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Abstract

In chronic obesity, hepatocytes become insulin resistant and exert important effects on systemic 

metabolism. Here we show that in early onset obesity (4wks HFD), hepatocytes secrete exosomes 

which enhance insulin sensitivity both in vitro and in vivo. These beneficial effects were due 

to exosomal miRNA miR-3075 which is enriched in these hepatocyte exosomes. FA2H is a 

direct target of miR-3075 and siRNA depletion of FA2H in adipocytes, myocytes, and primary 
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hepatocytes leads to increased insulin sensitivity. In chronic obesity (16–18wks HFD), hepatocyte 

exosomes promote a state of insulin resistance. These chronic obese hepatocyte exosomes do not 

directly cause impaired insulin signaling in vitro but do promote proinflammatory activation of 

macrophages. Taken together, these studies show that in early onset obesity, hepatocytes produce 

exosomes which express high levels of the insulin sensitizing miR-3075. In chronic obesity, this 

compensatory effect is lost and hepatocyte-derived exosomes from chronic obese mice promote 

insulin resistance.

Obesity-induced insulin resistance is a key feature of the prediabetic state, and when 

subsequent β-cell dysfunction emerges, the 2 metabolic defects combine, leading to 

the appearance of frank Type 2 Diabetes (T2DM)1–4. While a number of antidiabetic 

therapeutics are available, many patients are still unable to attain adequate glucose control. 

Therefore, there is a large unmet medical need for new therapeutics to treat this disorder, 

particularly with respect to insulin sensitization

EVs are heterogeneous membranous nanoparticles released from most cell types consisting 

of smaller particles termed exosomes, larger microvesicles and even larger apoptotic 

bodies5–7. Exosomes and their molecular cargos play critical roles in intercellular and 

interorgan crosstalk5–7. In a sense, the systemic inter-organ crosstalk attributed to secreted 

exosomes resembles an endocrine-like system. Emerging evidence has revealed that 

exosome-mediated intercellular communication exerts major effects on insulin resistance 

and glucose intolerance in the obese setting8–14. These effects have largely been attributed 

to the microRNAs (miRNAs) carried within exosomes6,12,13,15. miRNAs negatively regulate 

gene expression by binding to the 3’ untranslated region (3’ UTR) of mRNA targets, 

leading to translational arrest or degradation16–18. Exosomal miRNAs have been implicated 

in obesity-induced insulin resistance and glucose intolerance in both animals and humans6. 

As one example, our previous studies have demonstrated that adipose tissue macrophages 

(ATMs) secrete miRNA containing exosomes which can enter the circulation to be taken 

up by distal insulin target cells, such as liver, muscle, and adipocytes12. ATM exosomes 

derived from obese mice directly cause insulin resistance in vitro, and when given to lean 

mice, they produce a state of insulin resistance and glucose intolerance. In contrast, ATM 

exosomes derived from lean mice lead to improved insulin sensitivity both in vitro and in 
vivo. Indeed, we have recently demonstrated that miR-690 is abundantly expressed in M2 

macrophage-derived exosomes and can directly cause enhanced insulin sensitivity in vitro in 

cells and reverses insulin resistance/glucose intolerance when given to obese mice in vivo13.

The liver plays an essential role in the metabolism of glucose and lipids and must quickly 

adapt to differing conditions of nutrient availability by regulating the fluxes of carbohydrates 

and lipids19,20. While some studies have reported that hepatocyte-derived extracellular 

vesicles (EVs) can act as paracrine molecules leading to activation of hepatic stellate 

cells21–25, little is known about the systemic effects of hepatocyte exosomal miRNAs on 

the metabolic dysfunction in obesity.

Here we find that hepatocytes secrete distinct exosomal miRNAs in early onset vs. 

chronic established obesity that modulate peripheral insulin sensitivity and glucose 

tolerance. Hepatocyte-derived exosomes collected from 4 week HFD mice (early stage 
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obesity) can directly enhance both in vitro and in vivo insulin sensitivity. miR-3075 is 

highly induced in these early onset 4wk HFD hepatocyte-derived exosomes and directly 

causes these beneficial metabolic effects. Based on exosomal miRNA sequencing and a 

bioinformatics approach, we identified FA2H mRNA as a target of miR-3075. Indeed, 

FA2H expression is suppressed after treatment with 4wk HFD hepatocyte exosomes or with 

a miR-3075 mimetic. In contrast to the findings with early stage 4wk HFD hepatocyte 

exosomes, chronic established obesity in 16wks HFD mice leads to the secretion of 

hepatocyte exosomes which no longer express high levels of miR-3075. Indeed, these 

16wk HFD hepatocyte exosomes indirectly exaggerate insulin resistance by stimulating 

proinflammatory macrophage responses in adipose tissue. Thus, in early stage obesity 

hepatocytes secrete exosomes which appear to be a compensatory response mitigating 

the full development of insulin resistance, whereas, in the chronic obese state, hepatocyte­

derived exosomes promote insulin resistance.

Results

Effects of hepatocyte exosomes in early stage obesity.

EVs play a critical role in transporting extracellular miRNAs between different cell types. 

In these studies we have used a previously published isolation method which yields a 

highly enriched and well characterized population of exosomes from cell culture media 

and, therefore, the term exosomes is used throughout this paper12,13. To assess the effect 

of high fat diet (HFD) induced-obesity on this process, hepatocyte-derived exosomes were 

collected from chow-fed lean animals, 4 week (4wk) HFD mice with early stage obesity, or 

from chronically obese 16 week HFD WT mice. Exosome-associated characteristics, such 

as protein markers and particle size, were similar across these preparations. We observed 

that hepatocytes from both 4 and 16wk HFD fed mice, secreted more exosomes than lean 

hepatocytes (Extended Data Fig. 1a and 1b). More importantly, as seen in Fig. 1a, miRNA 

sequencing showed that the expression patterns differ in early onset obesity (4wk HFD) 

compared to chronic, established obesity (16wk HFD) or chow-fed lean mice.

The 4wk HFD hepatocyte exosomes were labeled with red fluorescent PKH26 dye and 

injected into 12wk HFD/obese mice. We found that hepatocyte exosomes can be transferred 

and taken up by insulin target tissues, as evidenced by the appearance of red fluorescence 

in the liver, adipose tissue, and skeletal muscle of the 12wk HFD/obese recipient mice 

(Extended Data Fig. 1c). No red fluorescence was detected in these tissues after injection 

of exosomes not labeled with PKH26 dye. We next tested the metabolic effects of 4wk 

HFD hepatocyte hepatocyte exosomes. 4wk HFD hepatocyte exosomes were intravenously 

injected into 12wk HFD/obese WT mice (5 × 109 exosomes/mouse, twice per week for 

6 weeks). Additional groups of 12wk HFD/obese mice were treated with either empty 

liposomes or hepatocyte exosomes derived from chow-fed lean mice. While all recipient 

groups displayed comparable body weights after exosomes treatment (Extended Data Fig. 

1e), administration of 4wk HFD hepatocyte exosomes led to improved glucose tolerance 

(Fig. 1b) and insulin sensitivity (Fig. 1c) compared to treatment with either empty liposomes 

(HFD control) or lean hepatocyte exosomes (Fig. 1b and 1c). These results also show that 

treatment with empty liposomes has no metabolic effects (Extended Data Fig. 1d). The 
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beneficial metabolic effects of 4wk HFD hepatocyte exosome treatment on in vivo insulin 

sensitivity was further assessed by performing hyperinsulinemic, euglycemic clamp studies. 

After treatment with 4wk HFD hepatocyte exosomes, the recipient 16wk HFD/obese mice 

exhibited higher glucose infusion rates, enhanced insulin-stimulated glucose disposal rate, 

and a greater degree of insulin-mediated suppression of hepatic glucose production and 

circulating free fatty acid levels (Fig. 1d–1g). This shows the effect of 4wk HFD hepatocyte 

exosomes to cause systemic insulin sensitivity in all major insulin target tissues. Consistent 

with this, the levels of insulin-stimulated AKT phosphorylation in skeletal muscle, liver, and 

adipose tissue were enhanced in the HFD/obese recipient mice treated with the 4wk HFD 

hepatocyte exosomes (Fig. 1h). Interestingly, 4wk HFD Exo treatment had minimal effects 

on adipose tissue inflammation, as exemplified by similar levels of M1 and M2-like ATMs. 

In addition, adipose tissue proinflammatory cytokine expression in the chronically obese 

recipient HFD mice treated with 4wk HFD hepatocyte exosomes was the same compared to 

empty liposome-treated controls (Extended Data Fig. 1f and 1g).

We also assessed the direct effects of 4wk HFD hepatocyte exosomes on in vitro insulin 

signaling in adipocytes, myocytes, and hepatocytes. Consistent with the improvement 

induced by 4wk HFD hepatocyte exosomes on in vivo insulin sensitivity, 3T3-L1 adipocytes 

and L6 myocytes exhibited increased insulin-stimulated glucose uptake after treatment with 

the 4wk HFD hepatocyte exosomes (1 × 108 exosomes per 0.5 × 106 cells; Extended 

Data Fig. 1h and 1i). In addition, treatment of primary hepatocytes from 12wk HFD/obese 

mice with hepatocyte exosomes from 4wk HFD mice led to enhanced insulin-mediated 

suppression of glucagon-stimulated glucose production, compared to the insulin-resistant 

obese hepatocytes treated with empty liposomes (Extended Data Fig. 1j). As shown in 

Extended Data Fig. 1k, 4wk HFD hepatocyte exosome treatment also led to increased 

levels of insulin-stimulated AKT phosphorylation in these three insulin target cell types. 

Taken together, these results indicate that 4wk HFD hepatocyte exosomes directly mitigate 

obesity-associated insulin resistance.

Inhibition of hepatocyte exosome secretion and miRNA loading.

To deplete exosomal miRNAs, we generated hepatocyte-specific Y-box-binding protein 1 

(YBX1) KO mice. YBX1 is a necessary component of the machinery that loads miRNAs 

into exosomes26,27. To knockout YBX1 in hepatocytes, hepatocyte-specific Cas9 transgenic 

mice were treated with a lentivirus (1 × 108 particles/mouse) carrying a YBX1 guide RNA 

(gRNA-YBX1) designed to delete the translational start site (Extended Data Fig. 2a)28–30. 

Deletion of YBX1 did not affect hepatocyte exosome production or the expression of 

exosome associated protein markers (Fig. 2a and Extended Data Fig. 2b) but led to a marked 

decrease in the miRNA content within the hepatocyte exosomes, as shown by the > 95% 

reduction in miR-122 (a highly expressed miRNA in hepatocytes) abundance (Fig. 2b). As 

seen in Fig. 2c, 2d, and Extended Data Fig. 2c, hepatocyte YBX1 deletion exacerbated 

glucose and insulin tolerance in 4wk HFD KO mice with no change in body weight. This 

indicates that endogenous hepatocyte miRNAs loaded into exosomes function to mitigate 

impaired glucose and insulin tolerance in 4wk HFD mice. In addition, YBX1KO mediated 

miRNA depletion abolished the beneficial effects of 4wk HFD hepatocyte exosomes on 

glucose tolerance and in vivo insulin sensitivity and did not affect body weight (Fig. 2e, 2f, 
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and Extended Data Fig. 2d). This is shown by similar glucose and insulin tolerance tests 

between 18wks HFD WT recipient mice treated either with 4wk HFD YBX1KO hepatocyte 

exosomes or empty liposomes compared to the improvement seen in 4wk HFD Exos treated 

obese mice (Fig. 2e and 2f). 4wk HFD YBX1KO hepatocyte exosome treatment also had no 

significant effects on glucose uptake or insulin-stimulated AKT phosphorylation in 3T3-L1 

adipocytes or L6 myocytes (Fig. 2g and 2h and Extended Data Fig. 2e).

Previous studies have demonstrated that Rab27, a small GTPase, is critical for the secretion 

of small vesicles such as exosomes31–33. To evaluate the importance of Rab27 on the release 

of exosomes and extracellular miRNAs from hepatocytes, we generated a hepatocyte­

specific Rab27 knockout (Rab27KO) mouse model. This was done by intravenous injection 

of a lentivirus harboring the guide RNAs for start site deletion of both Rab27a and 

Rab27b (gRNA-Rab27a and gRNA-Rab27b, respectively) into hepatocyte-specific Cas9 

transgenic mice (Extended Data Fig. 3a). Control Cas9 transgenic mice were injected 

with lentivirus carrying control vectors without gRNA. Nanoparticle analysis confirmed a 

significant reduction in hepatocyte exosome secretion after Rab27 depletion (Fig. 3a). More 

importantly, deletion of Rab27 in hepatocytes significantly reduced the miRNA content of 

the remaining EVs, as evidenced by an ~ 90% lower level of miR-122 per 1×109 EVs (Fig. 

3b). Most likely, this is because many of the remaining “exosomes” are other forms of EVs 

which do not carry significant levels of miRNAs. We found that EVs derived from 4wk 

HFD Rab27KO hepatocytes did not affect in vitro hepatic glucose production (Extended 

Data Fig. 3b), in contrast to treatment with 4wk HFD hepatocyte exosomes from WT 

mice. Hepatocyte Rab27 depletion resulted in glucose intolerance and insulin resistance, 

compared to the WT control mice with no change in body weight (Fig. 3c and 3d and 

Extended Data Fig. 3c). We also observed lower insulin-stimulated AKT phosphorylation in 

liver, skeletal muscle, and adipose tissue from hepatocyte-specific Rab27KO mice compared 

to WT control mice (Fig. 3e). In addition, hepatocytes isolated from 4wk HFD hepatocyte­

specific Rab27KO mice displayed impaired insulin suppression of glucagon-induced glucose 

output, whereas, 4wk HFD WT hepatocytes showed normal insulin sensitivity (Extended 

Data Fig. 3d). These data indicate that endogenous miRNAs within 4wk HFD hepatocytes 

provide signals needed to mitigate cellular insulin resistance. Overall, the results suggest the 

concept that expression of insulin sensitizing miRNAs in 4wk HFD hepatocyte exosomes 

may be a compensatory response in an attempt to mitigate HFD/obesity-induced insulin 

resistance.

Exosomal miR-3075 produces insulin sensitivity.

Our miRNA sequencing analysis revealed that 4 wk HFD feeding induced a set of miRNAs 

uniquely enriched in hepatocyte exosomes (Fig. 1a). This increased expression was greatest 

and most consistent for miR-3075. In addition, we validated that miR-3075 was highly 

enriched in key metabolic tissues after treatment with 4wk HFD hepatocyte exosomes, 

demonstrating transfer and uptake from these exosomes to adipose tissue, skeletal muscle, 

and liver (Extended Data Fig. 4a–4c). In contrast, treatment with 4wk HFD YBX1KO 

hepatocyte exosomes did not affect miR-3075 abundance in obese recipient mice (Extended 

Data Fig. 4a–4c). Interestingly, at 4wks of HFD, primary hepatocytes maintain a comparable 

level of insulin sensitivity as primary hepatocytes from chow-fed lean mice (Extended Data 
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Fig. 4e and 4f), demonstrating that they do not exhibit cell-autonomous insulin resistance. 

These cells express high levels of endogenous miR-3075 (Extended Data Fig. 4d) which 

led us to hypothesize that miR-3075 plays a role in attenuating full insulin resistance in 

early onset obesity. To assess this, we utilized a miR-3075 mimetic packaged into artificial 

liposomes and found that treatment of insulin-resistant primary hepatocytes obtained from 

12wks HFD/obese mice restored normal insulin sensitivity (Fig. 4a and 4d). In addition, 

treatment of 3T3-L1 adipocytes and L6 myocytes with the miR-3075 mimic-containing 

liposomes led to enhanced adipocyte and myocyte insulin-stimulated glucose uptake (Fig. 

4b and 4c), as well as greater levels of insulin-stimulated phosphorylated AKT (Fig. 4d). 

Furthermore, co-treatment with a miR-3075 antagomir plus the miR-3075 mimic blocked 

this improvement in insulin-stimulated glucose uptake in 3T3-L1 adipocytes and L6 cells 

(Fig. 4e and 4f). Importantly, the miR-3075 antagomir alone led to impaired insulin 

signaling in these 3 cell types (Fig. 4e–4g and Extended Data Fig. 4g), showing that 

the relatively high endogenous levels of miR-3075 participate in maintaining a high state 

of insulin signaling in these normal cells (Extended Data Fig. 4h). We also found that 

combination treatment with the miR-3075 mimic plus 4wk HFD YBX1KO hepatocyte 

exosomes led to increased cellular insulin responses, whereas, addition of only 4wk HFD 

YBX1KO hepatocyte exosomes had no effect (Extended Data Fig. 4i). Consistent with this 

overall concept, chronically obese 16wk HFD mice displayed markedly impaired glucose 

tolerance compared to lean mice, while glucose tolerance in 4wk HFD mice is intermediate 

(Extended Data Fig. 4j). We also transfected hepatocytes from lean mice with the miR-3075 

mimic (Extended Data Fig. 4k). As expected, treatment with these miR-3075 enriched 

lean hepatocyte exosomes led to increased insulin-stimulated glucose uptake in 3T3-L1 

adipocytes (Extended Data Fig. 4l).

To further evaluate the importance of miR-3075 in the effects of 4wk HFD hepatocyte 

exosomes, obese hepatocytes and 3T3-L1 adipocytes were treated with a combination of 

4wk HFD Exos and the miR-3075 antagomir. As shown in Fig. 4h–4j, 4wk HFD hepatocyte 

exosomes treatment enhanced cellular insulin action, whereas, the miR-3075 antagomir 

blocked the effects of 4wk HFD hepatocyte exosomes. We also assessed miR-3075 

antagomir effects in vivo in early stage obesity. Thus, WT mice were intravenously injected 

with liposomes encapsulating the miR-3075 antagomir (2x per week, 10 nmole/mouse; 

starting at 1 week of HFD). Control mice were treated with liposomes containing C. elegans 

miR-67 antagomir which has no activity in mammalian species and serves as a negative 

control. After 4 weeks, miR-3075 antagomir treatment led to impaired glucose tolerance and 

insulin resistance compared to control mice treated with the C. elegans miR-67 antagomir 

liposomes (Fig. 4k and 4l and Extended Data Fig. 4m). Lean WT mice who have normal 

glucose tolerance displayed no changes in metabolic responses in response to miR-3075 

antagomir treatment (Extended Data Fig. 4n and 4o). Indeed, we found that miR-3075 was 

expressed at low levels in the key metabolic tissues of lean mice (Extended Data Fig. 4h), 

consistent with the absence of antagomir effects. Together, these results show that miR-3075 

is the main contributor to the insulin-sensitizing effects of 4wk HFD hepatocyte exosomes.

Since miR-3075 levels are quite low in tissues from chow-fed or chronically obese mice, 

our concept is that the adipose tissue and skeletal muscle levels of miR-3075 at 4wk HFD 

are not endogenously produced but are derived from the circulating 4wk HFD hepatocyte 
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exosomes. To validate this concept, we found that miR-3075 abundance is elevated in eWAT 

and skeletal muscle in 4 wk HFD mice, compared to the results in lean chow-fed mice or 

chronically obese mice (Fig. 4m). In contrast, there were very low levels of miR-3075 in 

adipose tissue or skeletal muscle in 4 wk HFD hepatocyte-specific RabKO mice (Fig. 4m). 

This supports the concept that hepatocytes are the source of miR-3075 in adipose tissue and 

skeletal muscle at 4 wk HFD.

Fatty acid 2-hydroxylase is a miR-3075 target gene.

miRNAs exert their biological effects by causing translational arrest and/or inducing 

degradation of their target miRNAs through base pairing between the miRNA seed sequence 

and the target mRNA recognition site. We used the target gene prediction algorithm Target 

Scan Mouse 7.2 to identify theoretical target genes of miR-307534. After validating a 

group of mRNAs that harbor this target site sequence in their 3’ untranslated region (UTR; 

Extended Data Fig. 5a), we found that only the abundance of the gene encoding fatty 

acid 2-Hydroxylase (FA2H) was markedly downregulated after treatment of adipocytes, 

hepatocytes and L6 myocytes with the miR-3075 mimic-containing liposomes (Extended 

Data Fig. 5b). We next examined FA2H expression in eWAT, skeletal muscle, and liver in 

16wks HFD/obese mice after treatment with 4wk HFD hepatocyte exosomes. As seen in 

Fig. 5a, FA2H protein abundance was markedly reduced in these metabolic tissues following 

the treatment period. Consistent with this, 4wk HFD hepatocyte exosome treatment in vitro 
reduced FA2H levels in 3T3-L1 cells, L6 myocytes, and obese mouse hepatocytes (Fig. 5b). 

Treatment with 4wk HFD YBX1KO hepatocyte exosomes did not affect FA2H abundance, 

whereas, combination treatment with 4wk HFD YBX1KO hepatocyte exosomes plus the 

miR-3075 mimic led to a reduction in FA2H expression (Fig. 5b). We performed luciferase 

reporter assays with a vector carrying the Fa2h 3’ UTR. After 24 hours co-transfection with 

this reporter construct along with the miR-3075 mimic in HEK293 cells, we found that 

luciferase activity was decreased by ~ 90% compared to control cells transfected with only 

the Fa2h 3’ UTR vector (Fig. 5c). We observed that miR-3075 was expressed in human 

HepG2 cells (Extended Data Fig. 5c) and that treatment with the miR-3075 mimic also led 

to less FA2H abundance in human HepG2 cells (Extended Data Fig. 5d).

To assess the importance of miR-3075-mediated Fa2h suppression on insulin signaling, we 

utilized a siRNA directed against Fa2h. As demonstrated in Fig. 5d, 5e, and Extended Data 

Fig. 5e, knockdown (KD) of Fa2h led to increased insulin-stimulated glucose uptake in 3T3­

L1 adipocytes and L6 myocytes, and this was accompanied by increased insulin-stimulated 

AKT phosphorylation, with no effect on basal phosphorylated AKT levels (Extended Data 

Fig. 5f). Furthermore, KD of Fa2h in insulin-resistant primary hepatocytes obtained from 

12wk HFD/obese mice led to normalization of insulin sensitivity compared to control cells 

transfected with a scrambled siRNA (Fig. 5f and Extended Data Fig. 5e). Overall, these 

results further suggest that the miR-3075-Fa2h axis contributes to mediation of insulin 

sensitivity.

Effects of hepatocyte exosomes from chronic HFD mice.

Our miRNA sequencing analysis showed that 16wk HFD feeding induced miRNAs enriched 

in hepatocyte exosomes, compared to either NCD or 4wk HFD feeding (Fig. 1a). We 
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assessed the effect of these 16wk HFD hepatocyte-derived exosomal miRNAs by studies 

of hepatocyte-specific knockout of Rab27 or YBX1 mice. Depletion of hepatocyte Rab27 

or YBX1 led to markedly improved glucose and insulin tolerance compared to 16wk 

HFD WT mice injected with a lentiviral control vector (Fig. 6a and 6b). Indeed, this 

beneficial effect was quite profound, since glucose and insulin tolerance in these hepatocyte 

exosomal miRNA depleted mice were now intermediate between chow-fed and 4wk HFD 

mice. In addition, to test the effect of exosomes derived from these mouse models on 

insulin sensitivity, lean WT mice were intravenously injected with exosomes derived from 

either 16wk HFD WT or 16wk HFD YBX1KO hepatocytes (1×109 exosomes/mouse). 

After 5 weeks treatment with 16wk HFD WT hepatocyte exosomes, lean recipient mice 

displayed decreased glucose tolerance and insulin sensitivity, whereas, miRNA-free 16wk 

HFD YBX1KO hepatocyte exosomes had negligible effects (Fig. 6c and 6d). In addition, 

16wk HFD hepatocyte hepatocyte exosome treatment caused decreased levels of insulin­

stimulated AKT phosphorylation in the key metabolic tissues of lean recipient mice, 

compared to controls (Fig. 6e). Interestingly, we found that 16wk HFD hepatocyte exosomes 

did not directly affect cellular insulin sensitivity, as evidenced by the lack of an in vitro 
effect of these exosomes on cellular insulin responses in 3T3-L1 adipocytes, L6 myocytes, 

and lean primary hepatocytes (Extended Data Fig. 6a–6c).

Tissue inflammation is a hallmark of obesity and exacerbates insulin resistance. We 

observed that 16wk HFD hepatocyte exosome treatment of lean mice led to tissue 

inflammation, as shown by increased activation of the NFκB pathway and proinflammatory 

cytokine expression in adipose tissue, liver, and skeletal muscle (Fig. 6f–6h). Flow 

cytometric analysis showed that 16wk HFD hepatocyte exosome treatment led to greater 

proinflammatory (CD11c+CD206-F4/80+CD11b+) ATMs accumulation in eWAT, compared 

to control lean mice treated with empty liposomes (Fig. 7a and Extended Data Fig. 7a). 

In contrast, in vivo treatment with miRNA-free 16wk HFD YBX1KO hepatocyte exosome 

treatment did not affect the ATM population or activation state (Fig. 7a). Thus, these results 

indicate that 16wk HFD exosomal miRNAs can indirectly contribute to insulin resistance by 

promoting obesity-associated tissue inflammation.

miR-434-3p promotes macrophage proinflammatory activation.

The exosome miRNA sequencing results (Fig. 1a) showed that miR-434-3p was one of the 

highly expressed miRNAs in 16wk HFD hepatocyte exosomes. We found that miR-434-3p 

abundance was increased in the eWAT of NCD mice after 5 weeks treatment with 16wk 

HFD hepatocyte exosomes (Extended Data Fig. 7b). More importantly, treatment with 

liposomes containing a miR-434-3p mimic enhanced the proinflammatory phenotype of 

LPS-stimulated M1 bone marrow-derived macrophages (BMDMs) and repressed the anti­

inflammatory activation of IL4/IL13-induced M2 BMDMs (Fig. 7b and 7c, Extended Data 

Fig. 7c). Treatment of naïve M0 BMDMs with the miR-434-3p mimic also triggered 

proinflammatory activation (Extended Data Fig. 7d). In addition, transfection of NCD ATMs 

with the miR-434-3p mimic led to increased expression of proinflammatory cytokines (Fig. 

7d). Treatment with a miR-434-3p antagomir attenuated the proinflammatory activation of 

ATMs isolated from obese mice (Fig. 7e). Consistent with the lack of direct effects of 16wk 

HFD hepatocyte exosomes on cellular insulin signaling, treatment with liposome containing 
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the miR-434-3p mimic did not affect in vitro cellular insulin responses (Extended Data Fig. 

7e–7g).

Discussion

In this study, we have evaluated the effect of hepatocytes on systemic insulin sensitivity 

during the early development of obesity and after full establishment of the obese condition 

in HFD-fed mice. In specific, we find that exosomes derived from hepatocytes during the 

early and late stages of obesity provide divergent signals which regulate the state of systemic 

insulin sensitivity. Exosomes secreted from hepatocytes during the early stage of obesity (4 

wk HFD) directly mediate enhanced insulin sensitivity in adipocytes, skeletal muscle cells 

(L6 myocytes), and primary hepatocytes. These 4wk HFD hepatocyte exosomes also cause 

improved glucose tolerance and systemic insulin sensitivity when administered to insulin­

resistant 16 wk HFD/obese WT mice. The miRNA cargo of these exosomes is responsible 

for these effects, and we have identified miR-3075 as a specific insulin-sensitizing miRNA 

which is highly expressed in 4wk HFD hepatocytes and their secreted exosomes. This 

could represent a compensatory response to the early stages of caloric excess to protect 

from the insulin resistance caused by chronic obesity. As a compensatory response, this 

would imply regulation of exosome secretion and miRNA expression, drawing a further 

parallel to classical endocrine signaling. After the development of established chronic HFD­

induced obesity, hepatocyte exosomes no longer contain high levels of miR-3075 and do 

not mediate increased insulin sensitivity. In contrast, hepatocyte-derived exosomes from 

chronically obese mice promote insulin resistance by activating proinflammatory responses 

in macrophages. Thus, early in the course of obesity, hepatocytes produce insulin-sensitizing 

exosomes, but when obesity is fully established, this compensatory effect is lost, and 

hepatocyte exosomes from chronic HFD mice promote insulin resistance.

HFD leads to the gradual development of obesity in mice which typically plateaus at 12–

16wk HFD feeding. We have used 4wk HFD fed mice as a model for early onset obesity 

and 16wk HFD mice as an example of chronic, established obesity. Glucose tolerance and 

insulin sensitivity are severely compromised in chronically obese mice compared to lean 

controls, while glucose tolerance and insulin sensitivity at 4wks HFD are intermediate. 

We hypothesized that there might be some compensatory response in early onset obesity 

mitigating the full development of insulin resistance and hyperglycemia. Indeed, we found 

that primary hepatocytes isolated from 4wk HFD mice show normal insulin sensitivity 

compared to hepatocytes from lean mice, whereas, hepatocytes from 16wk HFD mice 

are highly insulin resistant. This indicates that in early onset obesity, hepatocytes do 

not manifest cell-autonomous insulin resistance. We postulated that hepatocyte-derived 

exosomes could cause biological effects contributing to these metabolic phenotypes. In 

early onset obesity, the 4wk HFD hepatocyte exosomes have a beneficial effect on insulin 

sensitivity. This was demonstrated by treating insulin target cells in vitro with these 

exosome preparations and showing direct effects to enhanced insulin signaling. Furthermore, 

treatment of chronically obese 16wk HFD animals with hepatocyte exosomes derived from 

4wk HFD mice led to improved glucose tolerance with less insulin resistance. These 

findings suggest that in early onset obesity, hepatocytes secrete exosomes which act to 

partially maintain insulin sensitivity, consistent with a compensatory response to prevent 
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the severe metabolic dysregulation which eventually appears in the chronically obese mice. 

It will be of interest to further study the mechanisms responsible for these changes in 

hepatocyte exosomal miRNA content. A report by Zhao et al. has shown that hepatocyte­

derived EVs can modulate adipogenesis in response to lipid overload35. However, in our 

studies there were no significant effects of hepatocyte exosomes on body weight or fat mass.

Exosomes contain proteins, lipids, miRNAs, as well as other RNA species, but a number of 

studies have generally shown that the miRNA cargo is necessary for most of the biologic 

metabolic effects of exosomes5,6. In the current studies, this was shown by generating 

2 hepatocyte-specific KO models, each designed to eliminate or greatly reduce loading 

of endogenous miRNAs into secreted exosomes. We find that hepatocyte-specific KO of 

Rab27 leads to decreased hepatocyte exosome secretion with a larger decrease in miRNA 

content. Notably, the Rab27KO led to a 80–90% decrease in hepatocyte EV production 

and in the remaining 10–20% of these nanoparticles, miRNA content was reduced by 

~90%. It is likely that the remaining 10–20% of the “exosomes” are actually other types 

of small EVs (sEVs), most probably microvesicles, which inevitably contaminate even 

highly enriched exosome preparations. Notably, the miRNA content of these contaminating 

sEVs was quite low. The YBX1 KO model showed almost complete depletion of exosomal 

miRNAs. In both cases, depletion of hepatocyte exosomal miRNAs led to exaggerated 

glucose intolerance and reduced insulin sensitivity in the KO mice, consistent with the view 

that hepatocyte exosomal miRNAs in early onset obesity function to partially counteract 

the adverse metabolic effects of HFD and obesity. Consistent with this, in vitro studies 

in primary hepatocytes show that insulin sensitivity is normal at 4 weeks HFD, whereas, 

the hepatocytes become markedly insulin resistant at 16 weeks HFD. Interestingly, while 

hepatocyte insulin sensitivity remains normal in the 4wk WT HFD mice, the cells become 

insulin resistant when prepared from 4wk HFD Rab27KO or YBX1KOs. We also show that 

exosomes prepared from HFD YBX1KO mice have no effect on insulin sensitivity either in 
vivo or in vitro.

To further explore these miRNA-induced phenotypes, we performed miRNA sequencing 

on primary hepatocyte-derived exosomes from the different WT mouse cohorts. We find 

that miR-3075 is highly expressed in 4wk HFD hepatocyte exosomes compared to lean 

hepatocytes, and that expression of this miRNA returns to normal levels in the 16wk HFD 

hepatocyte exosomes. When we measured miR-3075 levels in adipose tissue and skeletal 

muscle in 4 wk HFD hepatocyte-specific Rab27 KO mice, we found that the levels of 

miR-3075 were not elevated and were comparable to values observed in chow-fed lean mice 

or chronic HFD obese mice. This indicates that miR-3075 delivered by hepatocyte exosomes 

to these tissues leads to systemic insulin sensitization. This idea was well supported by in 
vitro and in vivo studies showing that a miR-3075 mimic is sufficient to enhance insulin 

sensitivity and glucose tolerance.

To further fortify these concepts, we used an approach to specifically inhibit miR-3075. 

Thus, miRNA specific antagomirs can be directed against any miRNA and interfere 

with the ability of the miRNA to bind to its mRNA targets. We used a miR-3075 

antagomir and showed that cotreatment of insulin target cells with the antagomir plus the 

miR-3075 mimic completely blocked the effects of the mimic to enhance insulin sensitivity. 
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Importantly, the antagomir either completely or almost completely blocked the effects of 

4wk HFD hepatocyte exosomes to improve insulin signaling, indicating that miR-3075 

is the major miRNA within the hepatocyte exosomes causing the increase in insulin 

sensitivity. Importantly, when we treated 4wk HFD mice in vivo with the antagomir, glucose 

tolerance deteriorated and insulin sensitivity decreased. This indicates that in the early 

onset obese situation, endogenous miR-3075 is attenuating insulin resistance by contributing 

to improved insulin action. In vivo treatment of chow-fed mice with the antagomir was 

without effect. Most likely, this latter finding is because endogenous levels of miR-3075 

are very low in the chow-fed condition and only rise in the early onset obese model and 

decline back down to low levels in chronic obesity. These results suggest that miR-3075 

is either the unique or dominant miRNA within 4wk HFD hepatocyte exosomes causing 

the beneficial phenotypic effects. Taken together, these studies show that miR-3075 is an 

insulin-sensitizing miRNA contained in hepatocyte exosomes from 4wks HFD mice.

miRNAs exert their biologic effects by binding through their seed sequence to 

complementary nucleotides in the 3’ region of target mRNAs leading to translational arrest 

or degradation17. Using a bioinformatics approach, we identified several theoretical target 

mRNAs and demonstrated that one of these, FA2H, was highly repressed in adipose tissue, 

muscle, and liver by in vivo treatment with either the 4wk HFD hepatocyte exosomes or 

the miR-3075 mimic. This indicates that the mRNA for FA2H is a target for miR-3075, 

and this was directly demonstrated by showing suppression of a luciferase reporter construct 

containing the FA2H 3’ UTR. Using a complementary approach to support this conclusion, 

we depleted FA2H in the 3 main insulin target cell types by treatment with a siRNA 

directed against FA2H. Suppression of FA2H led to enhanced in vitro insulin signaling, 

comparable to the effects induced by treatment with 4wk HFD hepatocyte exosomes or the 

miR-3075 mimic. In terms of mechanisms for the insulin sensitivity produced by FA2H 

depletion, previous studies have shown that FA2H is an important hydroxylase for ceramide 

synthesis36,37, and the role of certain ceramide species causing insulin resistance is well 

known. Furthermore, FA2H is necessary for full de novo lipogenesis, which might be 

related to decreased hepatocyte insulin sensitivity. However, the exact role of FA2H in 

obesity-induced insulin resistance, adipogenesis, and hepatic lipogenesis remains to be fully 

defined. Thus, an important future question will be to understand the mechanisms whereby 

FA2H downregulation enhances insulin signaling. In aggregate, these results suggest the 

possibility that use of miR-3075 mimics could have therapeutic value in insulin-resistant 

states.

In the chronic obese condition, hepatocytes no longer secrete insulin-sensitizing exosomes. 

Indeed, they now secrete exosomes which promote insulin resistance and glucose 

intolerance by augmenting the ATM proinflammatory state. Since these 16wk HFD 

hepatocyte exosomes do not directly impair insulin signaling in vitro, it seems reasonable 

to conclude that these exosomes promote insulin resistance by directly stimulating the 

macrophage proinflammatory state. The insulin-sensitizing miR-3075, which is highly 

expressed in 4wk HFD hepatocyte exosomes, shows a low expression level in 16wk HFD 

hepatocyte exosomes. In addition, exosomes obtained from chronic obese mice express 

high levels of miR-434-3p, and our studies show that this miRNA can directly promote 

macrophage polarization towards the M1-like state both in vitro and in vivo. Deletion 
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of hepatocyte miRNAs in the chronic obese state led to markedly improved glucose 

tolerance and insulin sensitivity, consistent with the conclusion that these hepatocytes 

secrete exosomes which promote insulin resistance.

In summary, early in the onset of obesity, hepatocytes secrete exosomes which promote an 

insulin-sensitive state, presumably as a compensatory response to the caloric excess. These 

beneficial properties of 4wk HFD hepatocyte exosomes are mediated through increased 

expression of miR-3075 As obesity progresses to the chronic state, these insulin-sensitizing 

exosomes are no longer produced and hepatocytes now make exosomes containing miRNAs 

(e.g., miR-434-3p) which directly promote insulin resistance and glucose intolerance by 

stimulating proinflammatory polarization of ATMs. Our data raise the possibility that 

hepatocyte miR-3075 could have substantial insulin sensitizing effects in man, but this 

remains to be assessed. In addition, it is possible that an antagomir directed against 

miR-434-3p might also have beneficial effects.

Methods

Mice.

C57BL/6 (B6) mice were fed a high-fat diet (60% fat calories, 20% protein calories, 

and 20% carbohydrate calories; Research Diets) or a normal chow diet ad libitum. In 

most assays, the mice were fed with HFD for 12–16 weeks. B6 WT, Albumin-Cre and 

Rosa26-floxed STOP-Cas9 knockin mice were purchased from the Jackson Laboratory 

(Supplementary table 1). To generate hepatocyte-specific Cas9 transgenic mice, Rosa26­

floxed STOP-Cas9 knockin mice were bred with Albumin-Cre mice. All mice were 

maintained on a 12/12-hour light-dark cycle. To generate hepatocyte-specific knockout of 

YBX1 or Rab27, hepatocyte-specific Cas9 transgenic mice were intravenously injected 

with lentivirus carrying gRNA-YBX1 or Rab27 (1×108 particles/mouse)38–40. Hepatocyte­

specific Cas9 transgenic mice treated with lentivirus carrying empty vectors were used as 

controls. All mice used in this study were male and maintained on at 22°C in a 12/12-hour 

light-dark cycle in a specific pathogen-free facility and given free access to food and water. 

All animal procedures were done in accordance with University of California, San Diego 

Research Guidelines for the Care and Use of Laboratory Animals and all animals were 

randomly assigned to cohorts when used.

Differentiation of adipocytes41.

3T3-L1 cells were differentiated in DMEM/F12 medium containing 4.5 g/L glucose, 10% 

FBS, penicillin-streptomycin, and glutamine and a differentiation cocktail consisting of 1 

μM dexamethasone, 0.2 mM indomethacin, 0.5 mM 3-isobutyl-1-methylxanthine, 10 μg/mL 

insulin, and 1 μM rosiglitazone for 7 days.

Isolation of primary hepatocytes.

The method for isolation of primary hepatocytes is described previously12,42. Mice were 

infused via the vena cava with a calcium-free HEPES-phosphate buffer A (Calcium and 

magnesium-free PBS containing 10 mM HEPES, 1 mM glucose, 0.2 μM EGTA, and 0.2% 

BSA, pH 7.4) for 3–5 min. After the liver color became beige or light brown, the perfusion 
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media was changed to collagenase-containing buffer B (PBS with 1 mM magnesium and 

1 mM calcium, 0.2% BSA, and 30 mM HEPES, 0.5mg/ml collagenase D) (Supplementary 

table 1). After the liver surface showed signs of cracking, perfusion was stopped and the 

liver was excised into ice-cold buffer A. Cells from the digested livers were then suspended 

in Buffer A, filtered through 100 μm cell strainer, and centrifuged at 60 × g for 6 min at 4°C. 

The pellet was twice washed with Buffer B (no collagenase) and then combined with Percoll 

to a final concentration of 36% and centrifuged at 100 × g for 10 min, 4°C. The supernatant 

was then removed and the hepatocyte pellet was washed once with Buffer B and cultured 

in Williams Medium E containing 10% FBS on collagen-coated plates and antibiotics. The 

culture medium was refreshed after overnight incubation.

Glucose tolerance and insulin tolerance tests.

Glucose tolerance tests were performed by injecting mice i.p. with dextrose (1 g/kg body 

weight) after 16 hr of fasting. After fasting mice for 6 hr, insulin tolerance tests were 

performed by i.p. injection with insulin (0.35 or 0.175 units/kg body weight for HFD or 

NCD mice, respectively).

Hyperinsulinemic-euglycemic clamp studies42.

Hyperinsulinemic-euglycemic clamp studies were conducted after surgically implanting 

jugular vein cannula. Three to five days later, 6-hour fasted mice were infused for 

90 min with D-[3–3H] glucose (Perkin Elmer). Blood sampling was performed after 

tracer equilibration and then glucose (50% dextrose) and tracer (5 μCi/h) plus insulin (8 

mU/kg/min) were infused. Blood samples were collected at 10 min intervals. Steady-state 

conditions (120 mg/dl ± 10 mg/dl) were determined at the end of the clamp procedure with 

maintenance of the glucose infusion and plasma glucose concentration for a minimum of 20 

min. At time point = −10, 0 (basal), 110, and 120 (end of experiment) min blood samples 

were collected to measure glucose-specific activity, as well as free fatty acid and insulin 

concentrations. Tracer-determined rates were quantified by using the Steele equation for 

steady-state conditions. The rate of glucose disappearance (GDR) is equal to the sum of the 

rate of endogenous glucose productions (HGP) plus the exogenous GIR. IS-GDR is equal to 

the total GDR minus the basal glucose turnover rate.

In vivo insulin-stimulated AKT phosphorylation.

Measurement of tissue insulin action was conducted by measuring insulin-stimulated AKT 

phosphorylation in liver, skeletal muscle, and epididymal white adipose (eWAT). Following 

16 hours fasting, mice were anesthetized and parts of these tissues were collected for 

measurement of basal AKT phosphorylation. After insulin injection (0.35 or 0.175 U/kg 

body weight for HFD or NCD mice, respectively), liver, skeletal muscle, and eWAT were 

collected at 3 min, 7 min, and 10 min, respectively. Phosphorylation (Ser473) of AKT and 

Pan-AKT abundance were measured using Western Blots analysis.

Exosome purification and characterization.

Primary hepatocyte culture medium was used to prepare exosomes as previously 

described12. After 24 hours culture, debris and dead cells were removed by centrifugation at 
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1,000 × g for 10 min followed by filtration through a 0.2 μm filter. The resulting medium 

was subjected to ultracentrifugation at 100,000 × g for 4 hours at 4°C. After washing with 

PBS (100,000 × g for 20 min), the pellet containing the exosomes were resuspended in 

1 ml PBS and passed through a 0.2 μm filter to remove large particles. Vesicle particle 

size and concentration were assessed using NanoSight analysis (Malvern Instruments). To 

monitor trafficking, exosomes were labeled with PKH26 fluorescent dye using the PKH26 

fluorescent cell linker kit (Sigma-Aldrich). Following PKH26 labeling, the exosomes were 

washed with PBS and collected by ultracentrifugation (100,000 × g for 2 hours) at 4°C. The 

final PKH26 labeled exosomes were resuspended in PBS.

In vivo exosome trafficking assays.

PKH26-labeled hepatocyte exosomes (1×109 exosomes per mouse) were injected to into the 

tail vein of HFD recipient mice. 16 hours later, pieces of liver, skeletal muscle, and eWAT 

were collected to detect the appearance of PKH26 red fluorescence.

In vivo and in vitro exosome treatment.

For in vitro assays, 1×108 exosomes as determined by NanoSight analysis were added 

to 0.5×106 cells for 36 hours. For in vivo treatment, 5×109 exosomes were injected 

intravenously into recipient mice twice per week. Empty liposomes (Cat. No. F70101-NH, 

FormuMax) were used in the control groups for in vitro and in vivo experiments.

Differentiation of bone marrow-derived macrophages.

Bone marrow-derived macrophages (BMDMs) were prepared by the method previously 

described43. BMDMs were induced with IL4 (20 ng/mL) and IL13 (10 ng/mL) or 

lipopolysaccharide (LPS, 100 ng/mL) for 24 hours to induce M2 or M1 polarization, 

respectively.

miRNA mimic or antagomir transfection and in vivo treatment.

The miRNA mimic or antagomir was transfected into recipient cells with lipofectamine 

RNAiMAX (Supplementary table 1). The same amount of the miRNA mimic negative 

control (Cat. No. 4464058, ThermoFisher Scientific) or the miRNA antagomir negative 

control (Cat. No. IN-002005-01-05, Horizon) was transfected into control cells. For the 

antagomir control, a C. elegans miR-67 antagomir which has no effects in mammalian 

species was used. 24 hours after transfection, efficiency was validated by qPCR analysis. 

For the in vivo treatment, the miR-3075 antagomir was incorporated with Invivofectamine 

and then given via tail vein injection to either HFD-fed (starting at 1 week HFD feeding) or 

NCD recipient WT mice (10 nmol mimic per mouse, twice per week). Control mice were 

injected with the miRNA antagomir negative control/Invivofectamine.

siRNA transfection.

Recipient cells were treated with siRNA-Fa2h (Cat. No. J-057497-09-0005, Horizon; 20 

pmol siRNA/0.1 × 106 cells) using the lipofectamine RNAiMAX reagent. Control cells 

were treated with a non-targeting control siRNA (Cat. No. D-001810-01-05, Horizon). 

The siRNAs were mixed with RNAiMAX reagent and then incubated 15 mins at room 
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temperature. This mixture was then added to the cell media. Knockdown efficiency of the 

Fa2h siRNA was assessed by Western blot analysis.

Immunofluorescence staining.

Liver, skeletal muscle and eWAT from HFD mice were snap frozen in Optimum Cutting 

Temperature (O.C.T., Fisher Healthcare) with dry ice. Six μm cryo-sections of the tissues 

were cut and fixed with pre-cooled acetone for 20 min. Immunostaining was performed 

as previously described13. Slides were blocked with 5% normal donkey serum for 60 

min at room temperature. After washing, nuclei were stained for 10 mins with DAPI 

(4’,6-Diamidino-2-28 phenylindole dihydrochloride) at room temperature. Mounting media 

and cover slips were then added to the slides for imaging. Images were acquired on a 

Keyence Fluorescent Microscope and were analyzed with ImageJ (NIH, Bethesda, MD).

Gene expression analysis.

Total RNA was extracted from tissues using an RNA extraction protocol according to the 

manufacturer’s instructions (Zymo Research). cDNA was synthesized using SuperScript III 

and random hexamers. qPCR was carried out using 10 μl reaction using iTaq SYBR Green 

supermix on a StepOnePlus Real-Time PCR Systems (ThermoFisher Scientific). cDNA 

was synthesized for miRNA quantitative reverse transcriptase-polymerase chain reaction 

(RT-PCR) using a TaqMan™ microRNA reverse transcription kit and miRNA primers (5x) 

(Supplementary table 1). qPCR was performed using TaqMan™ universal master mix II 

and miRNA primers (20x) in 10 μl reactions using a StepOnePlus Real-Time PCR System 

(ThermoFisher Scientific). The data are presented as the mean of 2−ΔΔCt from at least three 

independent experiments and normalized to β-actin or U6.

Glucose uptake assay44.

12 hr after serum starvation, cells were treated with 100 nM insulin for 30 min in KRH 

buffer (137 nM NaCl, 4.8 mM KCl, 1.2 mM KH2PO4, 1.2 mM MgSO4, 2.5 mM CaCl2, 

0.2% BSA, 16 mM HEPES) at 37°C. 3H-2-deoxy-D-glucose (3H-2-DOG, 0.1 mM, 0.4 

μCi/ml) was then added to cells. After 10 min incubation, cells were washed twice with 

ice-cold PBS. NaOH (1 N) was then added for 20 min to efficiently dissolve cells. An 

aliquot was used for measurement of protein concentration. After neutralizing NaOH by 

addition of HCl (1 N), the extracts were placed in scintillation vials, scintillation fluid was 

added and the radioactivity was counted. Results were normalized to protein concentration 

of the cell lysates.

Glucose output assay44.

12 hr after serum starvation, primary hepatocytes were washed two times and then exposed 

to glucose-free buffer (4 mM KCl, 125 mM NaCl, 0.85 mM KH2PO4, 10 mM HEPES, 

1.25 mM Na2HPO4, and 15 mM NaHCO3, 1 mM CaCl2) containing glucagon (200 ng/ml), 

insulin (10 nM), or a combination of glucagon and insulin at 37°C for 4 hours. Glucose 

production was determined by measuring glucose in the media. Primary hepatocytes 

attached to the culture plate were dissolved by adding NaOH (1 N) and protein content 

was determined. Glucose concentration results were normalized to the cell lysate protein.
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Western blot analysis.

Tissues or cells were homogenized in RIPA buffer that was supplemented with protease 

and phosphatase inhibitors. Equal amounts of cell lysate protein (30 μg protein per lane 

for pAKT detection) from each biological replicate were analyzed by western blotting. 

Using a ChemiDoc XRS imaging system (BioRad), protein bands on the blots were detected 

with the SuperSignal West Pico Chemiluminescent Substrate. Protein bands were analyzed 

using Image Lab software (BioRad). The Western blot data shown in the figures are all 

representative of more than three independent experiments. All antibody information is 

presented in Supplementary table 1. Uncropped western blot scans labeled with molecular 

weight markers were presented in the Source Data files.

Small RNA deep sequencing.

Total RNA was isolated from lean (n=4), 4wks HFD (n=4), or 16wks HFD (n=4) 

hepatocyte-derived Exos using the Zymo Quick-RNA MiniPrep kit. RNA purity was 

assessed with an Agilent 2100 Bioanalyzer. Sequencing libraries were prepared using 

the Illumina TruSeq Small RNA protocol with minor modifications following the 

manufacturer’s instructions, including 12 cycles of PCR amplification after ligation of the 

3′ and 5′ adapters. Samples were then ligated to unique adaptors and subjected to PCR 

amplification. Libraries were validated using an Agilent 2100 Bioanalyzer, normalized, 

and pooled for sequencing. RNA-seq libraries prepared using four biological replicates 

for each group were sequenced on an Illumina HiSeq 2500 using barcoded multiplexing. 

The miRNA-seq data have been deposited in the NCBI Gene Expression Omnibus under 

accession number GSE164310.

miR-3075 target gene prediction and validation.

miR-3075 target gene prediction was conducted with TargetScan Mouse 7.2 

(www.targetscan.org)34,45. To validate that Fa2h is a genuine target gene of miR-3075, a 

luciferase reporter assay was carried out with the 3’ UTR of Fa2h containing potential 

miR-3075 binding sites inserted upstream from the Renilla luciferase gene. The reporter 

constructs were co-transfected with the miR-3075 mimic or negative mimic control into 

HEK293 cells. After 24 hours co-transfection, the activity of Renilla luciferase was 

measured with the Dual-Glo luciferase reporter system.

Quantification and statistical analysis.

Samples were blinded whenever deemed appropriate and applicable. Sample description and 

identification was not available to the core lab personnel during data plotting and analyses. 

No samples or data were excluded from the study for statistical purposes. Each in vitro 
experiment was independently performed in duplicate or triplicate to ensure reproducibility. 

Group sizes of 5 mice or greater were sufficient to reach statistical power of at least 80%. 

Animals were assigned at random to treatment groups for all studies. The tests used for 

statistical analyses are described in the figure legends. All sample numbers are given in the 

figure legends. To determine whether the means of two groups are statistically different from 

each other, unpaired two-tailed Student’s t-tests were used for statistical analyses. All data 

passed the normality test using Prism8 software (GraphPad software v8.0; Prism, La Jolla, 
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CA). P values of 0.05 or less were considered statistically significant, and exact P values are 

provided in the figures. For the glucose and insulin tolerance tests, statistical comparisons 

between every two groups at each time point were performed with the unpaired two-tailed 

Student’s t-test.

Extended Data

Extended Data Fig. 1. Hepatocyte exosomes from early stage obese mice improve cellular insulin 
sensitivity.
The marker characteristics (a) and production (b) of exosomes (Exos) derived from lean, 

4wk or 16wk HFD WT hepatocytes. c, The appearance of red fluorescence in key metabolic 

tissues of 12wk HFD WT mice after tail vein injection with PKH26-labeled 4wk HFD 

hepatocyte Exos. 4wk HFD hepatocyte Exos without PKH26 labeling were injected to 

evaluate the level of autofluorescence. d, Effect of empty liposome treatment on metabolic 

phenotypes of 16wks HFD/obese WT mice. e, Effect of hepatocyte Exos treatment 

on body weight. f, the population and activation status of adipose tissue macrophages 

by flow cytometry analysis. Adipose tissue macrophages (ATM)=CD11b+F4/80+, M1 

ATM=CD11c+CD206−, and M2 ATM=CD11c−CD206+. g, Effect of 4wk HFD Exos on 

proinflammatory cytokine abundance in epididymal fat of 18wk HFD mice by qPCR 

analysis. Effects of 4wk HFD Exos on glucose uptake of 3T3-L1 adipocytes (h), L6 

myocytes (i), and glucose production of 12wk HFD/obese hepatocytes (j). k, The levels 

of insulin-stimulated AKT phosphorylation in 3T3-L1 adipocytes, L6 myocytes, and obese 

hepatocytes. e-k, empty liposomes were used in the control groups. All experiments were 

repeated at least twice with similar results. Data are presented as mean ± SEM. n=7 (b), n=6 

(d), n=5–10 (e), n=5 (f, h), n=3 (g), n=6 (i), n=8 (j) per group. Two-sided Student’s t-test.
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Extended Data Fig. 2. Effect of hepatocyte-specific YBX1 knockout on the ability of hepatocyte 
Exos to regulate metabolic responses.
a, Hepatocyte YBX1 levels in the hepatocyte-specific Cas9 transgenic mice after 4 weeks 

of injection of lentivirus harboring gRNA-YBX1 vectors. Control mice were treated with 

a lentiviral empty vector. b, Expression of TSG101 and CD63 in Exos derived from both 

4wk HFD WT and YBX1KO hepatocytes. c, Body weight of both WT and YBX1KO mice 

after 4 weeks HFD feeding. d, Effect of hepatocyte Exos on body weight of 18wks HFD/

obese recipient mice. Empty liposomes were used in the control HFD WT mice. e, Effect 

of 4wk HFD WT Exos or YBX1KO Exos on cellular phosphorylated AKT levels. Control 

cells were treated with empty liposomes. All experiments were repeated at least twice with 

similar results. Data are presented as mean ± SEM. n=8 (c and d) per group.

Extended Data Fig. 3. Effect of hepatocyte-specific Rab27 knockout on metabolic phenotypes.
a, Hepatocyte Rab27 levels in the hepatocyte-specific Cas9 transgenic mice after 4 weeks 

of injection of lentivirus harboring gRNA Rab27 vectors. Control mice were treated with 

a lentiviral empty vector. b, Effect of 4wk HFD Rab27KO hepatocyte Exos on glucose 

production in 16wk HFD/obese primary hepatocytes. Empty liposomes were used in the 

control cells. c, Body weight of both WT and hepatocyte-specific Rab27KO mice after 4 

weeks HFD feeding. d, Hepatic glucose production after Rab27 knockout. All experiments 

were repeated at least twice with similar results. Data are presented as mean ± SEM. n=4 

(b), n=6 (c), n=8 (d) per group. Two-sided Student’s t-test.
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Extended Data Fig. 4. Effect of miR-3075 on insulin sensitivity.
miR-3075 abundance in liver (a), skeletal muscle (SKL, b), and eWAT (c) of 18wk HFD WT 

recipient mice after treatment with 4wk HFD Exos. qPCR analysis of miR-3075 abundance 

(d), hepatic glucose production (e), and insulin-stimulated AKT phosphorylation (f) in 

lean, 4wk or 16wk HFD WT hepatocytes. g, Effect of the miR-3075 antagomir on AKT 

phosphorylation level in 4wk HFD hepatocytes. h, miR-3075 abundance in key metabolic 

tissues of lean WT mice, 3T3-L1 adipocytes, and L6 myocytes. i, Effect of 4wk HFD 

Exos, 4wk HFD YBX1KO Exos, or combination treatment with 4wk HFD YBX1KO plus 

miR-3075 mimic on cellular insulin responses. j, Glucose tolerance of NCD, 4wk HFD, 

and 16wk HFD WT mice. k, qPCR analysis of miR-3075 abundance within Exos derived 

from lean hepatocytes transfected with the miR-3075 mimic. l, Effect of miR-3075-enriched 

hepatocyte (miR-3075oe) Exos on 3T3-L1 adipocyte glucose uptake. m, The levels of 

phosphorylated AKT in metabolic tissues of 4wks HFD WT mice after treatment with the 

miR-3075 antagomir. Effects of miR-3075 antagomir on glucose tolerance (n) and insulin 

sensitivity (o) of lean WT mice. n=4 (a-c, h, k), n=6–8 (d), n=8 (e), n=6 (i), n=8 (j, l), n=5–6 

(n and o) per group. All experiments were repeated at least twice with similar results. Data 

are presented as mean ± SEM. Two-sided Student’s t-test.
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Extended Data Fig. 5. miR-3075 represses FA2H expression.
a, qPCR analysis of possible target genes of miR-3075. b, FA2H abundance after 

transfection with the miR-3075 mimic. c, The expression of miR-3075 in human HepG2 

cells. d, Effect of miR-3075 overexpression on FA2H abundance in human HepG2 

cells. e, Validation of FA2H knockdown in 3T3-L1 adipocytes, L6 myocytes, and obese 

hepatocytes. f, Effect of Fa2h knockdown on AKT phosphorylation in the cells without 

insulin stimulation. b and c, The control cells were transfected with a scramble miRNA 

mimic. e and f, non-targeting control siRNA was used in the control cells. All experiments 

were repeated at least twice with similar results. Data are presented as mean ± SEM. n=5–6 

(a, c) per group. Two-sided Student’s t-test.

Extended Data Fig. 6. 16wk HFD Exos treatment did not affect cellular insulin sensitivity.
a-c, Effect of 16wk HFD Exos on cellular insulin responses. Empty liposomes were used in 

the control groups. All experiments were repeated at least twice with similar results. Data 

are presented as mean ± SEM. n=5–6 (a), n=6 (b), n=4 (c) per group.
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Extended Data Fig. 7. Effect of miR-434-3p on macrophage activation.
a, Gating strategy of flow cytometry analysis of adipose tissue macrophages. 

F4/80+CD11b+ ATMs were gated from viable CD45+ cells, and M1 (CD11c+CD206−) and 

M2 (CD11c−CD206+) cells were then gated from F4/80+CD11b+ ATMs. b, miR-434-3p 

abundance in epididymal fat of NCD recipient mice after treatment of 16wk HFD Exos for 

5 weeks. c, qPCR analysis of miR-434-3p abundance in BMDMs after transfection with the 

miR-434-3p mimic. d, Effect of miR-434-3p overexpression on proinflammatory activation 

in naïve M0 BMDMs. e-g, Effect of miR-434-3p on glucose uptake in 3T3-L1 adipocytes 

and L6 myocytes and primary hepatocyte glucose production. c-g, A scramble miRNA 

mimic was used in control cells. All experiments were repeated at least twice with similar 

results. Data are presented as mean ± SEM. n=4 (a, e, g), n=5–6 (c), n=6–7 (d), n=12 (f) per 

group. Two-sided Student’s t-test.
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Fig. 1. Hepatocyte-derived exosomes from early stage obese mice enhance insulin sensitivity.
a, Differential expression of miRNAs within lean, 4wk HFD, and 16wk HFD hepatocyte­

derived exosomes (Exos). b and c, Glucose and insulin tolerance tests in 18 week HFD/

obese recipient mice after 6 wks treatment with 4wk HFD hepatocyte Exos, lean hepatocyte 

Exos, or empty liposomes (HFD Con). d-g, Glucose infusion rate (GIR), insulin-stimulated 

glucose disposal rate (IS-GDR), hepatic glucose production (HGP), and the percentage 

suppression of free fatty-acid levels (FFA suppression) during hyperinsulinemic-euglycemic 

clamp studies from control and 4wk HFD Exos treated mice. The control HFD mice were 

treated with empty liposomes. h, Insulin-stimulated AKT phosphorylation in liver, skeletal 

muscle (SKL), and epididymal fat of 18wk HFD/obese mice treated with 4wk HFD Exos. 

Data in Fig. 1b–1g were combined from two independent experiments. Experiments for Fig. 

1h were repeated at least twice with similar results. Data are presented as mean ± SEM. n=4 

(a), n=5–10 (b and c), n=7 (d-g) per group. Two-sided Student’s t-test.
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Fig. 2. miRNAs are the key cargo causing the hepatocyte Exos effects.
a, Effect of YBX1KO on hepatocyte Exo production. b, miR-122 abundance within Exos 

derived from hepatocytes with and without YBX1KO. c and d, Effect of hepatocyte-specific 

YBX1KO on glucose tolerance and insulin sensitivity after 4wks HFD feeding. e and 
f, Glucose and insulin tolerance tests in 18wk HFD/obese mice treated with either 4wk 

HFD Exos or 4wk HFD YBX1KO Exos. The control HFD mice were treated with empty 

liposomes. g and h, Effect of 4wk HFD YBX1KO Exos on glucose uptake in 3T3-L1 

adipocytes and L6 myocytes. The control cells were treated with empty liposomes. All 

experiments were repeated at least twice with similar results. Data are presented as mean ± 

SEM. n=5 (a), n=4 (b), n=8 (c-f), n=5–6 (g and h) per group. Two-sided Student’s t-test.
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Fig. 3. Effects of hepatocyte-specific Rab27KO on Exos secretion and miRNA content.
a, Effect of Rab27KO on hepatic Exos production. Equal amount of media were used 

for analysis. b, miR-122 abundance within Exos derived from hepatocytes after knockout 

of Rab27. c and d, Glucose and insulin tolerance tests in hepatocyte-specific Rab27KO 

mice after 4wks HFD feeding. e, Insulin-stimulated phosphorylation of AKT in skeletal 

muscle (SKL), liver, and visceral adipose tissue (VAT) from 4wk HFD WT and hepatocyte 

Rab27KO mice. All experiments were repeated at least twice with similar results. Data are 

presented as mean ± SEM. n=5 (a), n=4 (b), n=8 (c and d) per group. Two-sided Student’s 

t-test.

Ji et al. Page 27

Nat Metab. Author manuscript; available in PMC 2022 March 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 4. miR-3075 is an insulin sensitizer within 4wk HFD Exos.
a-c, Effect of miR-3075 mimic transfection on glucose uptake in 3T3-L1 adipocytes and 

L6 myocytes, and hepatic glucose output in primary hepatocytes. d, Insulin-stimulated 

phosphorylated AKT levels in recipient cells after 24 hours transfection with the miR-3075 

mimic. Glucose uptake in 3T3-L1 adipocytes (e) and L6 myocytes (f) after treatment 

with the miR-3075 mimic and/or miR-3075 antagomir. g, Effect of miR-3075 antagomir 

treatment on glucose production from hepatocytes isolated from 4wk HFD WT mice. Effects 

of the miR-3075 antagomir on 4wk HFD Exos-induced 3T3-L1 adipocyte glucose uptake 

(h), L6 myocyte glucose uptake (i), and obese primary hepatocyte glucose production 

(j). Control cells were treated with a scrambled miRNA mimic or an inactive C. elegans 

miR-67 antagomir. Effects of the miR-3075 antagomir on glucose tolerance (k) and insulin 

sensitivity (l) in 4wk HFD-fed WT mice. Control mice were treated with the C. elegans 

miR-67 antagomir. m, qPCR analysis of miR-3075 levels in eWAT and SKL of lean WT, 4 

wk HFD WT, or hepatocyte-specific Rab27KO mice. All experiments were repeated at least 

twice with similar results. Data are presented as mean ± SEM. n=8 (a), n=4–6 (b and c, h 

and i), n=5–6 (e and f, k and l), n=6 (g-j), n=4 (m) per group. Two-sided Student’s t-test.
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Fig. 5. Fa2h is a miR-3075 target gene that regulates cellular insulin responses.
a, FA2H abundance in metabolic tissues of 18wk HFD/obese recipient mice treated with 

4wk HFD Exos. b, Effect of 4wk HFD Hep Exos and the miR-3075 mimic on FA2H 

abundance. c, Luciferase activity in HEK293 cells transfected with an Fa2h 3’UTR reporter 

vector with or without miR-3075 mimic treatment. Effect of Fa2h knockdown on glucose 

uptake in 3T3-L1 adipocytes (d) and L6 myocytes (e), hepatocyte glucose output (f), and 

AKT phosphorylation. All experiments were repeated at least twice with similar results. 

Data are presented as mean ± SEM. n= 6 (c-e) and n=8 (f) per group. Two-sided Student’s 

t-test.
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Fig. 6. Chronic obesity induces hepatocytes to secrete pathogenic exosomal miRNAs that cause 
tissue inflammation and insulin resistance.
a and b, Glucose tolerance and insulin sensitivity in Rab27 or YBX1 hepatocyte-specific 

knockout mice after 16wks HFD feeding. Control mice were treated with lentivirus carrying 

empty vectors. c and d, Glucose tolerance and insulin sensitivity of NCD WT mice after 

5 weeks treatment with either 16wk HFD Exos or 16wk HFD YBX1KO Exos. The NCD 

control mice were treated with empty liposomes. e and f, Effect of 16wk HFD Exos on 

insulin-stimulated phosphorylation of AKT and activation of the NFκB pathway in NCD 

recipient mice. g and h, Abundance of proinflammatory genes in eWAT and liver of NCD 

recipient mice after 5wks treatment with 16wk HFD Exos. All experiments were repeated at 

least twice with similar results. Data are presented as mean ± SEM. n=6 (a-d) and n=3–4 (g 

and h) per group. Two-sided Student’s t-test.
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Fig. 7. Hepatocyte-derived Exos from chronic obese mice stimulate the pro-inflammatory M1­
like state in macrophages.
a, Effect of 16wk HFD Exos or 16wk HFD YBX1KO Exos on the population and activation 

state of adipose tissue macrophages (ATMs) in NCD WT mice. The control mice were 

treated with empty liposomes. b and c, Activation of BMDMs in response to LPS (M1) 

or IL4/IL13 (M2) stimulation after transfection with the miR-434-3p mimic. d, Effect 

of the miR-434-3p mimic on proinflammatory activation of ATMs from lean mice. e, 
Abundance of key genes associated with activation of HFD/obese ATMs after treatment with 

the miR-434-3p antagomir. c-d, Control cells were treated with a scramble miRNA mimic; 

e, A C. elegans miR-67 antagomir was used in the control group. All experiments were 

repeated at least twice with similar results. Data are presented as mean ± SEM. n=8 (a), n=6 

(b and c), n=4 (d and e) per group. Two-sided Student’s t-test.
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