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Obesity is frequently associated with metabolic disease. Here, we
show that obesity changes themiRNA profile of plasma exosomes in
mice, including increases in miR-122, miR-192, miR-27a-3p, and miR-
27b-3p. Importantly, treatment of lean mice with exosomes isolated
from obese mice induces glucose intolerance and insulin resistance.
Moreover, administration of control exosomes transfected with
obesity-associated miRNA mimics strongly induces glucose intoler-
ance in lean mice and results in central obesity and hepatic steatosis.
Expression of the candidate target gene Ppara is decreased in white
adipose tissue but not in the liver of mimic-treated (MIMIC) mice,
and this is accompanied by increased circulating free fatty acids and
hypertriglyceridemia. Treatment with a specific siRNA targeting
Ppara transfected into exosomes recapitulates the phenotype in-
duced by obesity-associated miRNAs. Importantly, simultaneously
reducing free fatty acid plasma levels in MIMIC mice with either
the lipolysis inhibitor acipimox or the PPARα agonist fenofibrate
partially protects against these metabolic alterations. Overall, our
data highlight the central role of obesity-associated exosomal miR-
NAs in the etiopathogeny of glucose intolerance and dyslipidemia.
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MicroRNAs (miRNAs) are small noncoding RNA molecules
that function as negative regulators of translation (1),

particularly during cellular transitions or in situations of stress,
including maintenance of metabolic homeostasis (2). Importantly,
miRNAs can be selectively secreted by most cell types (3).
Changes in the profile of miRNAs circulating in blood can be
detected in association with diverse pathological conditions, in-
cluding metabolic disease (3). These extracellular miRNAs can be
used as biomarkers to improve diagnosis and monitor response to
therapy (4), and we have previously shown that the abundance of
specific circulating miRNAs is altered in prediabetic subjects and
glucose-intolerant mice alike (5). Circulating miRNAs can be
found bound to protein complexes or associated with high-density
lipoproteins (6, 7). They can also be located inside small vesicles
called exosomes (8). Exosomes can be captured by acceptor cells,
where the miRNAs they contain may induce transcriptomic
changes, thus acting as a novel form of intercellular communica-
tion (8). Exosomal miRNAs have been shown to participate in
tumor progression, angiogenesis, and metastasis (9). However,
their role in metabolic diseases has been much less explored (10).
Type 2 diabetes is one of the most common metabolic diseases

in the world, expected to affect almost a third of the population
by 2050 (11). The ever-increasing rise in diabetes prevalence is
closely associated with present-day obesity epidemics, as obesity
is one of the major underlying causes of insulin resistance, which
is a key component in the etiology of diabetes (12). Development
of diabetes entails alterations in insulin-sensitive tissues such as
the liver, the skeletal muscle, and the adipose depots, leading to
a state of glucose intolerance or prediabetes that ultimately re-
sults in overt diabetes when pancreatic β-cells are unable to cope
with the increased demand for insulin (13). Communication
between different tissues is thus central to the maintenance of
glucose homeostasis. Different circulating factors, including
hormones, cytokines, and growth factors, are known to modulate

interorgan cross-talk (14). In addition, a number of recent
studies have evidenced that adipose-released exosomal miRNAs
can regulate gene expression in other tissues (10, 15).
The study of exosomal miRNAs holds the promise of providing

us with a better understanding of the etiology of metabolic disor-
ders, which may then be exploited as a source of novel targets or as
a new therapeutic strategy (16). Here, we focus on exploring the
role of exosomal miRNAs during the development of obesity-
associated glucose intolerance and dyslipidemia in mice.

Results
Diet-Induced Central Obesity Changes the miRNA Profile of
Circulating Exosomes in Mice. To explore the role of exosomes in
the development of glucose intolerance, we took advantage of a
mouse model that recapitulates many features of prediabetes (17).
Male C57B6J mice were rendered glucose intolerant (Fig. 1A and SI
Appendix, Fig. S1A and Table S1) by administration of a high-fat
diet (HFD) for 15 wk. The HFD mice were hyperphagic (SI Ap-
pendix, Fig. S1B) and obese (SI Appendix, Fig. S1C). The adiposity
index, a measure of central obesity calculated as the ratio of the
weight of epididymal white adipose tissue (eWAT) and body weight,
was significantly increased in the HFDmice (SI Appendix, Fig. S1D),
which also displayed liver steatosis (SI Appendix, Fig. S1 E and F).
We found a tight positive correlation between the glycemia area
under the curve (AUC) obtained from the i.p. glucose tolerance test
(IpGTT) and body weight (SI Appendix, Fig. S1G). Importantly, the
correlation between the AUC and the adiposity index was also
highly significant (SI Appendix, Fig. S1H). Hence, glucose tolerance
is strongly associated with body weight and, particularly, with the
percentage of fat. Obese mice were also dyslipidemic, presenting
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significantly increased plasma levels of triglycerides (TGs) (SI Ap-
pendix, Fig. S1I) and free fatty acids (FFAs) (SI Appendix, Fig. S1J).
Exosomes isolated from equal amounts of plasma from control

and HFD mice were characterized by transmission electronic mi-
croscopy (Fig. 1B), nanoparticle tracking analysis (NTA) (Fig. 1C),
and Western blot with exosomal marker CD63 (Fig. 1D), and by
measuring exosome-associated esterase activity (Fig. 1E). The
mean size of the particles obtained by NTA was larger than that
evidenced by microscopy analysis, probably due to vesicle aggluti-
nation during the measurements. However, the values were not
different between groups. All analyses showed a tendency for
exosomes to be elevated in the HFD mice, which was only signif-
icant in the case of CD63 quantification (P = 0.07 for NTA; P = 0.1
for esterase activity). However, aside from their number, the
composition of exosomes may also be modified by obesity. We
focused on the miRNA content because exosomal miRNAs have
been shown to participate in the establishment of metabolic phe-
notypes (10). Real-time RT-PCR miRNA profiling of exosomes
isolated from plasma of the lean and HFD mice showed upregu-
lation of 10 miRNAs in obese exosomes, whereas 9 were down-
regulated (Fig. 1F and SI Appendix, Fig. S1K and Table S2). The
miRNA pattern of obese exosomes was sufficiently different from
that of lean exosomes to discriminate both populations (SI Ap-
pendix, Fig. S1L). Among the miRNAs increased in obesity, we
identifiedmiR-192 andmiR-122, which have been previously shown
by us and others to be increased in plasma of prediabetic or insulin-
resistant subjects (5, 18). We performed a correlation analysis be-
tween each pair of miRNAs across all samples and selected those
miRNAs with significant correlations tomiR-122 (r ≥ 0.8, P < 0.01).
Heat map representation of those miRNAs evidenced two pop-
ulations (SI Appendix, Fig. S1M). We hypothesize that miRNAs
showing a similar behavior might be under the same pattern of
dynamic secretion. We also identified other miRNA families known
to participate in the regulation of metabolism, including miR-27
and miR-30 (SI Appendix, Fig. S1M). Real-time RT-PCR analysis
of the expression of miR-122, miR-192, and miR-27a-3p in control
and HFD mice evidenced a decrease in all three miRNAs in the

eWAT, whereas miR-122 and miR-192 were increased in the liver
(SI Appendix, Fig. S1N). These data indicate that miRNA expres-
sion is regulated at the tissue level in obesity, and this is reflected in
a change in the pattern of circulating exosomal miRNAs.

Exosomes from Obese Mice Induce Glucose Intolerance in Lean Mice.
We first studied the ability of exosomes to be captured by ac-
ceptor cells. Fluorescently labeled exosomes added to 3T3-L1
cells for 24 h were easily detected by microscopy (Fig. 2A, upper).
The presence of fluorescent signals was also evident in the liver
(Fig. 2B, Upper) and the eWAT (Fig. 2B, Lower) of mice injected
i.v. with PKH67-labeled exosomes, as has been demonstrated by
others (10). To further corroborate that exosomes can reach those
tissues, we injected mice with exosomes transfected with a non-
mammalian miRNA, cel-miR-39-3p. Real-time RT-PCR analysis
showed detectable levels of the exogenous miRNA in both the liver
[cycle threshold (Ct) 25.6 ± 0.1] and the eWAT (Ct 32.8 ± 3).
Next, we injected control mice biweekly through the tail vein for

4 wk with exosomes isolated from the plasma of either lean or
obese mice. Surprisingly, the mice treated with obese exosomes
were rendered glucose intolerant (Fig. 2C) and insulin resistant
(Fig. 2E and SI Appendix, Fig. S2 A and B). To test if obese exo-
somes predisposed the recipient mice to a worse metabolic out-
come when subjected to an additional challenge, we administered
HFD to half of the mice in each group during the next 4 wk. Mice
fed HFD ingested more calories per day, independently of being
treated with lean or obese exosomes (SI Appendix, Fig. S2C). Body
weight increased in all experimental groups compared with the

Fig. 1. Diet-induced central obesity changes the profile of circulating exosomal
miRNAs. (A) IpGTT in C57B6J mice after 15 wk of HFD feeding. (B) Representative
electron micrographs of exosomes isolated from mouse plasma. (C) Exosome size
distribution determined by NTA in control and obese mice. (D) Western blot
analysis of CD63 from equal volumes of plasma obtained from chow-fed and HFD
mice and its quantification. (E) Number of exosomes from equal volumes of
plasma estimated from esterase activity. (F) Volcano plot of real time RT-PCR
profiling of the miRNA content of lean and obese plasma exosomes. Data are
presented as mean ± SEM. n = 10 per group (A); n = 3 per group (B–E); n = 4 per
group (F). *P < 0.05, **P < 0.01, ***P < 0.005, ****P < 0.001, Student’s t test.

Fig. 2. Exosomes from obese mice induce glucose intolerance in lean mice.
(A) 3T3-L1 cells after 24 h incubation with unlabeled exosomes (Upper left),
exosomes labeled with fluorescent marker PKH67 (Upper right), unlabeled
exosomes transfected with a fluorescent miRNA mimic (Lower left), and 3T3-
L1 cells transfected with the same fluorescent mimic (Lower right). (B) Liver
(Upper) and eWAT (Lower) sections of control mice after 6 h injection with
PBS (Left) or exosomes labeled with PKH67 (Right). (C) IpGTT in chow-fed
mice after 4 wk of biweekly injections of obese exosomes. (D and E) IpGTT (D)
and insulin tolerance test (0.35 U/kg) (E) in C57B6J mice after 8 wk of biweekly
systemic injections of obese exosomes, with HFD feeding during the last 4 wk.
Data are presented as mean ± SEM. n = 3 per condition (A and B); n = 10 per
group (C); n = 5 per group except n = 4 CT-HFD (D and E). *P < 0.05, **P < 0.01,
****P < 0.001 with respect to control (CT) group, Student’s t test.
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chow-fed control mice injected with lean exosomes (SI Appendix,
Fig. S2D). However, significantly increased adiposity was only evi-
dent in the combined exosome-treated and HFD-fed (EXO-HFD)
group (SI Appendix, Fig. S2E). Determination of the hepatic TG
content showed a tendency for all experimental groups to be in-
creased compared with the control, but the differences were not
significant (SI Appendix, Fig. S2F). Superposition of a short-term
HFD on the exosome-treated mice resulted in a dramatically ex-
acerbated phenotype of glucose intolerance and insulin resistance
(Fig. 2 D and E and SI Appendix, Fig. S2G and Table S1). Overall,
these data show that modification of the population of circulating
exosomes induces the development of metabolic alterations in mice.

Exosomes Transfected with Obesity-Associated miRNAs Induce
Glucose Intolerance Dissociated from Obesity. To determine if miR-
NAs are the ones influencing energetic metabolism, we isolated exo-
somes from lean mice and transfected them with a negative control or
with a mixture of artificial miRNA mimics. We selected four of the
miRNAs that we found to be more overexpressed in obese exosomes
(miR-192, miR-122, miR-27a-3p, and miR-27b-3p). With this strategy,
we aimed not to exactly reconstitute the obese exosomes but to isolate
the effect of the miRNAs, discarding other sources of variation such as
the protein content or lipid cover of the exosomes. As a control, we
first transfected exosomes with a fluorescent miRNAmimic. Addition
of these transfected exosomes to 3T3-L1 cells showed a pattern akin
to that observed when adding exosomes labeled with PKH67 but
clearly different from that observed when the cells were transfected
with the same fluorescent miRNA mimic naked (Fig. 2A, Lower).
Lean mice fed standard chow were then injected through the tail

vein biweekly for 4 wk with exosomes transfected with the selected
mimics. After the treatment, body weight was no different between
groups (SI Appendix, Fig. S3A) but the eWAT was significantly
enlarged (SI Appendix, Fig. S3 B and C). Additionally, the mimic-
treated (MIMIC) mice were dyslipidemic, with increased plasma
levels of TGs (Fig. 3A) and FFAs (Fig. 3B). Importantly, as was the
case with the mice injected with the obese exosomes (Fig. 2 C–E),
the MIMIC mice were glucose intolerant (Fig. 3C and SI Appendix,
Table S1) and insulin resistant (Fig. 3D and SI Appendix, Fig. S3D).
Correlation between the glycemia AUC from the IpGTT and either
body weight or percentage of eWAT indicated that glucose intol-
erance is significantly associated with an increase in eWAT (Fig.
3F) but not body weight (Fig. 3E). This is a different scenario from
that observed in the HFD mice (SI Appendix, Fig. S1 G and H),
where the AUC correlated even better with body weight than
percentage of eWAT. Hence, the MIMIC mice replicated the

phenotype of glucose intolerance and insulin resistance seen in the
HFD mice but dissociated from obesity.

Mimic Treatment Induces eWAT Inflammation and Hepatic Steatosis.
We used the Reactome Pathway Database to search for pathways
affected by all of the miRNAs whose abundance was modified in
obese exosomes. Analysis of the up-regulated miRNAs produced
the most significant results, with the identification of pathways
involved mostly in the regulation of transcription (SI Appendix,
Table S3). Ingenuity Pathway Analysis (IPA) software (QIAGEN)
was used to identify target genes specific to our four selected
miRNAs, focusing on the liver and the eWAT. We selected these
tissues because they are important insulin target organs and, in the
case of the eWAT, we were surprised by the significant enlarge-
ment observed (SI Appendix, Fig. S3D). The analysis identified the
Ppar family of transcription factors as one of the main canonical
pathways affected and lipid metabolism as the main affected net-
work (SI Appendix, Table S4). Accordingly, RT-PCR analysis of
3T3-L1 cells transfected with the four selected mimics evidenced
that all three isoforms of the Ppar family were significantly down-
regulated (Fig. 4A and SI Appendix, Fig. S4A).
The eWAT of the MIMIC mice displayed decreased expression

of adipogenic genes and fatty acid oxidation (FAO) pathways, with
increased expression of inflammatory mediators. This is a pattern
akin to that observed in the eWAT of the HFD mice (Fig. 4B). In
particular, decreased expression of Ppara and Pparg (Fig. 4C and D)
and increased expression of Ccl2 (Fig. 4E) were observed. Ac-
cordingly, the eWAT of the MIMIC mice also showed macrophage
infiltration (Fig. 4F and SI Appendix, Fig. S4 B and C). In contrast,
analysis of hepatic gene expression showed up-regulation of genes
associated with de novo lipogenesis (DNL) in both the HFD and
the MIMIC mice (Fig. 4G). Specifically, increased expression of
Pparg (Fig. 4I) was observed, associated with a higher accumulation
of hepatic lipid droplets (Fig. 4J) and increased TG content (Fig.
4K). On the other hand, Ppara expression remained unchanged in
the MIMIC mice whereas it was increased in the HFD mice (Fig.
4H). Hence, mimic treatment induces robust gene expression
changes associated with eWAT inflammation and hepatic steatosis,
both of which are known components in the development of glucose
intolerance and dyslipidemia (19).

Treatment with siPPARA-Transfected Exosomes Recapitulates the
Central Obesity Phenotype of MIMIC Mice. We hypothesized that
decreased Ppara in the eWAT could explain the phenotype of the
MIMIC mice. Decreased Ppara expression was also found in the
eWAT of the HFD mice and is known to induce defective FAO
and increased FFA delivery to the bloodstream (20), leading to
hepatic steatosis. Accordingly, the MIMIC mice showed decreased
mitochondrial content in the eWAT (Fig. 5F). Hence, we injected
the mice with exosomes transfected with a siRNA targeting Ppara
(siPPARA). First, transfection of 3T3-L1 cells showed that siP-
PARA effectively decreased Ppara mRNA levels (Fig. 5A). This
was accompanied by a decrease in Ppard, the other catabolic iso-
form, but not the anabolic isoform Pparg.
Next, the control mice were treated for 1 wk with two systemic

injections of siRNA-loaded exosome preparations. Remarkably,
similar to the MIMIC mice, Ppara expression was decreased in
the eWAT of the siPPARA mice (Fig. 5B) but not in the liver
(Fig. 5D). This was accompanied by a phenotype of adipose in-
flammation (Fig. 5C) and activated hepatic DNL (Fig. 5E and SI
Appendix, Fig. S5A). Interestingly, we observed a significant
decrease in the mitochondrial content of the eWAT (Fig. 5F)
and a concurrent increase in hepatic FFA (Fig. 5G) and TG
content (SI Appendix, Fig. S5 B and C). It is surprising that Ppara
was not decreased in the liver even though the exosomes were
reaching the tissue (Fig. 2B). A possible explanation is that the
obesity phenotype was opposing the effect of the exosomes in the
liver. Accordingly, 48 h after a single injection of siPPARA-
loaded exosomes, when the phenotype was not yet established,
we observed comparable decreases in Ppara expression in both he-
patocytes and adipocytes (SI Appendix, Fig. S5D). After treatment,

Fig. 3. Exosomes transfected with obesity-associated miRNAs induce glucose
intolerance dissociated from obesity. (A and B) Plasma TG (A) and FFA (B) con-
centrations from chow-fedmice after 4 wk of injections of exosomes loadedwith
mimics of four miRNAs enriched in obese exosomes. (C and D) IpGTT (C) and
insulin tolerance test (0.175 U/kg) (D) in mice described in A and B. (E and F)
Correlation between the glycemia AUC obtained from the IpGTT and either
body weight (E) or percentage of eWAT (F). Data are presented as mean ± SEM.
n = 5 per group (A–F). *P < 0.05, **P < 0.01, Student’s t test.
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the siPPARAmice were glucose intolerant (Fig. 5H and SI Appendix,
Table S1). Correlation analysis again demonstrated that glucose in-
tolerance in this model is associated with increased eWAT (Fig. 5J)
but not body weight (Fig. 5I). Altogether, these data show that
treatment with siPPARA-transfected exosomes decreased Ppara ex-
pression predominantly in the eWAT, and this was enough to re-
capitulate the central obesity phenotype of the MIMIC mice.

Decreasing FFA Plasma Levels Partially Revert the Pathologic Phenotype.
As the liver accumulates FFAs as a function of their circulating
levels (21), hepatic steatosis may be secondary to adipose dys-
function. We expected that by decreasing FFA plasma levels we
would be able to partially revert the pathological phenotype.
Hence, we treated a new cohort of mice simultaneously with mimic-
transfected exosomes and either the lipolysis inhibitor acipimox or
the PPARα agonist fenofibrate, hence reducing plasma FFAs by
enforcing their storage or favoring their oxidation, respectively.
Circulating FFA and TG levels significantly increased in the
MIMIC mice, but returned to control levels with administration of
both drugs (Fig. 6 A and B). Importantly, in parallel with alleviation
of dyslipidemia, both drugs mitigated the phenotype of glucose
intolerance observed in the MIMIC mice (Fig. 6C and SI Appendix,
Table S1) and normalized insulin resistance (Fig. 6D). A similar
treatment with acipimox in the siPPARA-treated mice was also
able to normalize dyslipidemia and glucose intolerance (SI Ap-
pendix, Fig. S6 A–D and Table S1). Overall, our data support the
central role of obesity-associated exosomal miRNA-targeted adi-
pose Ppara expression, reflected in increased FFA plasma levels,
development of glucose intolerance, and dyslipidemia in mice.

Discussion
Recent in vivo studies have demonstrated that exosomes can
transfer mature miRNAs between organs, resulting in functional
changes in the receiving cells (15) and affecting whole-body in-
sulin sensitivity (10). We showed that obesity changes the profile
of exosomal miRNAs in mice. We observed increases in exoso-
mal miR-192 and miR-122 that were in accordance with previous
evidence suggesting an important role for both miRNAs as novel
circulating factors involved in insulin resistance (5, 18, 22). It was
out of the scope of our study to identify the tissue that provides
the main source of obesity exosomal miRNAs, but a number of
reports have pointed to the eWAT (10, 15).
Importantly, we report that lean mice treated with exosomes from

obese mice develop glucose intolerance and insulin resistance, which
are further exacerbated by superposition of a short-term HFD. This
effect, however, may be due to the induction of an inflammatory
phenotype caused by the injection of contaminants present in the
plasma of obese mice and coprecipitated with the vesicles. To avoid
this unwanted effect and, at the same time, with the intention of
focusing on the role of miRNAs and discarding other sources of
variation such as the protein or lipid content of exosomes, we
established an artificial model in which the only difference in the
injected preparations was the miRNAs themselves. Remarkably, the
mice injected with lean exosomes transfected with obesity-associated
mimics replicated the phenotype of glucose intolerance seen in the
HFDmice, hence pointing to a central role of exosomal miRNAs in
orchestrating the phenotypic effects observed.

Fig. 4. Mimic treatment induces eWAT inflammation and hepatic steatosis. (A) mRNA expression level of Ppar family members in 3T3-L1 cells after transfection with
the four selected obesity-associated miRNA mimics. (B and G) Heat maps showing differential mRNA expression of candidate target genes involved in lipogenesis,
FAO, and inflammation between either HFD or MIMIC mice and respective controls in the eWAT (B) and the liver (G). (C–E) mRNA expression level of Ppara (C), Pparg
(D), and Ccl2 (E) in the eWAT of HFD mice, MIMIC mice, and respective controls. (F) Representative H&E staining of eWAT sections from control and MIMIC mice.
(H and I) mRNA expression level of Ppara (H) and Pparg (I) in the liver of HFD mice, MIMIC mice, and respective controls. (J and K) Representative Oil Red staining of
liver sections (J) and TG quantification in the liver of control andMIMIC mice (K). Data are presented as mean ± SEM. At least n = 7 per condition (A); n = 4 per group
(B–E, G–I, and K); n = 2 per group (F and J). *P < 0.05, **P < 0.01, ***P < 0.005 with respect to either control (CT) or CHOW groups, Student’s t test.
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The MIMIC mice remained lean, but showed a significant en-
largement of the epididymal adipose depot. Interestingly, we found a
strong correlation between the percentage of eWAT and the glycemia
AUC, suggesting that glucose tolerance in these mice was associated
with central obesity rather than with total body weight. In this regard,
the plasma abundance of miR-122 and miR-192 has been shown to
correlate with waist circumference and visceral fat quantity in humans,
as well as with an increased TG/HDL ratio (18). Inhibition ofmiR-122
reduces cholesterol and hepatic FA synthesis in mice and primates
(23, 24). Similarly, miR-27a-3p and miR-27b-3p have been involved in
the regulation of adipose function (25) and treatment of mice with
miR-27 family mimics increases TG levels (26).
Our MIMIC mice displayed decreased expression of adipogenic

genes and FAO pathways in the eWAT, associated with macro-
phage infiltration and enlargement of the tissue. This phenotype is
also associated with increased FFA plasma levels, up-regulation of
hepatic DNL genes, and accumulation of lipids. Importantly, both
adipose inflammation and hepatic steatosis are known components
in the early development of glucose intolerance and dyslipidemia.
The decreased Ppara adipose expression found in the MIMIC mice
might lead to defective FAO and increased FFA delivery to the
periphery (20, 27, 28). To confirm that, we treated the mice with
exosomes transfected with a siRNA targeting Ppara, thus de-
creasing its expression in the tissues targeted by the exosomes. We
observed the main effect in the eWAT, where decreased Ppara
expression was again accompanied by a phenotype of inflammation
and tissue enlargement. In agreement with our results, the
Ppara−/− mice displayed larger adipose stores with aging (28).
To provide further evidence of the role of the eWAT and the

involvement of Ppara in the development of the phenotype, we used
two alternative strategies, both aimed at decreasing FFA plasma
levels. MIMIC mice were simultaneously administered either the li-
polysis inhibitor acipimox, then decreasing FFA release to the
bloodstream by enforcing their storage in the eWAT (29), or the
PPARα agonist fenofibrate, then increasing oxidation. As expected,
both strategies restored insulin sensitivity and significantly improved
glucose tolerance in the MIMIC mice. Accordingly, fenofibrate has
been shown to improve insulin sensitivity in patients with hyper-
triglyceridemia (30). PPARα activation was enough to revert the
pathologic phenotype of the MIMICmice, even though levels of the

factor were decreased. These results, together with the data re-
garding the siPPARA-treated mice, support our notion that adipose
Ppara is central to the phenotype observed (Fig. 6E).

Fig. 6. Decreasing FFA plasma levels partially revert the pathologic phenotype.
(A and B) Plasma FFA (A) and TG (B) concentrations from chow-fed mice after 4
wk of injections of exosomes loaded with mimics of four miRNAs enriched in
obese exosomes and simultaneously administered acipimox (ACX) or fenofibrate
(FF) orally. (C and D) IpGTT (C) and insulin tolerance test (0.5 U/kg) (D) in the mice
described in A and B. (E) Proposed model: Injection of exosomes transfected with
synthetic miRNAs simulating those enriched in obesity decreases Ppara expression
and oxidative capacity in the eWAT. This is associated with increased FFA release
to the bloodstream, which in turn induces adipose inflammation and hepatic
steatosis. Treatment with the lipolysis inhibitor ACX or the PPARα agonist FF
decreases plasma FFAs and partially reverts this phenotype. Data are presented as
mean ± SEM. n = 5 per group (A–D). *P < 0.05, **P < 0.01, ****P < 0.001 with
respect to the control (CT) group unless otherwise indicated, Student’s t test.

Fig. 5. Treatment with siPPARA-transfected exosomes recapitulates the central obesity phenotype of MIMIC mice. (A) mRNA expression level of Ppar family
members in 3T3-L1 cells transfected with siPPARA siRNA. (B and C) mRNA expression of Ppara (B) and Ccl2 (C) in the eWAT of chow-fed mice after two injections of
lean exosomes loaded with the siPPARA described in A. (D and E) mRNA expression of Ppara (D) and Pparg (E) in the liver of control and siPPARA mice. (F) Western
blot analysis of mitochondrial complexes and housekeeping actin in the eWAT from MIMIC and siPPARA model mice. (G) FFA quantification in the liver of the mice
described in B and C. (H) IpGTT in the mice described in B and C. (I and J) Correlation between the glycemia AUC obtained from the IpGTT and either body weight (I)
or percentage of eWAT (J). Data are presented as mean ± SEM. n = 3 per condition (A); n = 4 per group (B–E); n = 2 per group (F); n = 8 per group (G); n = 5 per
group (H); n = 9 per group (I); n = 8 control (CT) and 7 siPPARA (J). *P < 0.05, **P < 0.01, ***P < 0.005, Student’s t test.

12162 | www.pnas.org/cgi/doi/10.1073/pnas.1808855115 Castaño et al.

www.pnas.org/cgi/doi/10.1073/pnas.1808855115


Use of exosomes as vehicles for the transport of siRNAs may
pave the way to strategies to specifically deliver bioactive cargo to
target cells (16). Systemic injection of miRNA mimics/antagomiRs
or siRNAs has been performed in mice (23, 24, 31). However, we
want to stress two main differences between our experimental
models and previous studies. On the one hand, in previous reports
the siRNAs/miRNAs were administered either naked or coupled to
an adjuvant such as cholesterol moieties or atelocollagen (23, 24, 31)
whereas we packed them inside exosomes. Hence, we expected that
we were delivering them to those tissues targeted by native exo-
somes. On the other hand, in contrast with the pharmacological
doses frequently described of approximately 25 mg miRNA/kg
mouse, we were injecting a 1,000-fold lower dose of 25 μg/kg, cor-
responding to 125 pmols miRNA.
Overall, we showed that obesity-associated exosomal miRNAs

are active players in the first stages of the metabolic syndrome
characterized by development of glucose intolerance, dyslipide-
mia, and central obesity in mice.

Materials and Methods
Experimental Animal Models. HFD: mice were maintained in either a standard
chowdiet or anHFD for 15wk. For the different treatments, micewere injected
biweekly through the tail veinwith native or transfected exosomepreparations
in PBS. EXO: mice were injected with 5 μg exosomes isolated from plasma of
control or HFD mice for 4 wk. Half of the mice in each group were adminis-
tered HFD during the next 4 wk while maintaining the injections. MIMIC: mice
were injected with 25 μg exosomes transfected with a negative control or a
mixture of miRNA mimics for 4 wk. A second cohort of mimic-injected mice
was simultaneously daily administered either the lipolysis inhibitor acipimox or
the PPARα agonist fenofibrate by oral gavage. siPPARA: mice were injected
with 25 μg exosomes transfected with a nontargeting siRNA or a siRNA tar-
geting Ppara for 1 wk. Glucose tolerance, insulin sensitivity, and circulating TG
and FFA levels were determined after 6 h fasting (32). At killing, 1 mL blood
was obtained for exosome isolation. Biodistribution studies: mice were in-
jected with 50 μg exosomes transfected with a nonmammalian miRNA (cel-
miR-39-3p) or PBS and killed 4 h afterward for RT-PCR analysis. A second cohort
was injected with 100 μg PKH67-labeled exosomes or PBS 6 h before killing for
immunohistochemistry analysis. Studies were approved by the Animal Re-
search Committee of the University of Barcelona (register 404/13).

Exosome Characterization. Exosomes isolated from mouse plasma by centri-
fugation were characterized by Western blot, NTA, transmission electron
microscopy, and esterase ELISA. Real-time RT-PCR miRNA profiling was
performed using predesigned panels with locked nucleic acid (LNA) primers
(Exiqon). Differential expression was determined with GenEx software
(Exiqon) by normalizing to the mean Ct of the plate. Exosomes were labeled
with fluorescent dye PKH67 and transfected with 370 pmol fluorescent
miRNA mimic, 125 pmol negative control (cel-miR-39-3p), artificial miRNA
mimics (miR-192, miR-122, miR-27a-3p, and miR-27b-3p), or 190 pmol siRNA
targeting Ppara or a negative control nontargeting siRNA using Exo-Fect
(System Biosciences). For sequences and references, see SI Appendix, Table
S5. 3T3-L1 cells were transfected with 8 pmol negative control or the four
selected miRNA mimics using Metafectene Pro (Biontex) (33). For siRNA
transfection, 60 nM siPPARA or a scrambled control was used (Applied
Biosystems).

RNA/Protein Analyses and Immunohistochemistry. For mRNA expression,
500 ng were retrotranscribed and analyzed by real-time RT-PCR. For tissue
miRNA expression, 5 ng of total RNA was retrotranscribed and analyzed
using commercial SYBRGreen primers (Exiqon). See SI Appendix, Table S6
for primer sequences and references. Protein extracted with radio-
immunoprecipitation assay (RIPA) buffer was analyzed by Western blot
with the Mitoprofiler (MitoSciences-Abcam) and antiactin (Sigma) anti-
bodies. H&E and Oil Red staining was performed following the protocols
at IHCWorld (www.ihcworld.com).

Statistical Analyses. Differences between groups were determined by either
t test analysis when only two groups were compared or by one-way ANOVA
with t test analysis for posttest pairwise comparisons of three or more groups.
Asterisks in figures indicate significance with respect to the control group
unless otherwise specified. Correlation analyses were performed by Pearson
regression.
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