmice. These findings

are in line with the clinical observation that although obese hu-

mans have a higher incidence of CVD, they have a better

short-term and medium-term prognosis than lean individuals

with CVD, a phenomenon called the ‘‘obesity paradox’’ (Lavie

et al., 2014). In rodent models, the literature has provided mixed

conclusions. Some demonstrate that obese mice and rats sus-

tain less IR-induced injury than their lean counterparts (Donner

et al., 2013; du Toit et al., 2008; Edland et al., 2016; Salie et al.,

2014; Thakker et al., 2006; Webster et al., 2017), whereas others

report the opposite (Aoyagi et al., 2015; Clark et al., 2011; Jones

et al., 1999). There are likely multiple factors that contribute to

this observed ‘‘obesity paradox’’ in both rodents and humans.

It is possible this adipocyte sEV-mediated preconditioning

mechanism may contribute.

We determined that the pro-oxidant signal relayed from the

adipocyte to the cardiomyocyte is the physical transfer of

damaged mitochondria (MDVs) via sEVs. The imposed oxida-

tive stress likely occurs through incorporation of sEV mito-

chondria into the cardiomyocyte mitochondrial network,

inducing temporary dysfunction of the host network. Because

these MDVs are derived from the endosome of the adipocyte,

they are likely incorporated into bona fide exosomes. The

MDVs produced in the reconstitution assay (Figure 4B) had a

varied size distribution of 30–500 nm. It is expected that only

the smaller range of MDVs (30–150 nm) is packaged into exo-

somes due to the physical size restraints. MDVs may also exist

in other larger forms of EVs, like microvesicles, which could

accommodate the entire MDV size range. The physiological

role of MDV release from cells is likely one of cell-autonomous

protection. It has recently been reported that cardiomyocytes

expel damaged mitochondria in an autophagy-dependent

manner via a form of EVs called exophers (Nicolás-Ávila

et al., 2020). These exophers are taken up and degraded by

tissue macrophages. The ability of the cardiomyocytes to

‘‘outsource’’ mitophagy is essential for these long-lived cells

to preserve metabolic homeostasis under intense mechanical

and energetic stress. Therefore, in the context of the adipo-

cyte, it is possible a similar mechanism is employed, where

damaged mitochondria are released to be degraded by tissue

macrophages. In fact, it has been shown that adipocyte-

derived EVs and mitochondria are actively taken up by adi-

pose tissue macrophages (Brestoff et al., 2021; Flaherty

et al., 2019). Therefore, this mechanism likely evolved as a
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protective pathway, but in the case of adipocytes, the EVs

that evade tissue macrophages can enter circulation and

moonlight as a potent stress warning signal. In obesity, this

warning signal may be, at least acutely, important to protect

other organs from lipotoxic stress as adipose tissue function

declines.

This is, to our knowledge, the first vertebrate example of what

could be considered ‘‘inter-organ mitohormesis,’’ where an

exogenously imposed mitochondrial stress is sensed by the

adipocyte, which responds in a way that propagates this signal

to other organ systems. A similar phenomenon has been shown

in C. elegans where Durieux et al. knocked down cytochrome c

oxidase-1 (cco-1) to reduce mitochondrial function. This is a

well-known condition that extends the lifespan of C. elegans

through activation of the mitochondrial unfolded protein

response (UPRmt) (Durieux et al., 2011). Interestingly, knocking

down cco-1 specifically in the brain increased longevity of the

whole organism, which was the result of brain-derived wnt

ligand/EGL-20-mediated activation of the UPRmt in peripheral

organs (Durieux et al., 2011; Zhang et al., 2018). In contrast to

this work in C. elegans, the evidence in our study does not point

to a ‘‘mitokine’’ that activates a protective pathway in a distal

cell. Instead, we discovered that the direct transfer of damaged

mitochondria evokes adaptation in the receiving cell to provide a

cell-autonomous mechanism of protection. Cardiac ROS pro-

duction and protection from IR injury were not seen when sEVs

from Parkin�/� adipocytes were injected into mice, a condition

we found reduces mitochondrial packaging into sEVs (Figures

4G and 4H). This suggests the adaptive response is mediated

by sEV-associated mitochondria. However, because sEVs

contain many factors, we cannot rule out the possibility that

mitochondria-independent signaling pathways also contribute

to EV-mediated cardio protection. Future work will elucidate

adipocyte sEV-induced signaling events in the heart and deter-

mine how they may be manipulated for pharmacological inter-

vention in obesity-associated CVD.

Limitations of the study
There are noteworthy limitations of our study. The first is the lack

of genetic tools to specifically and inducibly reduce EV release

from adipocytes. Future work will focus on developing such a

mouse model, which would allow us to test the impact of endog-

enously produced sEVs, specifically from adipocytes, on cardio-

vascular outcomes in the obese state. Additionally, we have

found that pre-ischemic injection of adipocyte sEVs reduces

the initial infarct size during IR, consistent with a preconditioning

model. However, this confounds any analysis of potential effects

of sEVs on tissue remodeling following IR, as initial infarct size is

a major determinant of remodeling. Therefore, further work will

be aimed at understanding whether the strongest effects of

adipocyte sEVs are on initial infarct size or subsequent

remodeling.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Alix Santa Cruz Cat#: sc-53540; RRID: AB_673819

CALR; Calreticulin Cell Signaling Technology Cat#: 12238; RRID: AB_2688013

Catalase Santa Cruz Cat #: sc-271803; RRID: AB_10708550

CD9 BD Biosciences Cat #: 553758; RRID: AB_395032

CD81 Santa Cruz Cat #: sc-7637; RRID: AB_627190

CD63 Santa Cruz Cat #: sc-5275; RRID: AB_ 627877

COXIV Abcam Cat #: ab14744; RRID: AB_301443

DYKDDDDK Tag (D6W5B); Flag Cell Signaling Technology Cat #: 14793; RRID: AB_2572291

EEA1 (C45B10) Cell Signaling Technology Cat #: 3288; RRID: AB_2096811

FABP4 Bioss Antibodies Cat#: bs-4059R; RRID: AB_10856161

GAPDH; Glyceraldehyde 3-phosphate

Dehydrogenase

Cell Signaling Technology Cat #: 5174; RRID: AB_10622025

H3; Histone 3 Cell Signaling Technology Cat #: 4499; RRID: AB_10544537

HSP60 Santa Cruz Cat #: sc-1052; RRID: AB_631683

anti-Mitochondria, human Abcam Cat #: ab92824; RRID: AB_10562769

FtMT; mitochondrial ferritin Sigma SAB2700108

PDH E1a; Pyruvate dehydrogenase E1a Abcam Cat #: ab110330; RRID: AB_10858459

TOM20 (F-10) Santa Cruz Cat #: sc-17764; RRID: AB_628381

Total OXPHOS cocktail Abcam Cat #: ab110413; RRID: AB_2629281

VDAC Millipore Sigma Cat #: ab10527; RRID: AB_10806766

Donkey anti-rabbit IRDye 680RD Li-Cor Cat #: 926-68073; RRID: AB_10954442

Donkey anti-mouse IRDye 680RD Li-Cor Cat #: 926-68072; RRID: AB_10953628

Goat anti-rat IRDye 680RD Li-Cor Cat #: 925-68076; RRID: AB_2814913

Goat anti-rabbit IRDye 800CW Li-Cor Cat #: 925-32211; RRID: AB_2651127

Goat anti-mouse IRDye 800CW Li-Cor Cat #: 926-32210; RRID: AB_621842

Goad anti-mouse HRP Abcam Cat #: ab97023; RRID: AB_10679675

Chicken anti-mouse Alexa Fluor 488 ThermoFisher Cat #: A-21200; RRID: AB_2535786

Donkey anti-rabbit Alexa Fluor 594 ThermoFisher Cat #: A-21207; RRID: AB_141637

BV421 Goat Anti-Rabbit IgG (Flow Cytometry) BD Biosciences Cat #: 565014; RRID: AB_2716308

FITC Rat Anti-Mouse Ig, k Light Chain (Flow

Cytometry)

BD Biosciences Cat #: 550003; RRID: AB_393527

Chemicals, peptides, and recombinant proteins

3-isobutyl-1-methylxanthine (IBMX) Sigma Cat#: I7018

800W labeled streptavidin Li-Cor Cat#: 926-32230

ADP, Adenosine 50-diphosphate sodium salt Sigma Cat#: A2754

Aldehyde/sulfate latex beads (4mm) ThermoFisher Cat#: A37304

Amicon Ultra-15 centrifugal filter units (100KD) Millipore Cat#: UFC910024

Antimycin A from Streptomyces sp. Sigma Cat#: A8674

BDM, 2,3-Butanedione monoxime Sigma Cat#: B0753

Biotin Sigma Cat#: B4639

BSA (Fatty acid free, low endotoxin) Sigma Cat#: A8806

BSO (L-Buthionine-sulfoximine) Sigma Cat#: B2515

L-Carnitine inner salt Sigma Cat#: C0158

CellROX Deep Red Reagent ThermoFisher Cat#: C10422

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Chloroquine diphosphate salt (CQ) Sigma Cat#: C6628

Chemically defined lipid Concentrate ThermoFisher Cat#: 11905-031

Collagenase D Roche Cat#: 11088882001

Collagenase 2 Worthington Cat#: LS004176

Collagenase 4 Worthington Cat#: LS004188

Dapi Sigma Cat#: D9542

Dexamethasone Sigma Cat#: D4902

Diluent C for general membrane labeling Sigma Cat#: CGLDIL

Dispase II Roche Cat#: 04942078001

DNase I QIAGEN Cat #: 79254

DMEM high glucose ThermoFisher Cat#: 11965092

DMEM F12 with GlutaMAX ThermoFisher Cat#: 10565-042

Doxycycline chow diet Bio Serve Cat#: S4107

DSPE-PEG-biotin Nanocs Cat#: PG2-BNDS-2k

Dynabeads Invitrogen Cat#: 110.35

EZ-Link hydrazide-biotin ThermoFisher Cat#: 21339

Fc Block BD Biosciences Cat#: 553142

FCCP (Carbonyl cyanide

4-(trifluoromethoxy)phenylhydrazone)

Sigma Cat#: C2920

Fetal Bovine Serum (FBS) Fisher Scientific Cat#: 03-600-511

Fetal Bovine Serum (FBS) Exosome-Free System Biosciences Cat#: EXO-FBSHI-50A-1

Fluorescent mounting medium Dako Cat#: S3023

FluoroBright DMEM ThermoFisher Cat#: A1896701

Fluorophenyl column (2.7 micron, 2.1x100 mm) Restek Corporation Cat# 9319A12

Gelatin (2%) Sigma Cat#: G1393

GelCode blue ThermoFisher Cat#: 24590

Gentamycin GIBCO Cat#: 15750-060

Glucose GIBCO Cat#: 15023-021

GW4869 Sigma Cat#: 567715

HEPES GIBCO Cat#: 15630-080

Heart slicer matrix Zinc Instruments Cat#: HSMA001-1

In Situ Cell Death Detection Kit Roche Cat#: 12156792910

Insulin Sigma Cat#: I6634

Iodixanol, 60%w/v BioVision Cat#: M1248

iScript cDNA Synthesis Kit BIORAD Cat#: 1708890

Laminin ThermoFisher Cat#: 23017015

ITS Liquid Media Supplement Sigma Cat#: I3146

NaF Sigma Cat#: S6776

Na3VO4 (Orthovanadate) Sigma Cat#: S6508

NTA 488nm Fluorescence Standard Beads Malvern Cat#: NTA4095

NuPAGE 4-12% Bis-Tris Gel ThermoFisher Cat#: NP0335BOX

L-(�)-Malic acid Sigma Cat#: M6413

MDA, Malonaldehyde bis(dimethyl acetal) Fisher Scientific Cat#: AC 14861-1000

M199 medium Sigma Cat#: M4530

MatTek 8 well culture slides MatTek Cat#: CCS-8

MitoB Cayman Chemical Cat#: 17116

MitoQ a generous gift from Mike Murphy N/A

Mouse diet, doxycycline (600mg/kg) chow Bio Serve Cat#: S4107

Mouse diet, High fat diet (60%) Bio Serve Cat#: S5867

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Mouse diet, High fat diet (60%), doxycycline

(600mg/kg)

Bio Serve custom order

Oligomycin from Streptomyces

diastatochromogenes

Sigma Cat#: O4876

Palmitate, sodium salt Sigma Cat#: P9767

Palmitate, sodium salt (alternative source) Santa Cruz Cat#: sc-215881

Pantothenate Sigma Cat#: P5155

Penicillin-Streptomycin (10, 000U/mL) ThermoFisher Cat#: 15140122

PKH26 Red Fluorescent Cell Linker kit Sigma Cat#: PKH26GL-1KT

Protease inhibitor cocktail Millipore Cat#: 539137

Protease XIV Sigma Cat#: P5147

Protein sample loading buffer (4x) Li-Cor Cat#: 928-40004

Pyruvate, sodium salt Sigma Cat#: P4562

QIAamp DNA micro kit QIAGEN Cat#: 56304

Quick Western Kit Li-Cor Cat#: 926-69100

Rotenone Sigma Cat#: R8875

Streptavidin coated plates (Pierce) ThermoFisher Cat#: 15501

Stop solution (Elisa) ThermoFisher Cat#: N600

Succinate, Sodium dibasic hexahydrate Sigma Cat#: S2378

SYBR Green PCR Master Mix Applied Biosystems Cat#: 4309155

Syringe-driven filter (0.22 mm) Millipore Cat#: SLGP033NS

TMB Substrate (Elisa) ThermoFisher Cat#: N301

Trans-blot Turbo Nitrocellulose Transfer pack BioRad Cat#: 1704158

Trans-blot Turbo PVDF Transfer pack BioRad Cat#: 1704156

Transferrin (human) Sigma Cat#: T2252

Triiodothyronine (T3) Sigma Cat#: T6397

Taurine Sigma Cat#: T8691

Trehalose Sigma Cat#: T0167

Trichloroacetic Acid Sigma Cat#: T4885

Thiobarbituric Acid (TBA) Caymen Chemical Cat#: 10009199

Triton X-100 Sigma Cat#: T9284

TRIzol reagent Fisher Scientific Cat#: 12034977

Rosiglitazone Sigma Cat#: R2408

Critical commercial assays

Cardiac troponin I (CTNI) Elisa kit Life Diagnostics Cat#: CTNI-1-HSP

QIAamp DNA micro Kit QIAGEN Cat#: 56304

Deposited data

Adipo-FtMT Proteomics: MassIVE,

https://massive.ucsd.edu/ProteoSAFe/static/

massive.jsp; accession #: MSV000085896.

N/A N/A

Experimental models: Cell lines

SGBS cells: human adipocyte precursor. (Fischer-Posovszky et al., 2008) N/A

Experimental models: Organisms/strains

mouse: WT C57BL6/J Jackson Laboratory No. 000664

mouse: B6-Tg TRE-(FtMT) Mitoferritin N/A N/A

mouse: B6-Tg adiponectinP-rtTA (Wang et al., 2010) N/A

mouse: TRE-SOD2-shRNA-835 Jackson Laboratory No. 032649

Mouse: TRE-mito-APP (An et. al., 2019) N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Oligonucleotides

human mtDNA, Fwd:

50CTAGAAACCCCGAAACCAAA30
N/A N/A

human mtDNA,Rev:

50 CCAGCTATCACCAAGCTCGT30
N/A N/A

human mtDNA gene mitochondrially encoded

tRNA leucine 1 (MT-TL1), Fwd:

50CACCCAAGAACAGGG TTTGT30

N/A N/A

human mtDNA gene mitochondrially encoded

tRNA leucine 1 (MT-TL1), Rev:

50TGGCCATGGGTATGTTGTTA30

N/A N/A

Mouse b-2 microglobulin (B2M), Fwd:

50 ATGGGAAGCCGAACATACTG30
N/A N/A

Mouse b-2 microglobulin (B2M), Rev:

50 CAGTCTCAGTGGGGGTGAA30
N/A N/A

Human B2M nuclear DNA, Fwd:

50TGCTGTCTCCATGTTTGATGTATCT30
N/A N/A

Human B2M nuclear DNA, Rev:

50TCTCTGCTCCCCACCTCTAAG T30
N/A N/A

qPCR TRE-mitoFlag, Fwd:

AGTTCAAGTGCACCGGAGAG

N/A N/A

qPCR TRE-mitoFlag, Rev:

GGCCAGGATATCGAAAGCGA

N/A N/A

Software and algorithms

Excel Microsoft N/A

Fiji (ImageJ) Fiji https://fiji.sc/

FlowJo FlowJo https://www.flowjo.com/

ImageJ NIH https://imagej.nih.gov/ij/

LabSolutions V 5.82 Shimadzu Scientific Instruments N/A

LabSolutions Insight V 2.0 program packages Shimadzu Scientific Instruments N/A

Prism GraphPad Software GraphPad Software

Other

Zeiss LSM8800 Airyscan Confocal Microscope Zeiss N/A

Keyence BZ-X700 Fluorescence Microscope Keyence N/A

1200EX Transmission Electron Microscope JEOL N/A

LSRFortessa SORP BD Bioscience N/A

FACS Aria Fusion BD Bioscience N/A

MagNA Lyser Roche N/A

ZetaView Particle Metrix N/A

Odyssey Infrared Imager Li-Cor N/A

Seahorse XFe24 Analyzer Agilent N/A
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RESOURCE AVAILABILITY

Lead contact
Information and requests for reagents and mice should be directed to the Lead Contact, Philipp Scherer (Philipp.Scherer@

UTSouthwestern.edu)

Materials availability
All data or other materials/mouse models are available from the corresponding author upon request. Correspondence to Philipp E.

Scherer.
e4 Cell Metabolism 33, 1853–1868.e1–e11, September 7, 2021

mailto:Philipp.Scherer@UTSouthwestern.edu
mailto:Philipp.Scherer@UTSouthwestern.edu
https://fiji.sc/
https://www.flowjo.com/
https://imagej.nih.gov/ij/


ll
Article
Data and code availability
d Proteomics data can be accessed at MassIVE: https://massive.ucsd.edu/ProteoSAFe/static/massive.jsp; accession #:

MSV000085896

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

Animals
Transgenes were inducibly and specifically overexpressed in adipocytes using a Tet-On approach. To this end, mouse lines carrying

an adiponectin promoter-driven reverse tetracycline transactivator (rtTA) and a tetracycline response element (TRE) promoter-driven

transgene of interest were crossed. The TRE-FtMT and TRE-mitoAPPb mouse lines were previously published by Kusminski et al.

(2020) and An et al. (2019), respectively. The TRE-SOD2 shRNA mouse line was a generous gift from Gerald Shadel (Salk Institute

for Biological Studies, La Jolla, CA, USA). All mice used I n this study were males on a C57BL/6 background. Control mice were lit-

termates containing only the adiponectin-rtTA transgene.

Generation of TRE-mitoFlag mice
A mitoFlag DNA cassette encoding an mRuby2-based, FLAG-tagged ‘spaghetti monster’ fluorescent protein (Viswanathan et al.,

2015), triple glycine linker, andmitochondria-targeting fragment of rat synaptojanin-2-binding protein (amino acids 109-145) (Nemoto

and De Camilli, 1999) was synthetized by GENEWIZ (South Plainfield, NJ, USA) and cloned into the pTRE WPRE vector (sequence

available upon request). The TRE-mitoFlag transgene was liberated from this vector, purified, and injected into fertilized C57BL/6

oocytes. Injected oocytes were transplanted into pseudo-pregnant foster mothers and offspring was screened for transgene inser-

tion using the following primers: 50-ATA GAA GAC ACC GGG ACC GA-30 and 50-GGC CAG GAT ATC GAA AGC GA-30. Specific in-

duction of mitoFlag expression was screened for by crossing TRE-mitoFlag positive offspring to adiponectin-rtTA mice.

Human subjects
26 men and women participated in this study, which was approved by the Human Research Protection Office at Washington Univer-

sity School of Medicine in St. Louis, MO (ClinicalTrials.gov number NCT02706262). All subjects provided written consent, informed

consent before their participation. A comprehensive medical evaluation was completed by all subjects to determine eligibility, which

included a history and physical examination, standard blood tests, hemoglobin A1C (HbA1c), an oral glucose tolerance test (OGTT)

and magnetic resonance imaging (MRI) (3-T MAGNETOM Vida; Siemens) to determine intrahepatic triglyceride (IHTG) content. The

subjects were divided into 3 groups:

1) metabolically healthy lean (MHL), defined as a BMI 18.5–24.9 kg/m2; IHTG content %5%, serum triglyceride < 150 mg/dL,

fasting plasma glucose < 100 mg/dL, 2-h OGTT plasma glucose %140 mg/dL, and HbA1c %5.6.

2) metabolically healthy obese (MHO), defined as BMI 30–49.9 kg/m2; IHTG content%5%, serum triglyceride < 150 mg/dL, fast-

ing plasma glucose < 100 mg/dL, 2-h OGTT plasma glucose %140 mg/dL, and HbA1c %5.6.

3) metabolically unhealthy obese (MUO), defined as BMI 30–49.9 kg/m2, IHTG content R5.6% and HbA1c R5.7% or fasting

plasma glucose R100 mg/dL or 2-h OGTT plasma glucose R140 mg/dL.

No subject had a history of diabetes, took medications known to affect the study outcomes, or consumed excessive amounts of

alcohol (> 21 units of alcohol/week for men and > 14 units for women).

SGBS cell culture and differentiation
Human SGBS cells were cultured in basal media (DMEM-F12, 1X penicillin-streptomycin, 33mM biotin, and 17mM pantothenate)

supplemented with 10% FBS . Cells were grown to 80%–90% confluence at 37�C and 5% CO2. SGBS cells were differentiated

into adipocytes with differentiation media (basal media supplemented with 0.01 mg/mL transferrin, 20 nM insulin, 100 nM cortisol,

0.2 nM T3, 25 nM dexamethasone, 250 mM 3-isobutyl-1-methylxanthine [IBMX], and 2 mM rosiglitazone) for 4 days. After this, the

media was changed to maintenance media (basal media supplemented with 0.01 mg/mL transferrin, 20 nM insulin, 100 nM cortisol,

and 0.2 nM T3). Cells were allowed to differentiate for a further 10 days before experiments were conducted

Isolation of stromal vascular cells (SVF) and generation of adipocytes
Inguinal fat pads were dissected from 4-6 week-old mice between. Fat tissues were minced and digested for 1 h at 37�C in buffer

containing 100 mM HEPES, 120 mM NaCl, 50 mM KCl, 1.5% BSA, 5 mM glucose, 1 mM calcium and 1 mg/mL collagenase

D. The dispersed tissue was then filtered through a 100 mm cell strainer, and centrifuged at 600 g for 5 min at 4�C. The pelleted

SVF cells were resuspended in culture media (DMEM/F12 media containing 10% FBS, GlutaMax, 1X penicillin-streptomycin and

gentamicin) and filtered through a 45 mm cell strainer. Cells were centrifuged again as described above. The pelleted cells were re-

suspended in culture media and grown at 37�C, 5% CO2. For in vitro differentiation experiments, SVF cells were allowed to grow
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to �95% confluency. Adipogenesis was induced by culture media supplemented with 500 mM 3-isobutyl-1-methylxanthine (IBMX),

1 mM dexamethasone, 5 mg/mL Insulin and 1 mm rosiglitazone for 2 days. Following the 2 days of induction, cells were maintained in

media containing only 5 mg/mL Insulin. All doxycycline treatments were performed for 24 h at 1 mg/mL before harvest at day 8 of dif-

ferentiation. Isolation of adipocyte precursors from the interscapular brown adipose tissue was done as described above for white fat

pads but with a digestion buffer containing: 100 mMHEPES, 120 mMNaCl, 5 mMKCl, 4% BSA, 5 mM glucose, 1.3 mM calcium and

0.75 mg/mL collagenase B. Adipocyte differentiation was induced by the addition of 500 mM IBMX, 1 nm T3, 1mM dexamethasone,

0.116 mg/mL Insulin, 125 mM indomethacin in culturemedia (DMEMsupplementedwith 10%FBS, penicillin-streptomycin and 20mM

HEPES). Following 2 d of induction, cells were maintained in media containing only 1 nM T3 and 116 ng/mL insulin. Cells were used

for sEV secretion assays at 8 days of differentiation.

Isolation and culture of primary human adipocytes
Subcutaneous adipose tissue was acquired via abdominoplasty from a 30 year-old, non-diabetic female. Adipose tissue lobules

were carefully liberated from fibrous tissue, washed extensively in HBSS and digested in a collagen solution, shaking at 37�C
(DMEM/F-12, 17mM pantothenate, 33mM biotin, 1x penicillin-streptomycin, 50 mg/mL BSA and 1.5 mg/mL collagenase, type II).

Following digestion samples were centrifuged at 600 g for 5 min at room temperature. Floated adipocyte were aspirated and moved

to a fresh tube with HBSS. Adipocytes were washed 3x with HBSS. Adipocytes were re-suspended in culture media (DMEM/F-12

with 5% FBS and 1x, penicillin-streptomycin and 400 mM BSA-conjugated palmitate) at the ratio of 1 mL adipocyte to 10ml media.

The conditioned media was recovered after 16 h of culture, and sEVs were isolated as described below.

Cardiomyocyte isolation and culture
Cardiomyocytes were isolated using the previously published Langendorff-free method (Ackers-Johnson et al., 2016). Mice were

anaesthetized with isoflurane. The chest cavity was opened, and the inferior vena cava was cut. 7 mL EDTA buffer (10 mM HEPES,

0.5 mM NaH2PO4, 130 mM NaCl, 5 mM KCl, 10 mM glucose, 10 mM 2,3-butanedione monoxime (BDM), 10 mM Taurine, and 5 mM

EDTA pH 7.4) was injected into the right ventricle. Lahey forceps were used to clamp the aorta and facilitate clean removal of the

heart. The heart was immediately transferred to a Petri dish with EDTA buffer at 37�C and 10 mL EDTA buffer was slowly injected

into the left ventricle. The heart was moved to a Petri dish with warm perfusion buffer (10 mM HEPES, 0.5 mM NaH2PO4, 130 mM

NaCl, 5 mM KCl, 10 mM glucose, 10 mM 2,3-butanedione monoxime (BDM), 10 mM Taurine, and 1 mMMgCl2 pH 7.4) and perfused

with 3 mL perfusion buffer through the left ventricle. The heart was then transferred to a final Petri dish containing collagenase buffer.

The cardiacmuscle was digested by perfusion of 40-50mL collagenase buffer (perfusion buffer containing 0.5mg/mL collagenase 2,

0.5 mg/mL collagenase 4 and 0.05mg/mL protease XIV) through the left ventricle pre-warmed to 37�C. Once sufficiently dissociated,

the atria were removed, and the ventricular tissue was placed into a Petri dish with 3 mL collagenase buffer. The tissue was pulled

apart with fine forceps to produce �1 mm3 pieces, which were then further dissociated with gentle pipetting. Perfusion buffer con-

taining 5% FBS was added to the cell suspension to stop further digestion, and the sample was then passed through a 100 mm filter.

Myocytes were allowed to settle by gravity for 20 min. The pellet was resuspended and 3 sequential rounds of gravity settling were

performed in buffers containing 0.34, 0.68, and 1.02 mM Ca2+, for calcium re-introduction. Following the final gravity settling step

cells were resuspended in plating medium (M199 media supplemented with 10% FBS, penicillin-streptomycin and 10 mM BDM)

and visualized to ensure the presence of viable, rod-shaped myocytes. The cells were then plated on laminin-coated plates for 1

h. The media was then replaced with culture media (M199 media supplemented with 5% BSA, penicillin-streptomycin, 10 mM

BDM, 1X ITS [Sigma I3146; 100x] and 1X chemically defined lipid [Thermo Scientific 11905-031; 100x]) and cardiomyocytes were

maintained in a humidified cell culture incubator at 37�C, 5% CO2. All experiments were conducted on cardiomyocytes in culture

media within 1 day after isolation.

METHOD DETAILS

Mouse treatments
Transgene expression was induced with mouse chow or HFD- containing 600 mg/kg doxycycline. GW4869 was dissolved in DMSO

at 5 mg/mL then diluted to 0.3 mg/mL in PBS. Each mouse received 200 ml injection solution (60 mg/mouse). Control mice were in-

jected with a 6% DMSO solution in PBS. Where indicated, mice were injected retro-orbitally with �3 mg sEV protein, which corre-

sponded to 1 x109 sEV particles diluted in sterile PBS. For biodistribution studies mice received 30 ug of PHK26-labeled sEVs via

retro-orbital injection every 12 h for a 24 h period. Where indicated mice were injected with 60 mg/kg chloroquine (CQ) diphosphate

salt dissolved in PBS.

Chemicals and reagents
Mature adipocytes were treated for 20 h with the following chemicals: 1 mg/mL doxycycline, 1 mM rotenone, 10 mMantimycin A, 1 mM

oligomycin, 3.5 mM FCCP, 2 mM mitoQ, 0.2 mg/mL buthionine sulfoximine (BSO), 400 mM palmitate-BSA, or 50 mM chloroquine. In

experiments where mitoQ was used to test suppression of oligomycin- or palmitate-induced sEV secretion, adipocytes were pre-

treated with mitoQ 3 h prior to oligomycin or palmitate were added and treatment was maintained for the duration of the 20 h exper-

iment. All palmitate-BSA treated cells received 500 mM carnitine and were compared to the control cells which were treated with the

same amount of BSA and carnitine.
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sEV biodistribution studies
sEVs were stained with PHK26 per the manufacturer’s instructions and injected into C57BL/6 mice as specified in the Mouse treat-

ments section. Mice were euthanized by cervical dislocation under isoflurane. The heart was perfused with ice cold PBS to remove

blood. Cardiac tissue was separated into the left ventricle, right ventricle and atria and sliced into pieces�10 mm thick. Pieces were

mounted onto a microscope slide with Dako fluorescent mounting medium and PHK26 fluorescence was detected using a Zeiss

LSM8800 Airyscan confocal microscope.

Isolation of sEVs from cell culture conditioned media and mouse serum
Adipocytes were cultured on gelatin-coated plates under the indicated conditions in growth media containing sEV-free FBS for 24 h

at day 8 of differentiation. sEVs used for western blot analysis were isolated from the media by differential centrifugation. Freshly

harvested media were centrifuged for 15 min at 600 g, 4�C to remove whole cells. The supernatant was then centrifuged for

20 min at 1,200 g, 4�C to remove cell debris and apoptotic bodies. The resulting supernatant was centrifuged for 30 min at

10,000 g, 4�C to remove large EVs. The final supernatant was centrifuged in a swinging bucket rotor at 100 000 g for 1 h to pellet

sEVs. The pellet was resuspended in PBS and centrifuged again at 100 000 g for 1 h. Serum sEVs were isolated in a similar manner.

Sera from like conditions were pooled to reach 500 ml. Serum samples were diluted to 8mL in PBS and filtered through a 0.2 mmfilter.

The filtrate was centrifuged in a swinging bucket rotor for 1 h at 100 000 g to pellet sEVs. The pellet was resuspended in PBS and

centrifuged again at 100 000 g for 1 h. The final pellet was resuspended in PBS for cell culture treatment or in RIPA buffer (10 mM

Tris-HCl, 2 mM EDTA, 0.3% NP40, 0.3% deoxycholate, 0.1% SDS and 140 mM NaCl pH 7.4) for western blot. Microvesicles

used for cell culture treatment were prepared from plasma samples that were cleared by the first 2 centrifugation steps described

above for isolation of sEVs from culture media. The microvesicles were pelleted by the subsequent 10, 000xg spin and resuspended

in PBS. For mouse injections sEVs were isolated from large volumes of media by the ExtraPEG method (Rider et al., 2016). Large

volumes of media were cleared stepwise as described above to the 10, 000xg centrifugation spin step. A polyethylene glycol 600

(PEG 600)/NaCl solution was added to the supernatant to a final concentration of 8% PEG 600 and 500 mM NaCl to precipitate

sEVs. Samples were incubated overnight at 4�C, and subsequently centrifuged for 45 min at 3,400 xg. The pellet containing the

sEV fraction was resuspended in 10 mL sterile PBS and centrifuged for 1 h at 100, 000 xg. The washed pellet was then resuspended

in sterile PBS, aliquoted and stored at - 80�C. Aliquots were freshly defrosted for each injection, and never freeze-thawed a second

time. In all conditions, adipocyte cultures were only used for sEV isolation if the differentiation rate reached 80% or higher.

OptiPrep density gradient for sEV purification
The protocol was carried out as previously described with minor adjustments (Greening et al., 2015). A crude sEV fraction was iso-

lated from 3 mL mouse serum using the PEG-precipitation method as described above and resuspended in 420 ml 10 mM Tris HCl,

0.25 M sucrose, pH 7.5. The stock solution of OptiPrep (60%w/v Iodixanol) was diluted in buffer containing 10 mM Tris-HCl, 250 mM

sucrose, pH 7.5 to produce gradient solutions of 40%w/v, 20%w/v, 10%w/v, and 5%w/v. A discontinuous gradient was formed by

placing 2.5 mL 40%w/v OptiPrep solution at the bottom of an ultracentrifuge tube and layering 2.5 mL of each solution on top in

from the highest to lowest concentration. The sEV pellet was layered on top. The gradient was centrifuged for 16 h at 100, 000

xg. Twelve, 830 ml fractions were collected from the meniscus, diluted to 10 mL in PBS and centrifuged at 100, 000 xg for 1.5 h.

The pellet of each fraction was resuspended in 30 ml RIPA buffer (10 mM Tris-HCl, 2 mM EDTA, 0.3% NP40, 0.3% deoxycholate,

0.1% SDS and 140 mM NaCl pH 7.4). 10 ul of each lysate was prepped for a non-reducing western blot to detect the tetraspanin

exosome markers. The remaining 20 ml of each sample was denatured and reduced for western blot analysis of mitochondrial

proteins. A second gradient was run simultaneously with the top layer of 420 ml 10 mM Tris HCl, 25 mM sucrose, pH 7.5. Identical

fractions were collected and diluted 1:10, 000. Absorbance at 244 nm was measured for the diluted samples and the iodixanol con-

centration was determined using the extinction coefficient of 3 201 g-1cm-1.

Quantification of sEVs in culture media and serum
SVF cells were differentiated into mature adipocytes. At day 8 of differentiation, adipocytes were treated as indicated in FluoroBrite

DMEM containing 1X penicillin-streptomycin and 10% EV-depleted FBS. FBS was depleted of EVs by centrifugation FBS for 2 h at

120, 000xg. Following 20 h of treatment, 500 ml of media was cleared through sequential centrifugation: 600 xg for 15min, then 1, 200

xg for 20 min. The cleared supernatant was diluted 1:100 in PBS and analyzed using the Particle Metrix ZetaView particle tracking

analyzer. For sEV quantification in serum samples, 10 ml serum was diluted to 1 mL in PBS. Samples were filtered through a 0.2 mm

syringe-driven filter, followed by a 1:100 dilution for nanoparticle tracking analysis (NTA) with the ZetaView. sEVs and lEVs were taken

to have the size distribution of 45 – 200 nm and > 200 nm respectively.

Flow cytometry for FABP4 expression
Bead-assisted flow cytometric analysis of sEVs was conducted as previously described (Suárez et al., 2017). Briefly, purified sEVs

were bound to 4 mm aldehyde/sulfate latex beads in PBS pH 7.4 overnight. sEV-bound beads were blocked in 100 mM glycine for

30 min at room temperature then washed twice with BCB buffer (PBS, 0.1% BSA pH 7.4). Primary antibody against FABP4 was

added to the bead-linked sEVs and incubated for 30 min at room temperature. After washing, the bead-sEVs were incubated with

fluorescent secondary antibody (BV421) for 30 min at room temperature. The beads were washed once and sEVs were stained

with PKH26 cell membrane dye. The bead-sEVs were washed 3 times and analyed by Flow Cytometry. The bead-bound sEVs
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were selected on a forward scatter versus side scatterplot and gated to exclude the debris, which are found in the left lower corner.

EVs were selected based on PE fluorescence from PKH26 dye and the mean fluorescence (MFI) was measured to evaluate the

strength of the signal that represents the amount of sEVs linked to beads.

Immunofluorescence and fluorescent dyes
Cells were washed with PBS and fixed for 20 min with fresh 4% paraformaldehyde. Cells were permeabilized post fixation with 0.1%

Triton X-100 for 10 min. See Key resources table for a list of primary and secondary antibodies. For CellROX images, cells were

treated with 5 mM CellROX reagent for 45 min. Cell were washed 3 times with PBS and imaged live per the manufacturer’s instruc-

tions. TUNEL staining was performed using the In Situ Cell Death Detection Kit (Roche). Where cardiac tissue was stained, hearts

were fixed for 24 h in fresh 4% paraformaldehyde. Tissues were embedded in paraffin blocks and cut into 5 mm sections. Confocal

images were acquired on a Zeiss LSM8800 Airyscan confocal microscope. Other fluorescence pictures were taken with a Keyence

BZ-X700 microscope.

Western blot
At the time of euthanasia, 3 mL ice cold PBS was perfused through the left ventricle of the heart, followed by tissue harvest. Protein

was extracted from tissues by homogenization in PBS supplemented with 1 mM EDTA, 20 mM NaF, 2 mM Na3VO4, and protease

inhibitor cocktail. 5X RIPA buffer was added to the homogenate for a final concentration of 1X (10 mM Tris-HCl, 2 mM EDTA,

0.3%NP40, 0.3%deoxycholate, 0.1%SDS and 140mMNaCl pH 7.4). Cell culture samples were harvested directly in 1 XRIPA buffer

containing 20mMNaF, 2mMNa3VO4, and 1X protease inhibitor cocktail. The samples were then cleared by centrifugation at 10, 000

xg for 5min. 20-50 mg/lane of supernatant protein was separated by SDS-PAGE. For EV blots 20 mg of total EV protein dissolved in 1X

RIPA buffer was loaded in each gel lane. Where indicated EV protein was loaded into the gel by yield from equal volumes of media

(15 ml). Following electrophoresis proteins were transferred to nitrocellulose membrane. The blots were then incubated overnight at

4�C with primary antibodies in a 1% BSA TBST blocking solution. An Odyssey Infrared Imager was used to visualize western blots

with Li-Cor IRdye secondary antibodies. See key resources table for a list of primary and secondary antibodies.

Flag-tag immunoprecipitation
Cardiac tissue lysates were prepared as described in the Western blot section. The anti-Flag antibody (Cell Signaling Technology,

cat# 14793) was bound to protein A coated Dynabeads (ThermoFisher Scientific, cat#: SM0243) in TBST (50mM Tris-HCl,

0.1 mM EDTA, 150 mM NaCl and 0.5% Tween-20, pH 7.5). 100 mg protein were incubated with the anti-Flag beads overnight at

45C. Beads were washed 3 times with TBST and eluted directly in western blot sample buffer with 100 mM DTT at 955C for

5 min. Proteins were then separated by SDS-PAGE. Secondary antibodies described in the Western blot section or the Quick West-

ern Kit (LI-COR), which does not detect denatured IgG, were used for detection.

Protein carbonylation (PC) and thiobarbituric acid reactive substances (TBARS) assays
Tissue was homogenized in cold buffer containing 100 mM sodium acetate, 20 mM NaCl, 0.1 mM EDTA and 0.1 mM PMSF, pH 5.5.

Following tissue disruption Triton X-100 was added to each sample to a final concentration of 1% and incubated for 20 min on ice.

Homogenates were cleared for 10 min at 16, 000 xg, 4�C. Protein concentrations of the supernatants were determined. For protein

carbonylation detection, 50 mg of protein was combined with 0.5 mM EZ-Link hydrazide-biotin. The samples were incubated at room

temperature for 2 h, after which, the reaction was stopped by addition of protein loading buffer (Li-Cor) in the absence of a reducing

agent. Proteins were allowed to denature at room temperature for 20 min and separated by SDS-PAGE and transferred to a PVDF

membrane. Detection of biotin-modified protein was accomplished using 800W labeled streptavidin. Membranes were re-probed

with anti-GAPDH antibodies for a loading control as described in theWestern blot section. For the TBARS assay, 100 ml of the cleared

supernatant used for the protein carbonylation assay was neutralized by the addition of 10 ml 10X PBS. The resulting sample was

combined with 200 ml of cold 10% trichloroacetic acid to precipitate protein. Samples were allowed to incubate on ice for 20 min

and then centrifuged at 2, 200 xg for 15 min at 4�C. The supernatants were transferred to a new tube and an equal volume of

0.67%w/v thiobarbituric acid (TBA) was added. Samples were boiled for 10min at 95�C following which the absorbance of each sam-

ple was measured at 540 nm on a TECAN Sunrise plate reader. The concentration of lipid peroxides was calculated from an 1,1,3,3-

tetramethoxypropane (MDA) standard curve prepared in parallel to the experimental samples.

Mitochondrial DNA (mtDNA) determination
Mitochondria DNA content (mtDNA) was assessed by absolute quantification using real-time PCR. DNA was isolated from

tissue samples using QIAamp DNA Micro Kit (QIAGEN). Primers for mouse mtDNA were adopted from Malik et al. (2016) to

assess the DNA quality of the samples before assessment of human mtDNA, Fwd: 50CTAGAAACCCCGAAACCAAA30 and Rev:

50 CCAGCTATCACCAAGCTCGT30. Mouse b-2 microglobulin (B2M) primers were used to amplify mouse nuclear DNA Fwd:

50 ATGGGAAGCCGAACATACTG30 and Rev: 50 CAGTCTCAGTGGGGGTGAA30. Primers for the humanmtDNA gene mitochondrially

encoded tRNA leucine 1 (MT-TL1), were adopted from Venegas and Halberg (2012) Fwd: 50CACCCAAGAACAGGG TTTGT30 and
Rev: 50TGGCCATGGGTATGTTGTTA30. Human B2M nuclear DNA as assessed with the primers, Fwd: 50TGCTGTCTC

CATGTTTGATGTATCT30 and Rev: 50TCTCTGCTCCCCACCTCTAAG T30. No human nuclear DNA was detected in mouse tissues.

PCR products were purified, and dilution standards were prepared with a range of 10-108 copies per 2 ml for absolute quantification.
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mtDNA and nuclear DNA copy number was determined from template DNA by qPCR using a Quant Studio 6 Flux (Applied

Biosystems) and PowerUP SYBR Master Mix (Applied Biosystems) using the following protocol: preincubation at 95�C for 20 s; de-

saturation at 95�C for 1 s; annealing and extension at 60�C for 20 s (repeated denaturation and extension for 40 cycles). Specificity of

the primers were confirmed by a single melt peak after melt curve analysis. For mtDNA quantification in human plasma sEVs, sEVs

were isolated from 500ul plasma and incubated with 1 unit DNase I for 1 h at 37�C to digest contaminating DNA. DNase I was inac-

tivated by heating samples to 65�C for 10min. sEV DNAwas extraction with the QIAampDNAmicro kit andmtDNAwas quantified as

described above.

Lipid Capture Elisa for sEV Cargo in Human Plasma
This assay was adapted from a previously described protocol for a lipid-based EV capture system (Wan et al., 2017). DSPE-PEG-

biotin was used as the lipid capture probe. DSPE-PEG-biotin was dissolved in 50% ethanol to make a 5mM stock solution, aliquoted

and stored at �80�C. The day of the assay DSPE-PEG-biotin was diluted to 200 mM in Elisa wash buffer (PBS pH 7.4, 0.1% BSA,

0.05% Tween-20). 100ml of this working stock was added to the wells of a streptavidin-coated 96 well plate and incubated for

30 min, shaking at room temperature to immobilize the probe. Following washing, 40 ml human plasma was added to each well con-

taining 80 ml Diluent C (Sigma). Model human plasma with a known EV concentration was serially diluted and used for a standard

curve. The plate was incubated for 1 h at room temperature, shaking, to capture lipid-particles. The plate was washed, and captured

lipid particles were permeabilized with 0.001%Triton X-100 for 5min at room temperature. Wells were than incubated with anti-mito-

chondria primary antibody (Abcam) and anti-mouse HRP secondary antibody in sequence. After extensive washing 100 ml of TMB

substrate solution (ThermoFisher) was added to each well and after acceptable development, the reaction was stopped with Stop

Solution (ThermoFisher). Absorbance was read at 450nm.

qPCR
Tissues were homogenized in TRIzol (ThermoFisher) using the QIAGEN TissueLyser II. RNA was isolated per the manufacturer’s pro-

tocol. RNA yield and quality were determined using a NanoDrop. cDNA was prepared by reverse transcribing 1 mg of RNA with the

iScript cDNASynthesis Kit (BioRad). Gene expression was calculated by the standard threshold cycle method using B2M for normal-

ization. Primers for the TRE-mitoFlag transcript are, Fwd: AGTTCAAGTGCACCGGAGAG and Rev: GGCCAGGATATCGAAAGCGA.

Transmission electron microscopy (TEM)
For visualization of MDVs and budding mitochondria by TEM, 5 ml of the either the MDV fraction or isolated mitochondria were fixed

overnight with fresh 4% paraformaldehyde. 5 ml of the fixed MDV solution was transferred to each Formvar-carbon coated electron

microscopy grid (200mm Cu). The grids were covered and incubated for 10 min at room temperature. The grids were washed with

distilled water, stained with 2% uranyl acetate, and imaged on a JEOL 1200EX transmission electron microscope.

Serum sEV and cardiomyocyte seahorse analysis
sEV oxygen consumption rates (OCRs) were determined using an Agilent Seahorse XFe24 Analyzer. Control and adipo-FtMT mice

were fed dox-HFD for 3 weeks, sera were collected and samples from like genotypes were pooled, if need be, to reach 400 ml. Serum

samples were diluted to 1 mL in PBS and filtered through a 0.2 mm filter. 1 mL polyethylene glycol 600 (PEG600)/NaCl solution were

added to the filtrate to final concentrations of 8%PEG600 and 500mMNaCl to precipitate sEVs. Sampleswere rocked for 2 h a at 4�C
and then centrifuged for 30 min at 3,500 g, 4�C. Each sEV pellet was resuspended in 50 ml MAS1 buffer (70 mM sucrose, 220 mM

mannitol, 10 mM KH2PO4, 5 mM MgCl2, 2 mM HEPES, 1 mM EGTA, and 0.2% FA-free BSA, pH 7.2) containing 8% PEG. Samples

were transferred to XF24 V7 cell culture microplates and centrifuged for 30 min at 3,500 g, 4�C to pellet the sEVs at the bottom of the

plate. The plate was then subjected to a 10min equilibration period in a 37�C incubator. 450 ml starting buffer containing 8%PEG600

was carefully added to each well without disturbing the pellet. The plate was then transferred to the Seahorse Analyzer. For the elec-

tron flow (EF) experiments, the starting buffer was MAS1 containing 10 mM pyruvate, 2 mMmalate, and 4 mM FCCP. OCRmeasure-

ments were obtained following sequential additions of rotenone (2 mM final), succinate (10 mM final), and antimycin A (4 mM final). For

the electron-coupling experiments (EC), the starting buffer was MAS1 containing 10 mM succinate and 2 mM rotenone. OCR mea-

surements were obtained following sequential additions of ADP (4 mM final), oligomycin (2 mM final), and FCCP (4 mM final). For car-

diomyocyte Seahorse assays, primary cardiomyocytes were plated on laminin-coated Seahorse cell culture plates. 3 h after plating,

the cells were treated with 1x108 adipocyte-derived sEVs as indicated. OCRs were obtained following sequential addition of oligo-

mycin (1.2 mM final), FCCP (4 mM final), and rotenone/antimycin A (1 mM final each). All chemicals were purchased from Sigma-

Aldrich.

Cardiac mitochondria oxygen consumption
Wild-type mice were injected with 1x109 adipocyte-derived sEVs as indicated and euthanized 2 h later. Cardiac tissue was perfused

with 3 mL cold isolation buffer (10 mMMOPS, 1 mM EDTA, 210mMmannitol, and 70mM sucrose, pH 7.4). The tissue was disrupted

in ice cold isolation buffer using a Potter-Elvehjem homogenizer. The homogenate was centrifuged at for 10 min at 600 g, 4�C. The
resulting supernatant was filtered through cheese cloth and centrifuged at for 15 min at 10,000 to pellet mitochondria. Mitochondria

were resuspended in isolation buffer to a final concentration of 15mg/mL.Mitochondria were diluted to 250 mg/mL room temperature

respiration buffer (10 mM MOPS, 5 mM K2HPO4, 210 mM Mannitol, and 70 mM sucrose, pH 7.4) containing 100 mM pyruvate and
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1 mM malate or 25 mM palmitoyl-carnitine and 1 mM malate. OCRs were determined at room temperature using a Neofox oxygen

chamber with 175 ml capacity or using the Seahorse Flux Analyzer. For the Neofox experiments state 3 respiration was initiated at

2 min after transfer of sample to the oxygen chamber by addition of 250 mM ADP. For the Seahorse electron flow experiment,

5 mg of mitochondria were transferred to XF24 V7 cell culture microplates and centrifuged for 20 min at 3,500 g, 4�C to pellet the

mitochondria at the bottom of the plate. The plate was then subjected to a 5min equilibration period in a 37�C incubator. 450 ml start-

ing buffer (MAS1 containing 10 mM pyruvate, 2 mMmalate, and 4 mM FCCP) was carefully added to each well without disturbing the

pellet. the starting buffer was. OCR measurements were obtained following sequential additions of rotenone (2 mM final), succinate

(10 mM final), antimycin A (4 mM final) and ascorbate (10 mM final)/TMPD (100 mM final).

Mitochondria-derived vesicle (MDV) reconstitution assay
The protocol used for In vitroMDV production was adapted from that described by Soubannier et al. (2012b). Inguinal fat pads were

freshly harvested from control and adipo-FtMT mice, which had both been on dox-HFD for 3 weeks. Mitochondria were isolated as

described above in the Cardiac mitochondria oxygen consumption section. Mitochondria were diluted to 1 mg/mL in respiration

buffer containing with 10 mM pyruvate, 2 mM malate and 2.5 mM ADP at 37�C to stimulate ATP production. Where indicated

50 mM antimycin A was added to the incubation. Following 1 h incubation, mitochondria were pelleted by centrifugation for 5 min

at 10, 000 xg. The supernatant, containing released MDVs, was digested with proteinase K to remove contaminating proteins that

were not protected by vesicle membrane. Following addition of 2 mM PMSF, the membrane-protected proteins were used for west-

ern blot analysis, electron microscopy or NTA.

MitoB/MitoP mass spectrometry assay
Measurement of in vivo mitochondrial H2O2 production was performed according to the previously published protocol with modifi-

cations to the LC-MS/MSmethod (Cochemé et al., 2012). In brief, mice were injected retro-orbitally with 0.8 mmol/kg MitoB (Cayman

Chemical, cat# 17116).Micewere euthanized 3 h after injection and 100mgof tissueswere clamp-frozen. Tissueswere processed as

previously described previously (Cochemé et al., 2012). MitoB andMitoP compounds were analyzed by injecting 1 mL of sample into

the LC/MS/MS system consisting of a Shimadzu LCMS-8060 triple quadrupole mass spectrometer operating the DUIS ion source in

electrospray positive mode coupled to a Nexera X2 UHPLC (Shimadzu Scientific Instruments, Columbia, MD). Compounds were

resolved on a Fluorophenyl column (2.7 micron, 2.1x100 mm, Restek Corporation, Bellefonte, PA) maintained at 30�C. The mobile

phase consisted of water containing 0.1% formic acid (eluent A) and acetonitrile containing 0.1% FA (eluent B). Gradient elution

was performed starting at 20% eluent B, a linear increase to 75% eluent B until 2.0 min, a step to 100% eluent B until 2.1 min,

100% eluent B until 5.6 min and re-equilibration from 5.7 until 7 min. The flow rate was set to 0.5 mL/minute.

Proteomics
Samples were run �5 mm into an SDS-PAGE gel. Proteins were stained with GelCode Blue. All proteins were excised from the gel

and submitted to the UT Southwestern Proteomics Core. Samples were processed as previously described (Kalantari et al., 2016).

Cardiac ischemia/reperfusion
14 week-old male mice were subjected to cardiac ischemia by totally occluding the left anterior descending (LAD) coronary artery for

45min. In brief, mice were anaesthetized in an airtight chamber using 2.5% isoflurane, endotracheally intubated, and ventilated using

a Harvard Apparatus volume control ventilator with 100% O2, supplemented with 2.5% vaporized isoflurane. Following lateral tho-

racotomy (from the 4th intercostal space) and pericardiectomy, the LAD coronary artery was visualized and ligated with 6-0 prolene

suture mounted on a 2-3mm long piece of PE-10 tubing. Occlusion of the LAD coronary artery resulted in immediate blanching of the

left ventricular anterior wall indicative of myocardial ischemia. Thereafter, deep anesthesia was maintained with 1.5% isoflurane. Af-

ter 45 min of LAD coronary artery occlusion, the ligation was removed and reperfusion was visually confirmed. Subsequently, the

thoracic cavity and skin were closed in layers using 6-0 absorbable Vicryl sutures. Mice were extubated and moved to cages on

a heating pad for 2 h. Mice were subjected to echocardiography 24 h and 7 days after surgery. Infarct size was measured by TTC

stain at 24 h of reperfusion and histological assessment at 7 days of reperfusion.

Histological assessment of infarct size
Mice were sacrificed 7 days after I/R. Hearts were harvested and immediately washed with PBS supplemented with 1 M KCl. Hearts

were fixed for 24 h in fresh 4% paraformaldehyde. Each heart was cut into 2 mm sections using a mouse heart slicer matrix (Zinc

Instruments) to ensure identical regions are sectioned for histology between hearts. Cut samples were submitted to the University

of Texas Southwestern Molecular Pathology Core for paraffin embedding, sectioning, and Masson’s Trichrome stain.

Cardiac TTC stain
The staining protocol was adapted from a previously publish protocol (Kim et al., 2012). For the TTC stain the PE-10 tubing was

removed during reperfusion but the suture loopwas left intact. 24 h after the surgery themicewere anesthetized, intubated and venti-

lated. After opening the chest cavity, the LAD was re-ligated by forcing the tip of a cut pipet tip through the loop. A small piece of __

tubing was used to wrap the pipet tip to provide friction so that the suture did not slip. The heart was then immediately perfusedwith a

2% Evan’s blue dye solution dissolved in PBS, pH 7.4 by injection into the upper left ventricle. The heart was subsequently perfused
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with 1ml of 1MKCl in PBS, pH 7.4 by injection at the same location. The heart was then removed rinsed in PBS and frozen at - 80�C for

15 min. Each heart was cut into 1 mm sections using a mouse heart slicer matrix (Zinc Instruments) and each piece was placed in a

well of a 96 well plate containing a 1% (w/v) 2,3,5-Triphenyltetrazolium chloride (TTC) solution in a phosphate buffer, pH 7.4. Heart

slices were incubated in TTC at 37�C for 20 min. Each slice was transferred into another well containing 10% formalin buffered with

PBS, pH 7.4. Imageswere takenwith a Zeiss SteREODiscovery stereoscope. ImageJ software was used for planimetry. Only images

that had a clearly defined area at risk (red only) and infarct (white) were quantified.

Echocardiography
Assessment of left ventricular systolic function was performed on conscious mice using a VisualSonics Vevo 2100 micro ultrasound

system. Echocardiographic M-mode images were obtained from a parasternal short axis view. The echocardiography and data anal-

ysis were performed by a single, blinded individual. The left ventricular ejection fraction (LVEF) and left ventricular fractional short-

ening (LVFS) were calculated.

Cardiac troponin I measurements
Plasma was collected from mice 1 day after ischemia/reperfusion and cardiac troponin I was determined using a Cardiac Troponin I

(CTNI) ELISA Kit (Life Diagnostics).

QUANTIFICATION AND STATISTICAL ANALYSIS

All data is presented as mean ± SEM Statistical significance was determined by a one or two-sided Student’s t tests or, where indi-

cated, two-way ANOVAs. A p value < 0.05 was considered to be statistically significant (*p < 0.05, ** p < 0.01 and ***p < 0.001). All

qPCR data points are the average of technical duplicates. For all mouse studies, the n value corresponds to individual mice of a given

treatment. For in vitro-derived adipocyte culture experiments, the n values correspond to separate SVF preparations from separate

mice or a different passage number of SVF from the samemouse. For cardiomyocyte experiments and isolated cardiacmitochondrial

oxygen consumption experiments, the n values correspond to separate preparations from separate mice. Data was analyzed using

GraphPad Prism Software version 8.4.3 and Microsoft Excel version 16.38.
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