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blood for systemic distribution to distant
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to macrophages to divert adipocyte-derived
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SUMMARY

Adipocytes transfer mitochondria to macrophages in white and brown adipose tissues to maintain metabolic
homeostasis. In obesity, adipocyte-to-macrophage mitochondria transfer is impaired, and instead, adipo-
cytes release mitochondria into the blood to induce a protective antioxidant response in the heart. We found
that adipocyte-to-macrophage mitochondria transfer in white adipose tissue is inhibited in murine obesity
elicited by a lard-based high-fat diet, but not a hydrogenated-coconut-oil-based high-fat diet, aging, or a
corn-starch diet. The long-chain fatty acids enriched in lard suppress mitochondria capture by macrophages,
diverting adipocyte-derived mitochondria into the blood for delivery to other organs, such as the heart. The
depletion of macrophages rapidly increased the number of adipocyte-derived mitochondria in the blood.
These findings suggest that dietary lipids regulate mitochondria uptake by macrophages locally in white ad-
ipose tissue to determine whether adipocyte-derived mitochondria are released into systemic circulation to

support the metabolic adaptation of distant organs in response to nutrient stress.

INTRODUCTION

Obesity is an increasingly prevalent metabolic disease and af-
fects more than 42% of adults in the United States (Hales
et al., 2020). The expansion of white adipose tissue (WAT) in
obesity is characterized by mitochondrial dysfunction in adipo-
cytes and chronic low-grade inflammation in WAT (Hotamisligil,
2017; Sun et al., 2011). Although many innate and adaptive im-
mune cells have been identified in white, beige, and brown fat
depots, macrophages have emerged as particularly important
regulators of adipose tissue function (Dalmas et al., 2011; Hota-
misligil, 2017; Olefsky and Glass, 2010; Wellen and Hotamisligil,
2003). In the lean state, adipose tissue-resident macrophages
support the regulation of lipid, glucose, and energy metabolism
(Brestoff and Artis, 2015; McNelis and Olefsky, 2014). However,
in the context of obesity, pro-inflammatory macrophages accu-
mulate in WAT and directly contribute to metabolic dysfunction
in adipocytes and metabolic disease pathogenesis (Hotamisligil,
2017; Lumeng et al., 2008; Lumeng et al., 2007; Makki et al.,

L)
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2013; Saltiel and Olefsky, 2017). Although it is well established
that immune cells can orchestrate metabolic responses in adi-
pose tissues, the mechanisms by which adipocytes and various
immune cell populations communicate are not fully understood.

An emerging body of literature indicates that some cells can
transfer their mitochondria to other cell types in vitro and in vivo.
Mitochondria can be released from cells as free mitochondria or
in extracellular vesicles (EVs), and both of these forms of mito-
chondria have been reported to circulate in the blood of mice
and humans (Al Amir Dache et al., 2020; Boudreau et al., 2014;
Crewe et al., 2021; Levoux et al., 2021). Some cell types can
engulf released mitochondria to support their metabolic fitness.
For example, it has been observed that mitochondria-deficient
p? cells, which lack functional mitochondria, can capture purified
mitochondria from supernatants or other cells in vitro and utilize
these exogenous mitochondria to rescue defects in aerobic
respiration and enhance cell division (Chang et al., 2019; Gries-
singer et al., 2017; Jackson et al., 2016; Kim et al., 2018; Spees
et al.,, 2006). In vivo, astrocytes can donate mitochondria to
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neurons in the setting of ischemic stroke to support neuronal sur-
vival (Hayakawa et al., 2016), and some cancer cells can capture
mitochondria to support tumorigenesis and cell proliferation
(Dongetal.,2017; Luetal., 2017; Rebbeck et al., 2011). Intercel-
lular mitochondria transfer has also been linked to mitochondria
quality control in the heart and brain (Evans and Holzbaur, 2020;
Nicolas-Avila et al., 2020), protection from lipopolysaccharide-
induced acute lung injury (Islam et al., 2012), platelet activa-
tion-associated inflammation and wound healing (Boudreau
et al.,, 2014; Levoux et al., 2021), immune cell activation in
response to infection (Mistry et al., 2019), and inflammation
following lung transplantation (Scozzi et al., 2019).

Recently, we demonstrated that adipocytes transfer mito-
chondria to macrophages in WAT in vivo at steady state in a hep-
aran sulfate (HS)-mediated process (Brestoff et al., 2021). Ge-
netic disruption of intercellular mitochondria transfer to
macrophages by conditional deletion of the HS biosynthesis
gene Ext1 was associated with decreased energy expenditure,
accumulation of fat mass on a chow diet, and exacerbated
diet-induced obesity in mice. This suggests that intercellular
mitochondria transfer may contribute to the regulation of sys-
temic metabolic homeostasis. It has also been shown that in
high-fat diet (HFD)-induced obesity, adipocytes release oxida-
tively damaged mitochondria into the blood in small EVs for de-
livery to distant organs such as the heart (Crewe et al., 2021). In-
ter-organ transport of adipocyte-derived mitochondria induces
an antioxidant response that metabolically preconditions the
heart to defend against cardiometabolic stress. However, the
factors that determine whether adipocytes transfer their mito-
chondria locally to WAT-resident macrophages or systemically
to the heart are poorly understood. Here, we show that dietary
long-chain fatty acids (LCFAs) directly inhibit mitochondria
transfer to tissue-resident macrophages, diverting adipocyte-
derived mitochondria into circulation for distribution to distant
organs.

RESULTS

Analysis of mitochondria transfer networks

To investigate the diversity of intercellular mitochondria transfer
axes from adipocytes to other cell types in white, beige, and
brown fat, we performed multidimensional spectral flow cytom-
etry of epididymal WAT (eWAT), inguinal WAT (iWAT), and inter-
scapular brown adipose tissue (BAT) from adipocyte-specific
mitochondria reporter (MitoFat) mice and analyzed the data us-
ing machine learning (Figure 1A). To ensure consistent clustering
across datasets, we included two separate experiments. The
first compared young (4 to 5 months old) and aged (22 to
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24 months old) MitoFat mice fed a normal chow diet. The second
compared young MitoFat mice fed a chow diet, lard-HFD, or hy-
drogenated coconut oil (HCO)-HFD. After batch correction, a
uniformed manifold approximation and projection (UMAP) of
singlet live cells was generated (mtD2 excluded).

This analysis produced 21 distinct clusters of cells (Figure 1B)
that were defined by marker distribution (Figure S1A; Table S1),
including various innate and adaptive immune cell populations
and five CD45-negative non-immune cell types. To determine
the identities of the non-immune cells, we designed a second
panel (Table S2) with a large degree of overlap with the first.
Common markers were used in a batch-specific nearest
neighbor analysis (Haghverdi et al., 2018) to map clusters from
panel 2 to panel 1 (Figure S1B). Panel 2 successfully mapped
to each original cluster (Figure S1C) with variable degrees of con-
fidence (Figure S1D). Using cells that were mapped confidently,
we defined clusters 1, 2, and 18 as CD31+ CD34+ EpCAM+
endothelial cells (ECs) and clusters 4 and 10 as PDGFR-«
(CD140a)+ adipocyte progenitor cells (APCs) (Figures 1B and
S1E), with cluster 4 being CD9"9" fibro-adipogenic progenitors
(FAPs) and cluster 10 being CD9'°" APCs committed to adipo-
genesis (Marcelin et al., 2017).

We observed tissue-specific differences in the immune cell
composition of the three adipose tissue depots at steady state
(Figure 1C). An overlay of mtD2-positive cellular density on the
UMAP, which reflects both cellular abundance and mtD2+ fre-
quency, suggested that adipocytes transfer mitochondria to
various cell types in a tissue-specific manner (Figure 1D). In
eWAT and iWAT, macrophage clusters 3 and 5 were the domi-
nant recipients of adipocyte-derived mitochondria. Although
macrophages were also prominent recipients of adipocyte-
derived mitochondria in BAT, as recently reported (Rosina
et al., 2022), neutrophils (cluster 9) were the most abundant
mtD2+ cell population overall, given the large number of neutro-
phils in BAT (Figures 1C and 1D). An EC population (cluster 2)
was also a prevalent mtD2+ cell type in iWAT and BAT, and a
low frequency of adipogenic APCs (cluster 10) were mtD2+
in BAT.

To visualize the percentage of each cell type that might contain
adipocyte-derived mitochondria, we generated “clock-face dia-
grams” (Figure 1E). Cluster size reflects relative population abun-
dance. Each cluster is annotated with a minute/hour hand defining
the percentage of cells that are mtD2+. In eWAT, adipocyte-
derived mitochondria transfer was most appreciable in macro-
phage clusters 3 and 5. There were less prevalent but detectable
mitochondria transfer axes from adipocytes to monocytes, den-
dritic cells, a population of B cells, and EC cluster 2 (EC2) (Fig-
ure 1F). In iWAT, macrophage clusters 3 and 5 and EC2 were the

Figure 1. Multidimensional spectral flow cytometry reveals tissue-specific mitochondria transfer axes from adipocytes in white, beige, and

brown fat
(A) Experimental design.

(B) UMAP embedding for 384,869 cells randomly sampled, with annotated clustering.
(C) Numbers per gram of the indicated cell types in e WAT, iWAT, and BAT from n = 8 MitoFat mice. Data are expressed as mean + SEM. One-way ANOVA with

LSD post hoc test per cell type. *p < 0.05, **p < 0.01, and ***p < 0.001.
(D) Relative density of mtD2+ cells.

(E) Clock-face diagram showing the degree of mitochondria transfer from adipocytes to each of the 21 clusters. Dot size reflects relative cluster abundance, and

the minute/hour hands are the mean percent mtD2+.
(F) Clock-face diagrams parsed by eWAT, iWAT, and BAT.
See also Figure S1 and Tables S1 and S2.
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Figure 2. Aging-associated obesity minimally affects mitochondria
transfer from adipocytes to other cell types in adipose tissues
(A-D) (A) Body weight and (B) eWAT, (C) iWAT, and (D) BAT masses of young (4
to 5 months old; n = 5) or aged (22 to 24 months old; n = 5) MitoFat mice on a
normal chow diet.

(E) Clock-face diagrams comparing mitochondria transfer axes between
young and aged MitoFat mice, parsed by eWAT, iWAT, and BAT. Mean + SEM.
Students t tests. *p < 0.05 and **p < 0.01.

See also Figure S2.
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dominant mtD2+ cell types. In BAT, adipocyte-to-macrophage
mitochondria transfer was also predominant in macrophage clus-
ters 3 and 5, EC2, and neutrophil cluster 9. Less prevalent but
detectable mtD2+ cells in BAT included monocyte cluster 11,
DCs, and adipogenic APC cluster 10. mtD2+ adipogenic APCs
were not detected in eWAT or iWAT, and FAP cluster 4 was not
mtD2+ in any of the adipose depots. These findings suggest
APCs are not frequent recipients of adipocyte-derived under
steady-state conditions, especially in WAT. Collectively, these
data suggest there are tissue-specific networks of mitochondria
transfer from adipocytes to other cell types in eWAT, iWAT, and
BAT but that macrophages are dominant recipients of adipo-
cyte-derived mitochondria across these tissues.

Effect of aging and HFD on mitochondria transfer
networks in adipose tissue

To investigate how the network of mitochondria transfer axes
originating from adipocytes is altered in aging, we compared
22- to 24-month-old MitoFat mice (Aged) and 4- to 5-month-
old MitoFat controls (Young). Aged MitoFat mice weighed
more than young mice (Figure 2A) and had increased eWAT,
IWAT, and BAT masses (Figures 2B-2D). Histologic analyses
indicated that aging was associated with increased adipocyte
size in eWAT, iWAT, and BAT and whitening of iWAT and BAT
(Figure S2A). Aging was also associated with vascular rarefac-
tion of all three adipose depots (Figure S2B). Cleaved
Caspase-3, an indicator of apoptotic cell death in obese adipose
tissue (Alkhouri et al., 2010), was also increased in e WAT, iWAT,
and BAT from aged mice (Figure S2C).

Despite the marked accumulation of fat mass and the morpho-
logic changes in adipose in aged mice, surprisingly, we did not
observe impaired mitochondria transfer from adipocytes to mac-
rophages in eWAT, iWAT, or BAT with aging (Figure 2E). The only
mitochondria transfer axis that appeared to be substantially
altered in aged MitoFat mice was a reduction in mitochondria
transfer from adipocytes to EC2 in BAT (Figure 2E). Previous
studies indicate that HS (Brestoff et al., 2021) and CD36 (Rosina
et al., 2022) mediate mitochondria uptake by macrophages. We
found that expression of HS was reduced in EC2 in eWAT and
BAT of aged (19 months old) versus young (4 months old)
MitoFat mice (Figure S2D). CD36 expression was also reduced
in EC2 in aged eWAT, but not in BAT (Figure S2E). These data
indicate that aging-associated obesity is not associated with
marked shifts in the network of intercellular mitochondria trans-
fer from adipocytes to immune cells such as macrophages in
white, beige, or brown fat.

Considering that aged mice are obese but do not exhibit the
same phenotype as young mice fed a HFD (Brestoff et al,,
2021), we hypothesized that a dietary factor present in the
HFD might impair intercellular mitochondria transfer. To test
this, we compared the network of mitochondria transfer axes
from adipocytes with other cell types in eWAT, iWAT, and BAT
of mice fed a normal chow diet, a lard-HFD (predominantly
palmitate, stearate, oleate, and linoleate), or HCO-HFD (predom-
inantly laurate and myristate; Figure S3A). Consistent with prior
reports (Stott and Marino, 2020; Wang et al., 2017), mice fed a
lard-HFD or HCO-HFD were heavier (Figure 3A) and accumu-
lated more eWAT, iIWAT, and BAT mass than mice fed a chow
diet (Figures 3B-3D), but body and fat masses were significantly
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Figure 3. Dietary lipids inhibit mitochondria transfer from adipocytes to macrophages in WAT

(A-D) (A) Body weight and (B) eWAT, (C) iWAT, and (D) BAT masses of young MitoFat mice fed a chow (n = 3), lard-based high-fat diet (HFD; n = 5), or hy-
drogenated coconut oil (HCO)-based HFD (n = 6) for 9 weeks.
(E) Clock-face diagrams comparing mitochondria transfer axes among the three groups, parsed by eWAT, iWAT, and BAT. Mean + SEM. One-way ANOVA with
Tukey’s post hoc test. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

See also Figure S3.

lower with the HCO-HFD than lard-HFD. For both lard-HFD and
HCO-HFD, histologic analyses demonstrated increased adipo-
cyte size in eWAT, iWAT, and BAT and whitening of iWAT and
BAT compared with chow controls (Figure S3B). The two diets
had similar effects on adipose vascular rarefaction (Figure S3C),

as is known to occur in obese adipose (Shimizu et al., 2014). In
contrast, cleaved caspase-3 was markedly higher in lard-HFD
eWAT and iWAT than in the HCO-HFD and chow-fed mice (Fig-
ure S3D), suggesting that the degree of apoptotic cell death may
be elevated with a lard-HFD, but not HCO-HFD.
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In eWAT, the lard-HFD was associated with a global contrac-
tion in mitochondria transfer from adipocytes, most notably to
macrophage clusters 3 and 5 (Figure 3E). However, the HCO-
HFD did not result in reductions in any of the mitochondria trans-
fer axes that originated from adipocytes in eWAT, including to
macrophage clusters 3 and 5, compared with chow-fed controls.
In iIWAT, the networks of mitochondria transfer axes had similar
patterns in MitoFat mice fed a lard-HFD or HCO-HFD, although
it appeared that for both HFDs, there were slight increases in
mitochondria transfer to macrophage cluster 3, monocyte cluster
21, and dendritic cells as well as slightly decreased mitochondria
transfer to EC cluster 2. In stark contrast to e WAT, in BAT, several
mitochondria transfer axes were induced with lard-HFD feeding,
including from adipocytes to EC clusters 2 and 18, macrophage
clusters 3 and 5, and monocyte clusters 11 and 21. Neutrophils
in BAT appeared to have reduced mitochondria transfer from ad-
ipocytes with a lard-HFD. These changes were not apparent in
BAT of mice fed an HCO-HFD. Collectively, these data suggest
that dietary lipids may have tissue-specific effects on intercellular
mitochondria transfer axes, with lard-HFD impairing mitochon-
dria transfer in eWAT but inducing mitochondria transfer in BAT.

To account for differences in obesity severity with lard-HFD
and HCO-HFD, we performed a weight-matched comparison.
We pooled n =6 chow, n =6 lard-HFD, and n = 6 HCO-HFD Mi-
toFat mice from 2 separate cohorts, with the goal of establishing
lard-HFD and HCO-HFD groups with similar body weights (p =
0.276; Figure S3E). In eWAT, a lard-HFD, but not HCO-HFD,
was associated with decreased mitochondria transfer from adi-
pocytes to macrophages (Figure S3F). IniWAT, no significant dif-
ferences were observed across the three diets. In BAT, there was
a significant increase in mitochondria transfer from brown adipo-
cytes to macrophages in lard-HFD mice, but not in weight-
matched HCO-HFD mice. These data suggest that the differ-
ences in adipocyte-to-macrophage mitochondria transfer
observed between lard-HFD and HCO-HFD are not due to differ-
ential weight gain.

Next, we compared levels of both HS and CD36 on each cluster.
Macrophage clusters 3 and 5 in eWAT from lard-HFD MitoFat
mice had lower levels of HS (Figure S3G) and CD36 (Figure S3H)
than corresponding clusters on a chow diet. These effects were
partially or fully restored in eWAT macrophages in mice fed an
HCO-HFD. In iWAT macrophages, where adipocyte-to-macro-
phage mitochondria transfer is not appreciably altered, there
were minimal-to-no changes in HS or CD36 expression levels
across the three diets. In contrast, in BAT, CD36, but not HS, ap-
peared to be upregulated on macrophages from mice fed a lard-
HFD, but not HCO-HFD, reflecting a similar pattern that was
observed for mitochondria transfer to macrophages. These data
suggest that macrophage expression of HS and CD36, which
mediate mitochondria transfer to macrophages in adipose (Brest-
off et al., 2021; Rosina et al., 2022), may be regulated by diet.

LCFAs inhibit mitochondria uptake by macrophages

LCFAs such as palmitate induce a pro-inflammatory phenotype
in WAT-resident macrophages (Coats et al., 2017; Kratz et al.,
2014). Therefore, we initially tested whether palmitate was suffi-
cient to impair mitochondria uptake by macrophage-like BV2
cells. We treated BV2 cells with bovine serum albumin (BSA)
(125 puM) or BSA conjugated with palmitate (500 pM), which is
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equivalent to ~11 nM of free unbound palmitate (Table S3)
(Spector et al., 1971; Huber et al., 2006; Zhu et al., 2018) and
is similar to the palmitate:BSA ratio of 4:1 seen in HFD-induced
obese mice (Yamato et al., 2007). We found that palmitate
decreased the percentage of BV2 cells that took up purified
mitochondria (Figures 4A and 4B). The increased side scatter-
area (SSC-A) in palmitate-treated cells may be due to increased
light scattering from the intracellular lipids. In addition, of the
cells that had taken up mtD2 mitochondria, the mtD2 mean fluo-
rescence intensity (MFI) was decreased with palmitate treat-
ment, indicating that the biomass of captured mitochondria per
cell was also reduced (Figure 4C). Next, we tested whether the
other fatty acids prevalent in the lard-HFD and HCO-HFD affect
mitochondria uptake by BV2 cells. The LCFAs palmitate, stea-
rate, oleate, and linoleate were sufficient to impair mitochondria
uptake by BV2 cells compared (Figure 4D). In contrast, the
MCFA laurate appeared to increase the efficiency of
mitochondria.

CD36 can bind to palmitate and other LCFAs (Martin et al.,
2011; Pepino et al., 2014), and a recent study indicated that
CD36 mediates mitochondria capture by macrophages in BAT
(Rosina et al., 2022). Therefore, we hypothesized that CD36
might mediate the effects of the LCFAs on mitochondria uptake.
The overall degree of mitochondria uptake was significantly
lower in CD36-deficient bone-marrow-derived macrophages
(BMDMs) than wild-type controls. However, palmitate signifi-
cantly reduced mitochondria uptake in both Cd36** and
Cd36™~ BMDMS (Figure 4E). This indicates that CD36 may
have a role in mediating mitochondria uptake by macrophages
but is not required for palmitate to impair mitochondria uptake.
Next, we tested whether palmitate’s effect on mitochondria up-
take depends on HS. Strikingly, we found that palmitate signifi-
cantly decreased mitochondria uptake in Ext7**, but not
Ext1™~ BV2 cells, the latter of which cannot make HS (Brestoff
et al., 2021; Busse et al., 2007; Figure 4F). This observation indi-
cates that HS are required for palmitate to reduce the ability of
macrophages to take up exogenous mitochondria, at least
in vitro.

To test whether other dietary factors such as common dietary
sugars can affect mitochondria capture, we cultured BV2 cells
with glucose or sucrose at low or high concentrations. We found
that switching from glucose to sucrose had no effect on mito-
chondria capture by BV2 cells in vitro nor did culturing cells
with low glucose or low sucrose (Figure 4G). We also fed
MitoFat mice 10% kcal fat diets in which the carbohydrate sour-
ces were mostly from corn starch or sucrose. Mice fed a corn-
starch diet gained more body weight (Figure 4H) and fat mass
(Figure 4l) than mice fed a high-sucrose diet; however, the de-
gree of adipocyte-to-macrophage mitochondria transfer did
not differ between the two diets for eWAT, iWAT, or BAT (Fig-
ure 4J). These data suggest that the dietary carbohydrates su-
crose and corn starch do not prominently affect mitochondria
transfer from adipocytes to macrophages.

Mitochondria transfer contributes to the metabolic
fitness of macrophages

Previous studies indicate the p° cells, which lack fully functional
mitochondria, can capture exogenous mitochondria to restore
aerobic respiration (Kim et al., 2018; Spees et al., 2006). To
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Figure 4. Long-chain fatty acids impair mitochondria uptake in vitro in a heparan-sulfate-dependent manner

(A) Flow cytometry plots of BV2 cells treated with BSA or palmitate:BSA for 24 h followed by exposure to mtD2+ mitochondria.

(B and C) (B) Percent mtD2+ and (C) mtD2 MFI (of mtD2+ cells) of BV2 cells treated with BSA for 24 h or 4:1 palmitate:BSA for 0.5, 4, or 24 h. n = 4/group.
(D) Mitochondria uptake by BV2 cells treated with BSA or the indicated BSA-conjugated fatty acids (all 11 nM unbound free fatty acids) for 24 h. N = 8/group.
(E and F) (E) Mitochondria uptake in WT (n = 4) or CD36 KO (n = 4) bone-marrow-derived macrophages or (F) WT (n = 8) or EXT1 KO (n = 8) BV2 cells treated with

BSA or 4:1 palmitate:BSA for 24 h.

(G) Mitochondria uptake by BV2 cells cultured with low or high glucose or sucrose for 24 h.
(H-J) (H) Body weights, (I) fat masses, and (J) mitochondria transfer from adipocytes to macrophages in eWAT, iWAT, and BAT in MitoFat mice fed high-sucrose

(n = 4) or corn-starch (n = 4) diets for 12 weeks.

For (B)-(D), one-way ANOVA with Holm-Sidak post hoc test against BSA control. For (E)-(G), two-way ANOVA with Sidak post hoc test. For (H)-(J), Student’s t

tests. Mean + SEM. *p < 0.05, **p < 0.01, **p < 0.001, and ***p < 0.0001.
See also Table S3.

determine whether mitochondria transfer affects the mitochon-
drial metabolism of macrophages in WAT, we performed Sea-
horse mitochondria stress tests on purified F4/80* macrophages
from ovarian (0)WAT from Ext17F and Ext14%72 mice, the latter of
which is known to have impaired mitochondria capture efficiency
(Brestoff et al., 2021). We found that Ext142%2 oWAT macro-

phages had similar oxygen consumption rates (OCR) throughout
the assay (Figure 5A). Basal, maximal, and ATP production-linked
respiration did not differ between groups nor did spare mitochon-
drial capacity, proton leak, or non-mitochondrial respiration (Fig-
ure 5B). Coupling efficiency also did not differ (Figure 5C). These
data suggest that under steady-state conditions, HS-mediated
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Figure 5. Mitochondria transfer is not required for WAT macrophage mitochondrial metabolism but can restore aerobic respiration in meta-

bolically compromised macrophages

(A-C) (A) Oxygen consumption rates (OCR), (B) mitochondrial metabolism parameters, and (C) coupling efficiency of F4/80* macrophages isolated from ovarian
WAT from Ext1™ or Ext14272 mice fed a chow diet; n = 4 to 5/group with each being a pool of n = 2-4 mice.

(D) Experimental design for (E) and (F).

(E) Mitochondria capture by peritoneal macrophages 1 or 2 days after injection; n = 5/group.

(F) OCR of purified F4/80" peritoneal macrophages on day 1. N = 4/group.
(G) Experimental design for (H)—(J).

(H-J) (H) Basal, (I) maximal, and (J) ATP production-linked respiration (n = 6-10/group). For (E) and (H)-(J), two-way ANOVA with Sidak post hoc tests.
For (A) and (F), two-way ANOVA with Sidak post hoc tests for each condition. For (B) and (C), Student’s t tests. Mean + SEM. *p < 0.05, **p < 0.01, **p < 0.001, and

*p < 0.0001.

mitochondria transfer to WAT macrophages is not required for
macrophage mitochondrial metabolism in vivo.

To test whether mitochondria transfer is sufficient to enhance
aerobic respiration in macrophages in vivo, we purified mtD2
mitochondria and administered them by intraperitoneal injection
to either WT or NDUFS4-deficient mice (Figure 5D). Ndufs4™~
mice have severely impaired Complex | activity and develop anin-
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herited mitochondrial disease resembling Leigh Syndrome (Kruse
et al., 2008). Using flow cytometry, we found that Ndufs4*"* and
Ndufs4™~ peritoneal macrophages capture exogenous mtD2
mitochondria with similar frequencies (~90%) on day 1 post-treat-
ment (Figure 5E). As early as day 2 post-treatment, the proportion
of Ndufs4** cells that were mtD2+ was substantially lower than
Ndufs4™~ cells, suggesting that metabolically compromised cells
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Figure 6. Adipocytes release micron-sized free mitochondria into blood

(A) Percentages of mtD2* macrophages in eWAT, iWAT, and BAT from mtD27* (control), MitoFat, and MitoBAT mice (n = 3/group).

(B) Small particle flow cytometry of plasma with size calibration beads and gating strategy.

(C-E) (C) Representative flow cytometry plots, (D) percentages, and (E) numbers of CD41— CD45— TER-119 mtD2+ adipocyte-derived mitochondria in plasma

from control, MitoFat, and MitoBAT mice (n = 6/group).

(F-H) Percent of adipocyte-derived mitochondria in plasma that are positive or negative for (F) the extracellular vesicle (EV)-associated markers CD63, CD9, or
CD81 (n = 6/group), (G) one or more of those (EV), or (H) the outer mitochondrial membrane protein TOM22 (n = 5/group).
For (A), (D), and (E), one-way ANOVA with Tukey post hoc test. For (F)-(H), Student’s t tests. NS, not significant. Mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001,

and ****p < 0.0001.

may preserve exogenous mitochondria for a longer period. Next,
we performed Seahorse assays on peritoneal F4/80* macro-
phages purified on day 1 post-treatment. Although there was little
effect of exogenous mitochondria on aerobic respiration of
Ndufs4*"* macrophages, exogenous mitochondria were able to
completely restore aerobic respiration in Ndufs4™”~ peritoneal
macrophages (Figure 5F). These data indicate that exogenous pu-
rified mitochondria can restore aerobic respiration in cells that
lack a critical mitochondrial enzyme in vivo.

To confirm this with another approach, we treated BV2 cells
with rotenone plus antimycin A (R+A) or vehicle for 30 min, washed
the cells, and then exposed them to purified mitochondria from
WT or Ndufs4™~ mice for 1 h before performing Seahorse mito-
chondria stress test assays (Figure 5G). BV2 cells pre-treated
with R+A for 30 min had reduced basal, maximal, and ATP pro-
duction-linked mitochondrial respiration, and these phenotypes
were completely restored by subsequent treatment with exoge-
nous WT mitochondria for 1 h (Figures 5H-5J). Importantly, mito-
chondria from Ndufs4™~ mice failed to rescue R+A-treated BV2
cells. In vehicle-treated BV2 cells, neither WT nor Ndufs4™~ mito-
chondria had an appreciable effect on basal, maximal, or ATP-
linked mitochondrial respiration. Collectively, these data suggest
that healthy macrophages may take up exogenous mitochondria
without prominently utilizing them for aerobic respiration, whereas

metabolically stressed cells can capture and utilize exogenous
mitochondria to support aerobic respiration.

LCFA-mediated inhibition of mitochondria uptake by
macrophages promotes the release of adipocyte-
derived mitochondria into the blood
To test whether we could directly measure adipocyte-derived
mitochondria in blood and identify whether they were derived
from white or brown adipocytes, we generated brown-adipo-
cyte-specific mitochondria reporter (MitoBAT) mice, where the
mtD2 reporter construct is driven by Uncoupling protein 1
(UCP1)-Cre, and compared them with MitoFat mice. First, we
examined mitochondria transfer from adipocytes to macrophages
in eWAT, iWAT, and BAT. We observed substantial adipocyte-to-
macrophage mitochondria transfer in eWAT and iWAT of MitoFat
mice, but not MitoBAT mice (Figure 6A), consistent with prior re-
ports that the Ucp1-Cre is expressed in brown, but not white or
beige, adipocytes in mice housed at room temperature (Kong
et al., 2014). However, in BAT, we observed that approximately
50%-60% of macrophages were mtD2+ in both MitoFat and
MitoBAT mice. These data indicate that MitoBAT mice have
labeled mitochondria specifically in brown adipocytes.

Next, we performed small particle flow cytometry on cell-free
plasma to examine circulating adipocyte-derived mitochondria
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Figure 7. Macrophages limit the release of adipocyte-derived mitochondria into the blood
(A and B) Numbers of adipocyte-derived mitochondria in blood and (B) representative confocal microscopy of native mtD2 signal in hearts from MitoFat mice fed a

chow (n = 11), lard-HFD (n = 9), or HCO-HFD (n = 9) for 9 to 10 weeks.

(C and D) Numbers of adipocyte-derived mitochondria in the blood of MitoFat mice (C) fed a high-sucrose or corn-starch diet for 12 weeks (n = 4/group) or (D) that
were young (4 to 5 months old; n = 4) or aged (19 months old; n = 3) and were fed a normal chow diet.

(E-G) MitoFat mice were treated with control (n = 5) or clodronate-loaded liposomes (n = 5) twice daily for 2 days. (E) Numbers of macrophages per gram of WAT.
(F) Percentage of remaining macrophages that are mtD2+. (G) Numbers of adipocyte-derived mitochondria in blood 0, 1, or 2 days after treatment.

For (A), one-way ANOVA with Tukey post hoc test. For (C)—(F), Student’s t test. For (G), two-way ANOVA with repeated measures and Sidak post hoc testing
comparing the two groups each day. Mean + SEM. NS, not significant. *p < 0.05, **p < 0.01, and ****p < 0.0001.

(Figure 6B) from MitoFat or MitoBAT mice. We detected events
~1 pum in diameter (Figure 6B), with a limit of detection of
~0.4 um on our flow cytometer. Therefore, this technique can
detect microparticles and free mitochondria, but not smaller
EVs from adipocytes such as those reported by Crewe et al.
(2021) and Rosina et al. (2022). We gated on particles that lacked
CD41, TER-119, and CD45 to exclude contaminating platelets,
red blood cells, and immune cell fragments (Figure 6B). We
observed mtD2+ particles, which we interpret to be adipocyte-
derived mitochondria, in cell-free plasma from MitoFat mice
that were more abundant in frequency (Figure 6D) and number
(Figure 6E) than MitoBAT mice or controls. Most adipocyte-
derived mitochondria in blood were negative for the EV markers
CD63, CD9, or CD81 (Figure 6F). These markers were previously
reported to be found on small EVs containing mitochondria from
white and brown adipocytes (Crewe et al., 2021; Rosina et al.,
2022). The majority of circulating adipocyte-derived mitochon-
dria (~75% on average) were negative for all three of these EV
markers (Figure 6G) and were positive for the outer mitochondrial
membrane (OMM) protein TOM22 (Figure 6H). These data indi-
cate that in lean mice, adipocytes release free mitochondria
into the blood at low levels.

When MitoFat mice were fed a lard-HFD, a condition where
mitochondria transfer from adipocytes to eWAT macrophages
is impaired, there was a significant increase in adipocyte-

1508 Cell Metabolism 34, 1499-1513, October 4, 2022

derived mitochondria in blood (Figure 7A). This did not occur
in HCO-HFD-fed MitoFat mice, a condition where mitochondria
transfer is not impaired. Confocal microscopy of perfused
hearts from MitoFat mice fed a lard-HFD, but not a normal
chow diet or HCO-HFD contained mtD2+ puncta ~1 pum in
size (Figure 7B), supporting that adipocyte-derived mitochon-
dria released with lard-HFD feeding may be captured by cells
in the heart, as has been reported (Crewe et al., 2021). Adipo-
cyte-derived mitochondria in blood were not increased in corn-
starch-diet-associated obesity (Figure 7C) or aging-associated
obesity (Figure 7D), conditions without impaired mitochondria
transfer to macrophages. These data suggest that suppression
of mitochondria transfer to macrophages may lead to the
release of adipocyte-derived mitochondria into circulation. To
test this hypothesis, we depleted macrophages in WAT with
clodronate-loaded or control liposomes (Figure 7E). Clodronate
liposomes also inhibited mitochondria transfer from adipocytes
to the small amount of remaining oWAT macrophages (Fig-
ure 7F). Strikingly, macrophage depletion was sufficient to
markedly increase adipocyte-derived mitochondria in blood
over 200-fold, whereas control liposomes had no effect (Fig-
ure 7G). These data indicate that inhibition of mitochondria
transfer to macrophages with dietary LCFAs or clodronate lipo-
some treatment leads to release of adipocyte-derived mito-
chondria into the blood.
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DISCUSSION

Here, we find that adipocytes may transfer their mitochondriato a
variety of cell types and that this process is influenced by tissue,
cell type, and diet. Macrophages are the dominant recipients of
adipocyte-derived mitochondria in white, beige, and brown fat.
By comparing adipocyte-derived mitochondria transfer axes in
aging-associated obesity and two different types of HFD-
induced obesity, we found that dietary LCFAs can directly impair
the ability of macrophages to take up mitochondria in an HS-
dependent manner that is independent of CD36. Consequently,
adipocyte-derived mitochondria are instead diverted into the
blood in the setting of a lard-HFD (enriched in LCFAs) for delivery
to distant organs, such as the heart. Other forms of obesity,
including an HCO-HFD with low LCFA content, aging, and a
corn-starch-enriched diet, do not affect mitochondria transfer
from adipocytes to macrophages or promote the release of
adipocyte-derived mitochondria into circulation. This indicates
that dietary lipids may be a relatively specific class of signal
that determines whether adipocyte-derived mitochondria are
transferred locally to macrophages or systemically to distant
organs.

These data are consistent with prior studies indicating that
adipocyte-derived mitochondria can circulate in blood in small
EVs and elicit an antioxidant response program in the heart to
defend against cardiometabolic stress (Crewe et al., 2021). The
mitochondria released from adipocytes were previously thought
to be exclusively in small EVs. Using flow cytometry of larger 0.5—
2 um-sized particles in plasma, we also observed some adipo-
cyte mitochondria in EVs. However, the majority of the large
circulating mitochondria from adipocytes were negative for the
EV markers CD63, CD9, and CD81 but positive for the OMM pro-
tein TOM22. These data suggest that most of the micron-sized
adipocyte-derived mitochondria in the blood are free mitochon-
dria. Furthermore, by comparing MitoBAT and MitoFat mice, we
found that adipocyte mitochondria circulating in blood are
mostly derived from white adipocytes. Together with the studies
by Crewe et al. (2021), our data indicate that there are heteroge-
neous types of adipocyte-derived mitochondria in blood, with
some in small or large EVs and some that are naked (i.e., free).
Similar heterogeneity is known to occur in the context of plate-
lets, which release both free and EV-associated mitochondria
when activated (Boudreau et al., 2014).

The function of mitochondria transfer is likely context specific.
For example, in the setting of ischemic stroke, astrocytes donate
functional mitochondria to neurons to support their survival and
limit stroke pathology (Hayakawa et al., 2016). Exogenous puri-
fied mitochondria are also able to rescue aerobic respiration in
p° cells that lack fully functional mitochondria (Kim et al., 2018).
However, we found that genetic disruption of HS-mediated mito-
chondria transfer to macrophages did not affect WAT macro-
phage mitochondrial metabolism. In addition, inducing capture
of exogenous purified mitochondria appeared to have little effect
on mitochondrial metabolism of both WT peritoneal macro-
phages in vivo and healthy BV2 cells in vitro. These observations
suggest that mitochondria transfer is neither necessary nor suffi-
cient for normal macrophage metabolic fitness under steady-
state conditions. Interestingly, metabolically compromised mac-
rophages that lack NDUFS4 or that were exposed to rotenone
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plus antimycin A had restored aerobic respiration with a single
dose of exogenous purified mitochondria. Thus, metabolically
injured macrophages may utilize mitochondria obtained from
other cells to preserve cellular metabolism. It remains to be deter-
mined whether mitochondria transfer contributes to the meta-
bolism or function of macrophages in obese adipose tissue.

Intercellular mitochondria transfer may also have functional
consequences for donor cells. In BAT, brown adipocytes release
oxidatively damaged mitochondrial components in small EVs for
capture and degradation by macrophages (Rosina et al., 2022).
Preventing mitochondria transfer to macrophages leads to fail-
ure of thermogenesis in BAT by inhibiting the expression of
peroxisome proliferator-activated receptor (PPAR) target genes
in brown adipocytes. Cardiomyocytes also release damaged
mitochondria in large EVs (exophers) for degradation by macro-
phages to maintain normal cardiac function (Nicolas-Avila et al.,
2020). These studies suggest that parenchymal cells may license
macrophages to perform mitophagy of exported mitochondria.
Our data indicate that at steady state, a function of mitochondria
transfer to macrophages in WAT may be to sequester and
possibly eliminate mitochondria released by adipocytes, thereby
limiting the release of adipocyte-derived mitochondria into the
blood. LCFA inhibition of mitochondria uptake by WAT macro-
phages or depletion of WAT macrophages allows adipocyte
mitochondria to be diverted into the bloodstream. In the case
of lard-HFD feeding, our data and those by Crewe et al. (2021)
indicate that adipocyte-derived mitochondria in blood are taken
up by distant organs, such as the heart. This suggests that regu-
lating the efficiency of mitochondria transfer to macrophages
may determine the extent to which stromal and/or parenchymal
cells release their mitochondria into the blood to support inter-
organ cellular communication. Although it has been reported
that adipocyte-derived mitochondria can promote metabolic
adaptation in the heart by hormesis in an acute setting (Crewe
et al., 2021), future studies are needed to study the functional
impact of adipocyte-derived mitochondria on the heart and other
organs in chronic diseases.

Our findings also indicate that ECs may be a major recipient
of adipocyte-derived mitochondria, especially in BAT. Mainte-
nance of the vascular bed is essential for preserving the ther-
mogenic function of brown adipocytes, and both HFD-
induced obesity and disruption of VEGF-A signaling leads to
vascular rarefaction and whitening in BAT (Shimizu et al.,
2014; Xue et al., 2009). Recent studies suggest that cell-free
mitochondria may contribute to angiogenesis via multiple
mechanisms. For example, administration of purified mesen-
chymal stem cell (MSC) mitochondria into infarcted hearts
was associated with increased blood vessel density during
the repair process, and these exogenous mitochondria were
captured by heart ECs (Liang et al., 2022). Purified MSC mito-
chondria also promoted the proliferation of and alleviated
oxidative stress in human umbilical vein ECs (Liang et al.,
2022). In addition, it was shown that platelets can deliver
mitochondria to MSCs in the setting of wound healing, driving
production of pro-angiogenic factors such as VEGF-A that
promote EC responses and revascularization of wounded
skin (Levoux et al., 2021). It is not known whether adipo-
cyte-to-EC mitochondria transfer regulates angiogenesis in
white, beige, or brown fat or whether this transfer process
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enables delivery of adipocyte-derived mitochondria into or
from the circulation to distant organs and cells.

Recently, several efforts have been made to leverage the biology
of intercellular mitochondria transfer to treat human diseases. For
example, it has been shown that transfusing purified mitochondria
leads to mitochondria capture by cardiomyocytes, improved car-
diomyocyte bioenergetics, and reduced ischemia-reperfusion
injury (IRI) in mammalian models of heart ischemia (Ali Pour et al.,
2020; Masuzawa et al., 2013; McCully et al., 2009). Administering
mitochondria to patients on extracorporeal membrane oxygena-
tion (ECMO) therapy was tolerated (Emani et al., 2017) and was
associated with faster weaning from ECMO support and less se-
vere IRl (Guariento et al., 2021). In addition, it has been shown
that exposing human cell products to purified mitochondria can
metabolically reprogram their function. For example, hematopoi-
etic stem cells (HSCs) exposed to purified mitochondria ex vivo
are better able to engraft in recipients (Jacoby et al., 2021). In addi-
tion, human CD4 T cells exposed to healthy mitochondria produce
less pro-inflammatory cytokines and drive less severe joint disease
in a humanized mouse model of rheumatoid arthritis (Giwa and
Brestoff, 2022; Wu et al., 2021). A potential implication of
our studies is that the effectiveness of mitochondria transfer-asso-
ciated therapies may depend on dietary metabolites such as lipids.

In summary, we found that in lean mice, adipocytes predom-
inantly transfer their mitochondria to macrophages in adipose
to limit the release of adipocyte-derived mitochondria into the
blood. LCFAs in a lard-HFD inhibit mitochondria capture by
adipose-resident macrophages, diverting adipocyte-derived
mitochondria into the blood in EVs and as free mitochondria.
Adipocyte-derived mitochondria in blood are distributed to
distant organs, such as the heart, which is known to elicit a
protective antioxidant response to defend against cardiometa-
bolic stress (Crewe et al., 2021). These findings indicate that
dietary lipids regulate mitochondria capture by macrophages
to determine whether exported mitochondria from adipocytes
are sequestered locally in the tissue or distributed to distant
organs to support inter-organ metabolic adaptation to nutrient
stress.

Limitations of the study

The multidimensional spectral flow cytometry panels used in
these studies were designed to identify as many cell popula-
tions as possible but cannot spatially resolve the location of
transferred mitochondria. It is possible that some of the puta-
tive mitochondria transfer axes reported here reflect mitochon-
dria binding to the surface of the recipient cell type rather than
internalization. In prior work (Brestoff et al., 2021), we used
intravital 2-photon microscopy to visualize mitochondria trans-
fer occurring from adipocytes to macrophages in gonadal WAT
in vivo, and additional studies are needed to verify and charac-
terize the biological functions of the putative mitochondria
transfer axes reported here. Another limitation is that our data
identify recipient cells at a given point in time and do not detect
whether mitochondria transfer occurs via an intermediate cell
type. We identified that one function of mitochondria transfer
to macrophages is to limit the release of adipocyte-derived
mitochondria into the blood. Although adipocyte-derived mito-
chondria can be identified in the heart (Crewe et al., 2021), the
distribution of adipocyte-derived mitochondria to other organ
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systems is not yet known. Although our data suggest that die-
tary LCFA inhibition of mitochondria transfer to macrophages
does not lead to redistribution of adipocyte-derived mitochon-
dria to other cells in WAT stromal vascular fraction (SVF), it is
possible that adipocytes could potentially recapture released
mitochondria, as can occur with brown adipocytes (Rosina
et al., 2022).
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

SiglecF BV421 BD Biosciences Cat# 562681
CD44 Super Bright 436 eBioscience Cat# 62-044-180
CD11b Pacific Blue BioLegend Cat# 101224
IL-33Ra-biotin BioLegend Cat# 145308
Streptavidin (2°) BV480 BD Horizon Cati# 564876
MHC-II (I-A/I-E) BV510 BioLegend Cat# 107636
Ly6C BV570 BioLegend Cat# 128030
KLRG1 BV605 BioLegend Cat# 138419
F4/80 BV650 BioLegend Cat# 123149
Ly6G BV711 BioLegend Cat# 127643
CD3 BV750 BioLegend Cat# 100249
CD206 BV785 BioLegend Cat# 141729
TCRp AF488 BioLegend Cat# 109215
CD8 Spark Blue 550 BioLegend Cat# 100780
CD45 PerCP BioLegend Cat# 103130
CD71 PerCP-Cy5.5 BioLegend Cat# 113816
NKp46 PerCP-eFluor 710 eBioscience Cat# 46-3351-82
TCRy3 PE BioLegend Cat# 118108
CD64 PE/Dazzle 594 BioLegend Cat# 139320
CD4 PE/Fire 640 BioLegend Cat# 100482
CD62L PE-Cy5 BioLegend Cat# 104410
CD11c PE-Cy5.5 eBioscience Cat# 35-0114-82
CD25 PE-Cy7 BioLegend Cat# 102016
CD9 APC BioLegend Cat# 124812
CD127 AF647 BioLegend Cat# 135020
CD19 Spark NIR 685 BioLegend Cat# 115568
CD90.2 AF700 BioLegend Cat# 105320
CD5 BUV737 BD Horizon Cat# 612809
NK1.1 APC/Fire 750 BioLegend Cat# 108752
B220 APC/Fire 810 BioLegend Cat# 103278
Heparan sulfate-biotin (high) AMSbio Cat# 370255-B-50-H
NK1.1 BV510 BioLegend Cat# 108737
EpCAM BV605 BioLegend Cat# 118227
B220 BV750 BioLegend Cat# 103261
CD31 PerCP-Cy5.5 BioLegend Cat# 102522 and Cat# 102420
CD95 PerCP-eFluor710 eBioscience Cat# 46-0951-82
CD36 PE BioLegend Cat# 102605
CD140a (PDGFRA) PE-Cy5 BioLegend Cat# 100482
LYVE-1 PE/Cy7 eBioscience Cat# 25-0443-82
MHC-II PE/Fire 810 BioLegend Cat# 107667
CD209b APC eBioscience Cat# 17-2093-82
CD34 AF-647 BioLegend Cat# 119314
CD73 APC/Fire 750 BioLegend Cat# 127221
CD38 APC/Fire 810 BioLegend Cat# 102745

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
CD41 BV421 BioLegend Cat# 133911
TER-119 PB BioLegend Cat# 116231
CD45 PerCP/Cy5.5 BioLegend Cat# 103131
CD81 PE BioLegend Cat# 104905
CD63 PE/Cy7 BioLegend Cat# 143909

Goat anti-CD31
Anti-goat IgG AF594
Cleaved Caspase-3

R&D Systems
Jackson ImmunoResearch
Cell Signaling Technology

Cat# AF3628
Cat# 705-585-147
RRID:AB_2070042

Chemicals, peptides, and recombinant proteins

Lard 60% high fat diet, irradiated
HCO 60% high fat diet, irradiated
ACK Red Blood Cell Lysis Buffer
High sucrose diet

Corn starch diet

PicoLab Rodent Diet 20

Bovine Serum Albumin

Brilliant Stain Buffer

Collagenase type Il

Coomassie Plus Reagent

Delbuco’s Modified Eagle Media
(DMEM) with 4.5 g/L D-glucose,
L-glutamine, and no sodium pyrophosphate

DPBS

EDTA, 0.5M, pH 8.0

Fetal bovine serum (FBS)

L-glutamine

Penicillin-Streptomycin

Trypan blue

Trypsin-EDTA

Ultracomp eBeads Compensation Beads
SpectroFlow QC Beads, Lot 2003
ZombieNIR Fixable Viability Dye

Fatty acid-free BSA, fraction V

Dodecanoic acid (Lauric acid)

Myristic acid, Sigma Grade

Palmitic acid, >99%

Stearic acid, Grade |

Oleic acid, >99% (GC)

Linoleic acid, >99%

CMG14-12 media (1.3 pg/mL M-CSF)
Heparin (Grade I-A)

Flow Cytometry Sub-Micron Size Reference Kit beads
Control Liposomes for Clophosome, Neutral
Clophosome Clodronate Liposomes, Neutral
4% PFA in PBS

Citrate buffer

ImmPRESS HRP Universal PLUS Polymer Kit
Hematoxylin

BLOXALL Endogenous Enzyme Blocking Solution
Fluoromoutn-G with DAPI

Research Diets, Inc.
Research Diets, Inc.
Gibco

Research Diets, Inc.
Research Diets, Inc.
Lab Diet

Pierce

BD Horizon
Sigma-Aldrich
Pierce

Gibco

Gibco
Invitrogen
Corning
Corning
Corning
Sigma-Aldrich
Gibco
Invitrogen
Cytek
BioLegend
Roche
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Drs. Wei Zou and Steven L. Teiteloaum

Sigma-Aldrich

Invitrogen

FormuMax Scientific
FormuMax Scientific
Santa Cruz Biotechnology
Sigma-Aldrich

Vector Laboratories
Vector Laboratories
Vector Laboratories
Invitrogen

Cat#D12492i
Cat#D00071501i
Cat#A10492-01
D12450B
D12450K
53WU
Cat#23209
Cat#566349
Cat#C6885
Cat#23236
Cat#11965-084

Cat#14190-136
Cat#AM9260G
Cat#35-010-CV
Cat#25-005-Cl
Cat#30-002-Cl
Cat#T8154
Cat#15400-054
Cat#01-2222-42
Cat#N7-97355-0A
Cat#423106
Cat#10775835001
Cat#L4250-100G
Cat#M3128-100G
Cat#P0500-25G
Cat#S4751-25G
Cat#01008-1G
Cat#L1376-1G
n/a
Cat#H3149-1MU
Cat#F13839

Cat# F70101-N
Cat# F70101C-N
Cat# sc-281692
Cat# C9999

Cat# MP-7800
Cat# H-3401

Cat# SP-6000
Cat# 00-4959-52

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

OCT Compound Fisher Healthcare Cati# 4585

DAPI mounting, anti-fade solution Vectashield Cat# H-1200
DMEM without glucose Corning Cat# 17-207-CV
Glucose Sigma Cat# G8270-1KG
Sucrose Sigma Cat# S7903
anti-F4/80 MicroBeads UltraPure Miltenyibiotec Cat# 130-110-443
LS Columns Miltenyibiotec Cati# 130-042-401

QuadroMACS separator

Seahorse XF HS PDL Miniplates
Seahorse XFe96 PDL Microplates
Poly-D-Lysine solution

Seahorse XF DMEM Assay Media Pack

Miltenyibiotec
Agilent
Agilent

Gibco

Agilent

Cat# 130-090-976
Cat# 103727-100
Cat# 103730-100
Cat# A38904-01
Cat# 103680-100

Critical commercial assays

Mitochondria Isolation Kit, Mouse Tissue

Miltenyi Biotec

Cat# 130-096-946

Seahorse XFp Cell Mito Stress Test Kit for Agilent Cat# 103010-100
use with Seahorse XF HS Mini and XFp analyzers

Seahorse XF Cell Mito Stress Test Kit for use with Agilent Cat# 103015-100
Seahorse XFe/XF96 analyzers

Deposited data

Spectral flow cytometry data, unmixed This paper https://doi.org/10.5281/
(Figures 1B, 1D-1F, 2E, 3E, S1, S2D, S2E, S3G, zenodo.6929098
and S3H)

Source data for Figures 1C, 2A-2D, 3A-3D, This paper Data S1

4,5, 6,7, S3E, and S3F

Experimental models: Cell lines

BV2 cells Orchard et al. (2016) n/a

Experimental models: Organisms/strains

Adipog®®+ Jackson Labs Stock no. 28020
MitoFat (mtD27°*'*; Adipog©®’*) Generated in house n/a

MitoBAT Generated in house n/a
(mtDZFlox/+.Ucp 1 Cre/+)

mtDendra2fox'+ Jackson Labs Stock no. 18385
(i.e., PhAM Flox, mtD27o/+)

Cd36*" Jackson Labs Stock no. 19006
Ucp1-Cre Jackson Labs Stock no. 024670
Ndufs4*" Jackson Labs Stock no. 027058

Oligonucleotides

n/a

Software and algorithms

Prism 9

BatchAdjust()

flowCore (v2.1.4) R package

CATALYST (v1.14.0) R package

bluster (v1.0.0) R package

SpectroFlo (v1.0)

fastMNN() function from the batchelor (v1.8.1) R package
All analytic code, including Clock Face Diagram code

GraphPad Software, Inc.
Schuyler et al. (2019)
Hahne et al. (2009)

Chevrier et al. (2018); Nowicka et al. (2019)

Bioconductor

Cytek

Haghverdi et al. (2018)
This paper

n/a
n/a
n/a
n/a
n/a
n/a
n/a

https://doi.org/10.5281/
zenodo.6929098
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Jonathan
R. Brestoff (brestoff@wustl.edu).

Materials availability
This study did not generate new unique reagents.

Data and code availability
e All data reported in this paper will be shared by the lead contact upon request. Source data for graphs are included in Data S1.
Spectral flow cytometry data have been deposited at https://doi.org/10.5281/zenodo.6929098 and are publicly available as of
the date of publication. DOls are listed in the key resources table.
o All original code has been deposited at https://doi.org/10.5281/zenodo.6929098 and is publicly available as of the date of pub-
lication. DOls are listed in the key resources table.
® 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

Mouse models

Adipocyte-specific mitochondria reporter (MitoFat) mice were generated as previously described (Brestoff et al., 2021). Briefly,
mtDendra2Fo*Fox (PhAM Flox; referred to as mtD2"’F; Jackson Laboratories, stock number 18385) were crossed to Adipog®®™*
mice (Jackson Laboratories, stock number 28020) to generate MitoFat mice (mtD27*AdipogCre*”) or Cre-negative controls
(mtD27*). MitoBAT mice were generated by crossing Ucp1°®* (Jackson Laboratories, stock number 024670) to mtD27F mice.
mtD2"F mice express mtD2 under control of a ROSA26 Flox-STOP-Flox system, enabling expression of mtD2 in cells that express
Cre recombinase (Pham et al., 2012). Female CD36-deficient mice were obtained from Jackson Laboratories (stock number 19006).
Ndufs4*"- mice were obtained from Jackson Laboratories (stock number 027058) and were bred as heterozygotes x heterozygotes to
obtain Ndufs4*"* and Ndufs4”~ mice. Mice were genotyped at Transnetyx using established primers and protocols. MitoFat and
MitoBAT mice were male or female and were aged 4-5 months (young) or 19-24 months (aged) at the time of tissue harvest, as indi-
cated. Ndufs4*"* or Ndufs4”~ mice were used at the ages of 5-6-weeks-old. MitoFat mice were fed a standard chow diet (LabDiet,
PicoLab Rodent Diet 20, 53WU), 10% kcal fat chow with carbohydrates mostly from sucrose (Research Diets, catalog number
D12450B), 10% kcal fat diet with carbohydrate mainly from corn starch (Research Diets, catalog number D12450K), 60% kcal fat
HFD made from lard (Research Diets, Inc., catalog number D12492), or 60% kcal fat HFD made from hydrogenated coconut oil
(Research Diets, catalog number D00071501), as indicated. All mice had ad libitum access to food and water and were maintained
in a specific-pathogen-free facility with a 12h:12h light:dark cycle. Animals were randomly assigned to n=2-5 mice/group per exper-
iment, except when indicated otherwise, and data represent at least 2 independent experiments that were pooled for analysis. Mice
were euthanized using isoflurane immediately prior to harvesting inguinal white adipose tissue (i\WAT), epididymal (€)WAT (males),
ovarian (0)WAT (females), and interscapular brown adipose tissue (BAT). All experiments were carried out under the guidelines of
the Institutional Animal Care and Use Committee (IACUC) at Washington University in St. Louis and were performed under
IACUC-approved protocols.

Method details

Isolation of immune cells from mouse tissues

eWAT, iWAT, and BAT were finely minced and digested in 4 mL of 0.1% collagenase type Il (Sigma-Aldrich, C6885) in high glucose
DMEM contained in a 5 mL conical tube, as previously described (Brestoff, 2017; Brestoff et al., 2015). Digestion was performed at
37 °C for 60 min in an orbital shaker with rotation at 140 rpm while tilted at a 90°angle. Single-cell suspensions of eWAT, iWAT, or BAT
were passed through a 100 mm nylon mesh filter, which was washed twice with 5 mL of Wash Media (DMEM with 5% FBS, 2 mM
L-glutamine, and 100 U/mL Penicillin-Streptomycin). Cells were pelleted by centrifugation at 500 x g for 5 min at 4 °C. The floating
adipocytes were aspirated, and the stromal vascular fraction (SVF) pellet was resuspended in 1 mL ACK Red Blood Cell (RBC) Lysis
Buffer (Gibco) and incubated at room temperature for 3-5 min. RBC lysis was quenched with 10 mL Wash Media. SVF cells were
pelleted as above and resuspended in wash media for subsequent staining for flow cytometric analyses.

Spectral flow cytometry

Cells were washed in 200 uL PBS and then stained in 50 pL of Zombie Near Infrared (NIR; 1:1,000; BioLegend) in PBS and incubated
on ice for 5 min covered in foil. The reaction was quenched with 200 pL of FACS Buffer (PBS supplemented with 2.5% heat-inacti-
vated FBS and 2.5 mM EDTA), and cells were pelleted as above. Cells were resuspended in 30 pL of 5 ug/mL FcBlock (rat anti-mouse
CD16/32, clone 2.4G2, BD Biosciences) for 5 min before addition of 30 pL 2X stain cocktail (final concentration 1X, see below for
antibody information and final dilutions) comprised of various fluorophore-conjugated antibodies in Brilliant Stain Buffer
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(BD Biosciences) containing 5 ng/mL FcBlock. Cells were stained for 30 min on ice while protected from light and then washed 2
times in 200 uL FACS Buffer. The cells were resuspended in 60 pL Steptavidin-BV480 (BioLegend) in FACS Buffer and incubated
on ice for 20 min while protected from light. Cells were washed 2 times in 200 uL FACS Buffer. Finally, the cells were resuspended
in 200 uL FACS Buffer and were acquired live on a Cytek Aurora spectral flow cytometer equipped with 4 lasers (violet, blue, yellow/
green, and red lasers). Two different panels were used for bioinformatic analyses: Panel 1 (Table S2) and Panel 2 (Table S3).

For comparison of mitochondria transfer from adipocytes to macrophages in weight-matched Lard-HFD vs HCO-HFD mice, two
separate cohorts were used. They were stained with Panels 1 or 2, therefore it was not possible to generate directly comparable
clockface diagrams that can be reliably pooled. Therefore, for weight-matched comparisons, we gated on live CD45* SiglecF~
F4/80* CD64* macrophages in eWAT, iWAT, and BAT to determine the percentages of macrophages that were mtD2* for direct
comparison.

High-dimensional analyses of flow cytometry data

Flow cytometry standard files normalized for batch effect using previously described BatchAdjust() (Schuyler et al., 2019) and a quan-
tile-based approach. The resulting corrected data were loaded as a flowSet using the flowCore (v2.1.4) R package (Hahne et al.,
2009). Fluorescent values were biexponentially transformed using the estimatelLogicle()and transform() functions. The resulting
FlowSet was then converted into a SingleCellExperiment object using the CATALYST (v1.14.0) R package (Chevrier et al., 2018; Now-
icka etal., 2019). Filtering was applied to cells using the following settings 1) FSC-A > 5e5 and < 4e6 and SSC-A > 1e5 and <4e6; 2)
0.75 < Ratio of FSC-H:FSC-A > 1.25; 3) FSC-H and FSC-A < 2e6; 4) Zombie < 2.1. Dimensional reduction was performed using
runDR() function with the input of up to 5e3 cells per sample without using forward scatter, side scatter, or mtD2 as inputs. Clustering
was performed using bluster (v1.0.0) R package on the UMAP embeddings of the SingleCellExperiment object, with mtD2 excluded
as an embedding variable. The clustering involved a two-step approach of k-means clustering with centers equal to 1,000 and a near-
est neighbor approach using the igraph walktrap function. Clusters identified two doublet/multiplet clusters with the expression of >
2 lineage markers, which were manually removed. NK and T cells were separated manually by the expression of NK1.1 and TCRb.
MtD2 positivity was defined as transformed values of > 1.5. Secondary panel cluster assignments were performed by first correcting
between panel variability using the common fluorescent markers of both panels. The correction utilized the mutual nearest neighbor
(MNN) approach using k = 50 in the fastMNN() function from the batchelor (v1.8.1) R package (Haghverdi et al., 2018). The corrected
values were then used to calculate approximate nearest neighbors for each cell using the RANN (v2.6.1) R package. Of the 50
approximate nearest neighbors calculated, a cluster was assigned to an individual cell if 35 or more of these neighbors were from
a single cluster.

Detection of cell-free mitochondria in whole blood and plasma

For detection of adipocyte-derived mitochondria in whole blood, 10-20 pL blood was obtained from the tail vein and anti-coagulated
in 230-240 pL PBS containing 1 mg/mL heparin sodium salt (Grade I-A, >180 USP units/mg, Sigma-Aldrich, catalog number H3149-
1MU) and held on ice till processing. Cellular components were pelleted by centrifugation at 500 x g for 5 min at 4°C, and 200 pL of the
supernatant was collected for flow cytometric analysis on an Aurora spectral flow cytometer (Cytek Biosciences). The FSC voltage
was set to 675 mV (cells are collected at 20 mV for peritoneal lavage cells and BV2 cells or 50 mV for adipose tissue cell preparations),
and events were visualized in SpectroFlo 2.0 software (Cytek Biosciences) with FSC-A and SSC-A on log scale. Flow Cytometry Sub-
Micron Size Reference Kit beads (Invitrogen, catalog number F13839, lot 1912704) with diameters of 2.0, 1.0, or 0.5 um were used to
verify particle sizes. mtD2+ events were identified in SpectroFlo 2.0 or FlowJo v11 software. The Aurora was programmed to acquire
events from 100 pL of the 200 pL sample. Adipocyte-derived mitochondria per mL whole blood were determined by correcting for
dilution factors and acquisition volumes.

For detection of cell-free mitochondria in plasma, 250-500 pL blood was obtained from the inferior vena cava or retroorbital sinus
and anticoagulated with 10 pL of PBS containing 50 mg/mL heparin sodium salt). Blood was held on ice until processing. The cellular
fraction was pelleted by centrifugation at 500 x g for 5 min at 4°C, and 50-150 pL cell-free plasma was collected. The plasma was
centrifuged at 15,000 x g for 5 min at 4°C to pellet mitochondria. The 15,000 x g pellet was resuspended in 50 pL of FACS buffer
containing 5 ng/mL FcBlock, rat anti-mouse CD41-BV421 (BioLegend, catalog number 133911, clone MWReg30, 1:200), rat anti-
mouse TER-119-PB (BioLegend, catalog number 116231, clone TER-119 1:200), rat anti-mouse CD45-PerCP/Cy5.5 (BioLegend,
catalog number 103131, clone 30-F11, 1:200), Armenian hamster anti-mouse CD81-PE (BioLegend, catalog number 104905, clone
Eat-2, 1:200), rat anti-mouse CD63-PE/Cy7 (BioLegend, catalog number 143909, clone NVG-2, 1:200), and rat anti-mouse CD9-APC
(BioLegend, catalog number 124812, clone MZ3, 1:200) and incubated on ice for 30 min. The particles were washed with 1 mL FACS
Buffer and centrifuged at 15,000 x g for 5 min at 4°C, and the pellet was resuspended in 400 uL FACS Buffer. The Aurora was pro-
grammed to acquire 200 pL of the 400 pL sample, and adipocyte-derived mitochondria were defined as mtD2+ events. Adipocyte-
derived mitochondria per mL plasma were determined by correcting for dilution factors and acquisition volumes.

For detection of TOM22+ adipocyte-derived mitochondria in plasma, we obtained 600-700 pL blood via cardiocentesis from
MitoFat mice. As described above, we collected 200 uL plasma, added 1 mL 1X Separation Buffer and 50 pL anti-TOM22 microbeads
(both from Miltenyibiotec’s Mitochondria Isolation Kit, Mouse Tissue) in 1.5 mL tubes. Samples were covered in foil and incubated at
4°C for 1 hour with continuous rocking. The specimens were passed over pre-wet LS Columns (Miltenyibiotec) in QuadroMACS
magnets (Miltenyibiotec) and washed 3 times with 0.5 mL 1X Separation Buffer, with collection of the wash effluent (non-magnetic
fraction). The magnetic particles were eluted from detached LS columns with 1.5 mL 1X Separation Buffer. The magnetic and
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non-magnetic fractions were centrifuged at 15,000 x g 4°C for 5 min, and the supernatants were discarded. The pellets were resus-
pended in 100 puL FACS Buffer containing anti-CD41-BV421 (1:200), anti-TER-119-PB (1:200), and anti-CD45-PerCP/Cy5.5 (1:200)
with 5 pg/mL FcBlock. After a 30 min incubation on ice, 1 mL FACS Buffer was added, and the specimens were centrifuged at 15,000
x g at 4°C for 5 min. The pellets were resuspended in 400 uL FACS Buffer, and 200 uL was acquired on an Aurora flow cytometer.
CD41- TER-119- CD45- mtD2+ events were counted to determine the proportion of TOM22+ and TOM22- adipocyte-derived mito-
chondria in plasma.

Clodronate liposome depletion of macrophages

Female MitoFat mice were treated two times per day (10:00 AM and 5:00 PM) for 2 consecutive days with 150 pL Control Liposomes
for Clophosome (Neutral; FormuMax Scientific Inc., Sunnyvale, CA, catalog number F70101-N, batch 11032001) or 150 pL Clopho-
some Clodronate Liposomes (Neutral; FormuMax Scientific, catalog number F70101C-N, batch 10052101-1019) per injection. Blood
was collected from the tail vein at 9:00 AM on Days 0 (before treatment), 1, and 2 to quantify adipocyte-derived mitochondria in blood.
On Day 2, oWAT was harvested to confirm macrophage depletion, as described above.

Histologic analyses of adipose and heart

eWAT, iWAT, and BAT were fixed in 4% paraformaldehyde (PFA) in PBS (Santa Cruz Biotechnology, Dallas, TX, catalog number sc-
281692) at 4°C for at least 48 hours. Tissues were washed in PBS and submerged and submitted to the WashU Musculoskeletal
Research Center Morphology Core for embedding in paraffin blocks, sectioning, and hematoxylin and eosin (H&E) staining. Un-
stained sections were dewaxed in xylene, rehydrated with gradient ethanol, and then subjected to heat-induced antigen retrieval
in citrate buffer (Sigmal-Aldrich, catalog number C9999) using a 2100 Retriever (Electron Microscopy Sciences, catalog number
62706). After quenching of endogenous peroxidase with BLOXALL Endogenous Enzyme Blocking Solution (Vector Laboratories, cat-
alog number SP-6000), sections were stained by immunohistochemistry (IHC) using an anti-mouse Cleaved Caspase-3 antibody
(1:1,000, Clone 5A1E, Cell Signaling Technology, catalog number 9664) and the InmPRESS HRP Universal (Horse Anti-Mouse/
Rabbit IgG) PLUS Polymer Kit (Vector Laboratories, catalog number MP-7800). Slides were counterstained with hematoxylin (Vector
Laboratories, catalog number H-3401). H&E and IHC images were obtained with an Echo Rebel brightfield microscope (Discover
ECHO, San Diego, CA) configured with a 10X flip-out Achromat condenser. Images were obtained with a 40X Apochromat N.A.
0.95 objective. To detect CD31* vessels in eWAT, iWAT, and BAT, unstained tissue sections were prepared as described above
and then stained with goat anti-mouse CD31/PECAM antibody (2 ng/mL, R&D Systems, catalog number AF3628) overnight at
4°C followed by three washes with Tris-Buffered Saline (TBS). Secondary stain with Alexa Fluor 594 AffiniPure Donkey Anti-Goat
1gG (0.25 mg/mL, Jackson ImmunoResearch, catalog number 705-585-147) was performed at room temperature for 45 min. After
three washes in TBS, the slides were mounted with 20 pL Flouromount-G with DAPI (Invitrogen, catalog number 00-4959-52). Images
were obtained on a Lionheart FX fluorescent microscope (Agilent Technologies, Santa Clara, CA) with a 4X objective.

For histology analysis of the heart, MitoFat mice were perfused with ~30 mL ice-cold PBS via the inferior vena cava (IVC) using a
Fisherbrand Variable-Flow Peristaltic Pump (Fisher Scientific, catalog number 13-876-2). Ventricles were dissected and placed in 4%
PFA at 4°C. After fixation, hearts were rinsed with PBS x 3 and infiltrated with 30% sucrose (in PBS) overnight at 4°C. Hearts were
embedded in O.C.T. (Fisher HealthCare Tissue Plus O.C.T. Compound Cat 4585) and frozen at -80°C. 30 um sections were obtained
using a Leica Cryostat. Sections were then washed in TBS. DAPI mounting, anti-fade solution (Vectashield Cat #H-1200) was added
immediately prior to placement of no. 1.5 coverslips. Images were obtained with Zeiss LSM 700 confocal microscope installed on an
Axiolmager.M2. Acquired images were processed using ZEN Blue and/or Black. Heart sections were imaged with a 40X objective
lens using z-stack features. The observer was blind to genotype and diet group.

Fatty acid (FA)-conjugation to bovine serum albumin (BSA)

FA-BSA stocks were prepared fresh prior to each experiment using the following fatty acids: lauric, myristic, palmitic, stearic, oleic,
and linoleic acids (all from Sigma-Aldrich). To facilitate solubilization, 80 mM of each FA was saponified in 0.1 M aqueous KOH or
NaOH with heating to 70 °C and constant agitation using an Eppendorf ThermoMixer. Utilizing established binding parameters
(Table S3), saponified FAs were added to pre-warmed (37°C) 2 mM FA-free BSA (Roche) in PBS to achieve unbound free fatty
acid concentrations equal to 11.03 nM. This concentration was selected because 0.5 mM palmitate conjugated to 0.125 mM BSA
(4:1 ratio) is commonly used and equates to 11.03 nM unbound FFA, assuming a dissociation constant (Ky) of 8 nM and 6.9 predicted
palmitate binding sites per molecule of BSA (Huber et al., 2006). The K4 values and number of predicted binding sites for each fatty
acid are shown in Table S3. Conjugation was carried out in an orbital shaker (New Brunswick), rotating at 140 rpm at 37 °C for 1 hr.
Conjugates were filter-sterilized through 0.2 um PVDF filters and added to fresh cell culture media.

BV2 cell culture

Culturing of BV2 cells was described previously (Brestoff et al., 2021). In brief, BV2 cells were maintained in “BV2 Media” which con-
sisted of high glucose DMEM containing 10% heat-inactivated FBS (Corning or Gibco) supplemented with penicillin, streptomycin,
and L-glutamine. For the indicated amounts of time (0.5, 4, or 24 hours) prior to harvest, BV2 cells were treated with BSA or BSA-fatty
acid conjugates. BV2 cells were then washed once in sterile PBS and incubated with 0.05% trypsin-0.44 mM EDTA in DPBS (Gibco)
for 5 min at room temperature. The cells were collected and counted using a Countess Il (Invitrogen), and 5 x 10* live cells were plated
in each assay well (96 well round-bottom plate from MidSci or Corning) forimmediate use in the mitochondria uptake assay described
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below. In some experiments, we made BV2 media with DMEM without glucose (Corning, catalog number 17-207-CV), and then
glucose (>99.5%, Sigma, catalog number G8270-1KG, lot #SLCD0829) or sucrose (BioXtra, >99.5%, Sigma, catalog number
S7903, lot #SLCK8454) was added to the media at low (5.55 mM) or high (25 mM) concentrations. Adherent BV2 cells were cultured
with low glucose, high glucose, low sucrose, or high sucrose BV2 Media for 24 hours prior to use.

Generation of bone marrow-derived macrophages (BMDMs)

Bone marrow was harvested from femurs and tibias of Cd36** or Cd367/~ mice (n=4 each) as previously described (Amend et al.,
2016). Marrow suspensions from each set of long bones (1 tibia and 1 femur) were passed through 100 pm Nylon strainers and
seeded on 2 x 150 mm non-TC-treated dishes in “D10 Media,” which is comprised of high glucose DMEM (Corning) containing
10% heat-inactivated FBS (Corning) supplemented with 1x penicillin-streptomycin (Corning) and 10% CMG14-12 supernatant (con-
tains 1.3 ng/mL M-CSF, a generous gift from Dr. Steven L. Teitelbaum). Cells were cultured for 7 days at 37°C with 5% CO,, with fresh
D10 Media applied every 2-3 days. On day 7, cells were washed once in 37 °C PBS and lifted by incubating with 0.25% Trypsin/
2.21 mM EDTA (Corning) for 5 minutes at 37 °C and counted as described above (under “BV2 cell culture”). A total of 1.2 x 108 cells
were seeded in D10 Media on 100 mm non-TC-treated dishes and allowed to adhere overnight prior to treatment with the BSA-con-
jugated fatty acids or BSA alone in D10 Media for 24 hours. Cells were then lifted with ice-cold 5 mM EDTA in PBS (Sigma), counted,
and 5 x 10% live cells were dispensed in round-bottom 96 well round-bottom assay plates (Corning or MidSci) for immediate use in the
mitochondria uptake assay described below.

Isolation of purified mitochondria

mtD2 global mitochondria reporter mice or Ndufs4** or Ndufs4”~ mice were euthanized and livers were perfused with 10 mL sterile
PBS via the left ventricle. About 0.5-1.0 grams of liver were harvested and minced finely on a dish held on ice. The liver was homog-
enized in 1 mL ice-cold lysis buffer from the Miltenyi Biotec Mitochondria Isolation from Mouse Tissue Kit supplemented with 1X
(1:100) Halt Protease/Phosphatase Inhibitor Cocktail (Pierce), with 8 passes in a 1mL glass dounce homogenizer (Sigma-Aldrich).
The homogenate was brought to 10 mL with 1X separation buffer and mixed by inversion, and 50 pL of anti-TOM22 microbeads
were added. The samples were wrapped in foil and incubated on a rocker at 4 °C for 1 hour. Cellular debris was pelleted with a pulse
centrifugation at 500 x g at 4 °C for 1 second, and the supernatants were applied to LS columns previously wetted with 1X separation
buffer (ice cold). The columns were washed 3 times each with 2 mL ice-cold 1X separation buffer before elution with 1.5 mL 1X Sep-
aration Buffer. Isolated mitochondria were pelleted by centrifugation at 13,000 x g at 4 °C for 2 min. The supernatants were discarded,
and the mitochondria were resuspended in 1.0 mL Storage Buffer (Miltenyi Biotec) and held on ice. Mitochondrial protein concen-
tration was measured using the Coomassie Plus Protein Assay Reagent (Thermo Scientific, catalog number 1856210) with absor-
bance at 595 nm and a BSA (Pierce) standard curve.

Mitochondria uptake assay

Aliquoted BV2 cells or BMDMs (5 x 10%/well) were centrifuged at 500 x g for 5 min at 4 °C and then resuspended in BV2 Media with or
without 10 pg/mL mtD2 mitochondria (in 200 pL). Cells exposed to mitochondria isolates were incubated at 37 °C with 5% CO, for 1
hour. Cells were centrifuged at 500 x g for 5 min at 4 °C, washed once with 200 pL PBS, and then resuspended in 50 uL PBS con-
taining 1:1,000 Zombie-NIR and incubated on ice for 5 min. The stain was quenched with 200 uL. FACS Buffer. Cells were centrifuged
as described above and washed twice more in 200 uL FACS Buffer before being acquired on a Cytek Aurora spectral flow cytometer.
Cells were pre-gated on singlet, live cells before determining the percent of mtD2+ cells and the mean fluorescence intensity (MFI) for
mtD2 (within mtD2+ cells) using FlowJo v10.0 analytic software.

Administration of purified mitochondria to mice and isolation of peritoneal macrophages

Purified mtD2 mitochondria were isolated from livers as described above, and 500 pg/mL mitochondria in ice-cold PBS were pre-
pared. Purified mitochondria (200 pL to deliver 100 ng/mouse) or PBS (200 plL) were administered by intraperitoneal injection
once to either Ndufs4*’+ or Ndufs4”~ mice. Peritoneal lavage cells were harvested 1, 2, or 3 days later for flow cytometric analysis
of mtD2 mitochondria uptake by live CD45* F4/80" CD11b™ peritoneal macrophages. On Day 1, peritoneal macrophages were pu-
rified using magnet-associated cell separation (MACS) using anti-F4/80 MicroBeads UltraPure (Miltenyi Biotec, catalog number 130-
110-443) using QuadroMACS magnets (Miltenyi Biotec, catalog number 130-090-976) and LS Columns (Miltenyi Biotec, catalog
number 130-042-401), according to manufacturer instructions. Purity was confirmed to be >95% by flow cytometry.

Seahorse mitochondrial stress test assays
Purified peritoneal macrophages (3 x 10%) or oWAT macrophages (5 x 10%) were plated onto 8-well Agilent Seahorse XF HS PDL Mini-
plates (Agilent Technologies), which contain plastic rings that consolidate cells at higher density in the center of the well. After adher-
ence for 1 hour (peritoneal macrophages) or 2 hours (0WAT macrophages) at 37°C in Phenol-free XF DMEM supplemented with 1 mM
Pyruvate, 2 mM Glutamine, and 10 mM Glucose, cells were analyzed using Agilent Seahorse XF Cell Mitochondria Stress Test Kits on
an Agilent Seahorse XF HS Mini machine. FCCP concentrations were optimal at 2 pM for peritoneal macrophages and oWAT mac-
rophages, and oligomycin was used at 1.5 pM, antimycin A at 0.5 uM, and rotenone at 0.5 pM.

For BV2 cells, 1.5 x 10° cells were plated on 100 mm dishes and allowed to adhere overnight before being treated for 30 min with
1 uM Rotenone in DMSO plus 1 uM Antimycin A in 100% ethanol (R+A) or DMSO:ethanol vehicle as a control. Cells were washed and
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lifted with 0.05% trypsin-EDTA in PBS and then counted with a Countess FL with 0.1% trypan blue. 5 x 10* cells were plated into each
well of a 96-well round-bottom plates (tissue culture-treated) for exposure to 10 pg/mL purified liver mitochondria from Ndufs4*/* or
Ndufs4™~ mice. Cells were cultured with purified mitochondria for 1 hour at 37°C with 5% CO,. Cells were then centrifuged at 500 x g
for 5 min at 4°C, washed twice with 200 uL BV2 media to remove extracellular mitochondria, and then counted again with a Countess
FL with 0.1% trypan blue. XF96 Microplates were coated with Poly-D-Lysine (PDL) at 50 ng/mL (Gibco, catalog number A38904-01)
in sterile DPBS for 1 hour at room temperature followed by 3 rinses with sterile water and air drying in a laminar hood for 2 hours before
use. Cells were seeded at 1 x 10* cells per well in PDL-coated Microplates in Phenol-free XF DMEM supplemented with 1 mM Py-
ruvate, 2 mM Glutamine, and 10 mM Glucose and allowed to adhere for 1.5 hours in a non-CO, incubator at 37°C. Extracellular Flux
Assay Kits were used to perform Mitochondria Stress Test Assays on a 96-well XFe Seahorse analyzer (Agilent) according to manu-
facturer protocols. FCCP concentrations were optimal at 2 puM for BV2 cells, and oligomycin was used at 1.5 uM antimycin A at
0.5 uM, and rotenone at 0.5 pM.

After the assay was completed, brightfield imaging was done with an Agilent Cytation 5 with a 4X objective (96 well plate) or an
Echo Rebel inverted microscope with a 10X objective (8 well plate with ring). Imaged was used to calculate the number of adherent
cells per well. Seahorse data were analyzed in Seahorse Analytics software (Agilent). For BV2 cells and peritoneal macrophages, the
data were normalized by dividing oxygen consumption rates (OCR) by the ratio of adherent to input cell counts. For oWAT macro-
phages, the cell seeding pattern precluded reliable cell counting with Imaged, therefore for this cell type we visually confirmed similar
cell densities across wells after the Seahorse assays and analyzed raw OCR values per Agilent recommendations.

Statistics

Analyses was performed in R v4.0.2 and Prism v9 (Graphpad, La Jolla, CA). Categorical data was processed using the dplyr (v1.0.2)
and tidyr (v1.1.2) R packages with visualizations using the ggplot2 (v3.3.2), ggthemes (v4.2.0), viridis (v0.5.1) R packages. Student’s
t-tests were performed for 2-group comparisons, one-way analysis of variance (ANOVA) with Dunnet or Tukey post-hoc testing was
used for three-or-more group comparisons, and 2-way ANOVA with Sidak or LSD posthoc testing was used for 2 x 2 designs. Paired
testing or repeated measures was used when appropriate. When the standard deviations between groups differed, the appropriate
correction was applied (e.g. Welch’s correction). Statistical significance was set at P<0.05.
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