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Highlights Impact and Implications

� SFA-enriched sEV induce macrophage/Kupffer cells inflamma-

tion via TLR4.
� Lipotoxic sEV impair hepatocyte insulin signalling via macro-

phages/Kupffer cells.
� Lipotoxic sEV target Kupffer cells and induce liver inflammation

in vivo.
� Pharmacological inhibition or deletion of TLR4 ameliorates liver

inflammation induced by lipotoxic sEV.
� Lipotoxic sEV-mediated macrophage–hepatocyte crosstalk was

found in patients with NAFLD.
https://doi.org/10.1016/j.jhepr.2023.100756
Small extracellular vesicles (sEV) released by the he-
patocytes under non-alcoholic fatty liver disease
(NAFLD) conditions cause liver inflammation and in-
sulin resistance in hepatocytes via paracrine hepato-
cyte–macrophage–hepatocyte crosstalk. We identified
sEV as transporters of saturated fatty acids (SFAs) and
potent lipotoxic inducers of liver inflammation. TLR4
deficiency or its pharmacological inhibition amelio-
rated liver inflammation induced by hepatocyte-
derived lipotoxic sEV. Evidence of this macrophage–
hepatocyte interactome was also found in patients
with NAFLD, pointing to the relevance of sEV in SFA-
mediated lipotoxicity in NAFLD.
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Background & Aims: Lipotoxicity triggers non-alcoholic fatty liver disease (NAFLD) progression owing to the accumulation of
toxic lipids in hepatocytes including saturated fatty acids (SFAs), which activate pro-inflammatory pathways. We investigated
the impact of hepatocyte- or circulating-derived small extracellular vesicles (sEV) secreted under NAFLD conditions on liver
inflammation and hepatocyte insulin signalling.
Methods: sEV released by primary mouse hepatocytes, characterised and analysed by lipidomics, were added to mouse
macrophages/Kupffer cells (KC) to monitor internalisation and inflammatory responses. Insulin signalling was analysed in
hepatocytes exposed to conditioned media from sEV-loaded macrophages/KC. Mice were i.v. injected sEV to study liver
inflammation and insulin signalling. Circulating sEV from mice and humans with NAFLD were used to evaluate macrophage–
hepatocyte crosstalk.
Results: Numbers of sEV released by hepatocytes increased under NAFLD conditions. Lipotoxic sEV were internalised by
macrophages through the endosomal pathway and induced pro-inflammatory responses that were ameliorated by phar-
macological inhibition or deletion of Toll-like receptor-4 (TLR4). Hepatocyte insulin signalling was impaired upon treatment
with conditioned media from macrophages/KC loaded with lipotoxic sEV. Both hepatocyte-released lipotoxic sEV and the
recipient macrophages/KC were enriched in palmitic (C16:0) and stearic (C18:0) SFAs, well-known TLR4 activators. Upon
injection, lipotoxic sEV rapidly reached KC, triggering a pro-inflammatory response in the liver monitored by Jun N-terminal
kinase (JNK) phosphorylation, NF-jB nuclear translocation, pro-inflammatory cytokine expression, and infiltration of immune
cells into the liver parenchyma. sEV-mediated liver inflammation was attenuated by pharmacological inhibition or deletion of
TLR4 in myeloid cells. Macrophage inflammation and subsequent hepatocyte insulin resistance were also induced by circu-
lating sEV from mice and humans with NAFLD.
Conclusions: We identified hepatocyte-derived sEV as SFA transporters targeting macrophages/KC and activating a TLR4-
mediated pro-inflammatory response enough to induce hepatocyte insulin resistance.
Impact and Implications: Small extracellular vesicles (sEV) released by the hepatocytes under non-alcoholic fatty liver
disease (NAFLD) conditions cause liver inflammation and insulin resistance in hepatocytes via paracrine hepatocyte–
macrophage–hepatocyte crosstalk. We identified sEV as transporters of saturated fatty acids (SFAs) and potent lipotoxic in-
ducers of liver inflammation. TLR4 deficiency or its pharmacological inhibition ameliorated liver inflammation induced by
hepatocyte-derived lipotoxic sEV. Evidence of this macrophage–hepatocyte interactome was also found in patients with
NAFLD, pointing to the relevance of sEV in SFA-mediated lipotoxicity in NAFLD.
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Introduction
Non-alcoholic fatty liver disease (NAFLD) affects 25% of the adult
population, especially in Western countries.1 NAFLD is associated
with obesity, insulin resistance, type 2 diabetes, and cardiovas-
cular complications, and is considered the hepatic manifestation
of metabolic syndrome.2 NAFLD extends from non-alcoholic fatty
liver towards non-alcoholic steatohepatitis (NASH) with variable
degrees of inflammation and fibrosis and, ultimately, hep-
atocarcinoma. NAFLD is recently renamed as metabolic
dysfunction-associated fatty liver disease to better define the
disease as a broader metabolic disorder regarding its origin,
progression, and outcomes.3

The underlying triggers/mechanisms of NAFLD progression
are complex and multifactorial. To date, the most widely
accepted hypothesis is the ‘multiple-hit model’.4 In this condi-
tion, excessive free fatty acid uptake by hepatocytes may over-
whelm their capacity to esterify them into triglycerides, leading
to the accumulation of toxic species including saturated fatty
acids (SFAs) (i.e. palmitic acid [PA; C16:0] and stearic acid [SA;
C18:0]) free cholesterol, and ceramides.5 This abnormal cellular
lipid composition, so-called lipotoxicity, eventually leads to
organelle dysfunction, chronic inflammation, and apoptosis of
the hepatocytes, hallmarks strongly associated with NAFLD
progression to NASH.6

Apart from lipotoxicity, SFAs trigger pro-inflammatory re-
sponses by binding to and activating damage-associated molec-
ular pattern receptors including Toll-like receptor-4 (TLR4).6,7

Although both parenchymal and non-parenchymal liver cells
express TLR4, the higher TLR4 expression is contributed by
Kupffer cells (KC).8 Along with other immune cells, KC integrate
the innate immune system, which, aside from lipotoxicity, also
plays a critical role in NAFLD progression.9 In addition, lipotoxic
hepatocyte damage during NAFLD can activate other immune
cell populations and liver cells such as liver sinusoidal endo-
thelial cells and hepatic stellate cells, boosting inflammation and
fibrosis. Therefore, NASH progression seems to be the result of a
complex intrahepatic interactome.10

Extracellular vesicles (EV) are mediators of cell-to-cell
communication in health and disease.11 The generic term ‘EV’
comprises heterogeneous populations of cell-released, nano-
meter-sized vesicles enclosed by a lipid bilayer membrane that
contain bioactive cargo molecules partially reflecting the
parental cell lineage. Exosomes, the smallest EV (30–150 nm),
originate from intracellular multivesicular bodies, whereas
shedding microvesicles (50–1,000 nm) directly bud from the
plasma membrane.12 However, it is now recommended to use
operational terms to refer to EV such as size (‘small EV’ [sEV; size
<200 nm] and ‘medium/large EVs’ [size >200 nm]), density, or
biochemical composition.13 Following their release, EV interact
with target cells, in which they may elicit multiple functional
responses and phenotypic changes.

Several studies reported that abnormal EV released by
different cells might directly or indirectly induce insulin resis-
tance in type 2 diabetes associated with NAFLD.14,15 In particular,
upon toxic lipid overload, hepatocytes release EV expressing
tumour necrosis factor-related apoptosis-inducing ligand
(TRAIL), which activates macrophages towards a pro-
inflammatory phenotype (M1) via NF-jB signalling.16
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Nonetheless, the specific role of EV in the hepatocyte–
macrophage paracrine interactome related to inflammation-
associated insulin resistance during NAFLD remains to be
established. In this study, we analysed sEV released by primary
hepatocytes (PH) and circulating sEV (Circ-sEV) under lipotoxic
conditions of NAFLD and their impact on macrophage/KC
inflammation and, ultimately, on hepatocyte insulin signalling.
Materials and methods
Animal care and use
Male mice on the C57BL/6J genetic background were maintained
at the animal facilities of the IIBm Alberto Sols (CSIC-UAM,
Madrid, Spain). C57BL/6J male mice with global (TLR4-/-) or
specific deletion of TLR4 in myeloid cells (TLR4DMye) and their
respective controls (TLR4+/+ and TLR4fl/fl) were also used. Ani-
mals included in the study were controlled following the rec-
ommendations of the Federation of European Laboratory Animal
Science Associations on health monitoring. Animals were
randomly assigned to experimental groups. Control mice were
fed a standard chow diet (CHD; 8.4% kcal from fat, A04, Panlab,
Barcelona, Spain). To induce obesity and NAFLD, mice were fed a
high-fat diet (HFD; 60% of kcal from fat, TD-06414, Envigo RMS,
Blackthorn, UK) for 14 weeks starting at week 8 after birth. To
induce NASH without obesity, male mice were fed a methionine–
choline-deficient (MCD) diet (TD-90262, Envigo RMS) for 8
weeks starting at 14–16 weeks of age. All experimental proced-
ures were approved by the IIBm and CSIC Animal Care and Use
Committees and authorised by the Comunidad de Madrid.

Statistical analysis
Statistical analysis was performed using GraphPad Prism 8
software (San Diego, CA, USA). Statistical details are provided in
each figure legend. Differences between two groups were
compared using the Mann–Whitney U test. The Pearson corre-
lation test was used to establish correlations between analytical/
clinical parameters and the number of sEV/inflammatory cyto-
kines in human studies. Lipid quantitative data were analysed
using two-way ANOVA, followed by the Bonferroni post hoc test.
Data are expressed as the mean ± SEM. A p value of less than 0.05
was considered significant. Mice and cells were randomly and
blindly distributed for the treatments by investigators. In-
vestigators were not blind in outcome assessment.

For further details regarding the materials and methods used,
please refer to the Supplementary information.
Results
Lipotoxic conditions increase the release of sEV by PH
We first characterised the sEV released by two sources of PH
exposed to lipotoxic conditions: hepatocytes treated for 24 h
with 800 lM PA, which is an SFA present in Western diets that
mimics lipotoxicity in vitro, or hepatocytes from mice fed a HFD
for 14 weeks. For sEV isolation, PH were seeded at equal cell
densities. Oil Red O staining confirmed intracellular lipid accu-
mulation in hepatocytes either treated with PA or isolated from
obese mice (Fig. S1A and B). Furthermore, we ensured that PH
preserved their cellular viability according to the Minimal
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NTA (n = 8/group) (left panel). Representative NTA and TEM photomicrograph (scale bar, 100 nm) from sEVPA (middle panel). Expression of sEV markers and
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Information for Studies of Extracellular Vesicles (MISEV) guide-
lines13 and did not show apoptotic features such as caspase-3
cleavage or apoptotic nuclei (Fig. S2A–C).

sEV, purified from equal volumes of culture media and similar
cell numbers, were quantified by nanoparticle tracking analysis
(NTA) and characterised by transmission electron microscopy
JHEP Reports 2023
(TEM) and Western blot (Fig. 1A and Fig. S3) as recommended by
MISEV. According to NTA, PH exposed to a lipotoxic environment
(PA-treated or from HFD-fed mice) significantly released more
sEV (referred to as sEVPA or sEVHFD, respectively) compared with
PH isolated from CHD-fed mice (sEVC). TEM confirmed that sEV
size ranged within the diameter previously described for sEV
3vol. 5 j 100756
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and, likewise, all fractions expressed sEV-specific markers
(Tsg101, CD63, and CD81), whereas calnexin, an endoplasmic
reticulum marker, was absent in sEV.

Characterisation of the uptake of hepatocyte-released sEV by
macrophages
We next evaluated the internalisation of PH-released sEV by
macrophages. Peritoneal mouse macrophages were treated with
sEV (sEVC, sEVPA, and sEVHFD) labelled with the PKH67 probe,
and fluorescent intracellular labelling was visualised after 2 min
(Fig. S4A). Live cell imaging showed a progressive accumulation
of the three types of labelled sEV into the macrophages (Movies
S1–S3).

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.jhepr.2023.100756.

The following are the supplementary data to this article:-
Supplementary Video S1. Supplementary Video S2. Supplemen-
tary Video S3.

Colocalisation of sEV with early endosome antigen 1 (EEA1),
an early endosomal membrane-associated protein,17 was found
(Fig. S4B); this effect declined after 15 min (Fig. S5A). Notably,
the colocalisation of sEV with the early endosome occurred
independently of the hepatocyte source of the sEV. Moreover,
colocalisation of sEV and Rab7, a small GTPase of the late
JHEP Reports 2023
endosomal compartment,18 was observed at 40 min (Fig. S5B),
pointing to rapid internalisation of hepatocyte-released sEV into
the macrophages.

sEV released by hepatocytes under lipotoxic conditions
transferred SFAs to the macrophages/KC
We next conducted a lipidomic analysis of PH secreting the sEV
(sPHC, sPHPA, and sPHHFD), sEV (sEVC, sEVPA, and sEVHFD), and
recipient peritoneal macrophages (rM-sEV) or primary KC (rKC-
sEV) as schematised in Fig. S6. We found an increase in SFAs in
sEV released by lipotoxic PH, an effect mainly owing to a sig-
nificant rise in PA and SA (Fig. 1C, right panel; and Table S1).
However, PA, but not SA, increased in lipotoxic PH (Fig. 1B, right
panel). Likewise, the total content of monounsaturated fatty
acids (MUFAs) increased in sEVPA and sEVHFD fractions (Fig. 1C,
middle and left panels) in contrast to sPHPA and sPHHFD, where
we found a decrease (Fig. 1B, middle and left panels), particularly
in 18:1n-9 and 18:2n-6 species (Table S2).

We also analysed rM-sEV. As shown in Fig. 1D (middle and
left panels), a substantial elevation in SFAs were detected in
those treated with sEVPA and sEVHFD. In peritoneal macrophages
loaded with sEVPA, the increase was attributable to a gain in
C14:0 (myristic acid), PA, and SA, whereas in peritoneal macro-
phages receiving sEVHFD, the increment was found only in SA
5vol. 5 j 100756
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(Fig. 1D, right panel; and Table S3). Transfer of SFAs by lipotoxic
sEVPA was verified in primary KC (Fig. 2E and Table S4). These
results point sEV as new mediators of SFA transfer from hepa-
tocytes to macrophages/KC, suggesting that sEVPA and sEVHFD

may be intrinsically lipotoxic.

Lipotoxic sEV released by hepatocytes activate pro-
inflammatory signalling in macrophages
NF-jB, a key transcription factor in innate immune pro-
inflammatory signalling, is also involved in metabolic inflam-
mation.19 Likewise, phosphorylation of the pro-inflammatory
mediators Jun N-terminal kinase (JNK) and p38 mitogen-acti-
vated protein kinase (MAPK) contributes to liver inflammation
during NAFLD.20 Degradation of the NF-jB inhibitor IjBa was
found in peritoneal macrophages exposed to sEVPA during
JHEP Reports 2023
15–60 min (Fig. 2A) and p65-NF-jB nuclear translocation was
visualised 1 h after the addition of the sEVPA (Fig. 2B). Similar
results were obtained in peritoneal macrophages loaded with
sEVHFD (Fig. 2A and B). In addition, phosphorylation of JNK and
p38 MAPK was increased in macrophages treated with lipotoxic
sEV (Fig. 2A).

We next characterised the inflammatory profile of peritoneal
macrophages receiving lipotoxic sEV. Peritoneal macrophages
were stimulated with sEV for 8 h, after which mRNA levels of
pro- and anti-inflammatory cytokines were determined. Fig. 2C
shows increased mRNA expression of Il6, Il-1b, and Tnf and the
chemokine Ccl2 in peritoneal macrophages receiving sEVPA or
sEVHFD compared with those treated with sEVC. We also found an
increase in Il-10 mRNA levels in macrophages receiving lipotoxic
sEVPA, suggesting an anti-inflammatory compensatory response.
7vol. 5 j 100756
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Of note, Il-4 mRNA expression was not detected (results not
shown). Moreover, peritoneal macrophages released IL-6 and IL-
1b to the culture medium upon the addition of lipotoxic sEV, an
effect validated in KC by determining IL-1b levels (Fig. 2E). A
similar inflammatory response was observed when the amount
of sEV added to peritoneal macrophages was normalised to their
total protein content, as shown by comparable increases in Il-6
and Il-1b mRNA levels (Fig. 2F). Furthermore, to relate sEV lip-
otoxicity to their pro-inflammatory effect, the lipid fraction of
PH-derived sEVC, sEVPA, and sEVHFD (L-sEVC, L-sEVPA, and L-
sEVHFD, respectively) was extracted and directly added to peri-
toneal macrophages. We found that Il-6 and Il-1b mRNAs were
also elevated when peritoneal macrophages were incubated with
the lipid fraction of lipotoxic sEV (Fig. 2G).

CM from macrophages/KC treated with hepatocyte-derived
lipotoxic sEV attenuated insulin signalling in hepatocytes
Considering the negative effect of the secretome released by PA-
stimulated macrophages/KC in hepatocyte insulin signalling
previously reported by our group,21 we analysed insulin signal-
ling in hepatocytes exposed to the CM released by macrophages
loaded with sEV. Peritoneal macrophages were treated for 24 h
with sEVC, sEVPA, or sEVHFD. Then, the CM (CM sEVC, CM sEVPA,
and CM sEVHFD) were collected and added to hepatocytes for a
further 24 h, after which insulin signalling was analysed. Fig. 3A
shows decreased insulin receptor (IR) and AKT (Ser473/Thr308)
phosphorylation in hepatocytes treated with CM sEVPA or CM
sEVHFD compared with hepatocytes receiving CM sEVC. Notably,
CM sEVHFD was more potent in reducing AKT Thr308 phos-
phorylation, suggesting an effect of additional components of
this CM in boosting hepatocyte insulin resistance. Of note, IR and
AKT phosphorylation was similar in hepatocytes incubated with
CM sEVC or CM collected from macrophages that did not receive
sEV (Fig. S7). Again, similar results were obtained using the CM
released by KC stimulated with lipotoxic sEV (Fig. 3B).

The relevance of the hepatocyte–macrophage–hepatocyte
interactomemediated by the lipotoxic sEV was also evidenced by
the mild effect of the direct treatment of hepatocytes with lip-
otoxic sEV before insulin stimulation (Fig. S8A) despite the
marked accumulation of sEV into these cells at 2 h (Fig. S8B).

TLR4-dependent pro-inflammatory responses in
macrophages loaded with lipotoxic hepatocyte-derived sEV
TLR4 binds SFAs,22 thereby activating inflammatory signalling
cascades. In unstimulated cells, TLR4 is present at the plasma
membrane, and upon its activation, it is internalised, trans-
located to early endosomes, and then sorted for degradation in
late endosomes and lysosomes.23 In this regard, decreased TLR4
protein expression was found in peritoneal macrophages
exposed to sEVPA (Fig. 4A), suggesting a previous activation. By
contrast, no changes in Tlr4 mRNA expression were observed
(Fig. 4B). To demonstrate activation of TLR4-dependent NF-jB
signalling in macrophages exposed to lipotoxic sEV released by
PH, peritoneal macrophages and KC from mice with global TLR4
deletion (TLR4-/-) were used. As shown in Fig. 4C, sEVPA-medi-
ated degradation of IjBa was not detected in TLR4-/- peritoneal
macrophages and, consistently, p65-NF-jB nuclear translocation
was significantly decreased (Fig. 4D). In addition, pharmacolog-
ical inhibition of TLR4 in peritoneal macrophages abolished IjBa
degradation and counteracted p65-NF-jB nuclear translocation
induced by lipotoxic sEV (Fig. S9A–E). Interestingly, p65-NF-jB
nuclear translocation and the elevations in Il-1b, Il-6, and Tnf
JHEP Reports 2023
mRNAs induced by sEVPA or sEVHFD were attenuated in KC from
TLR4-/- mice (Fig. 4E and F).

As sEVPA or sEVHFD are enriched in SFAs mainly PA and SA
(Fig. 1C), peritoneal macrophages were directly stimulated with
either PA (750 lM) or SA (350 lM). At 30 min, PA and SA
increased JNK and p38 MAPK phosphorylation and triggered
IjBa degradation. By contrast, these responses were markedly
attenuated in TLR4-/- peritoneal macrophages (Fig. S10A and B).
These results are consistent with previous findings showing
TLR4-dependent effects of SFA-induced inflammation.24

Lipotoxic hepatocyte-derived sEV target KC, trigger pro-
inflammatory signalling, and induce hepatic inflammation
in vivo
We investigated the in vivo significance of our findings in liver
inflammation during NAFLD. C57BL/6J mice were i.v. injected
50 lg of sEV (sEVC or sEVPA) (Fig. 5A). We previously checked that
protein concentrations in sEVC and sEVPA measured by BCA assay
contain equivalent numbers of particles analysed by NTA (sEVC

6.56 × 108 ± 2.46 vs. sEVPA 6.30 × 108± 1.53 in 5 lg of sEV protein,
n = 4/group). The delivery of PKH26-labelled sEV to the liver was
visualised at 2 and 6 h post injection (Fig. 5B), and, importantly,
PKH26 immunofluorescence was located in Clec4f-positive cells,
evidencing sEV internalisation by KC rather than by hepatocytes
at this early time period. We evaluated inflammatory markers in
the liver upon injection of sEVPA or sEVC and found a rapid in-
crease in Il-6, Il-1b, and TnfmRNAs as early as 30 min followed by
Ccl2 at 2 h post injection (Fig. 5C). At the molecular level, sEVPA

decreased TLR4 protein levels and increased JNK phosphoryla-
tion (Fig. 5D). Increased phospho-JNK was also found in mice i.v.
injected sEVHFD (Fig. S11A).

Liver inflammation was also visualised by nuclear p65-NF-jB
immunohistochemistry. Fig. 6A shows areas of nuclear staining
in non-parenchymal immune cells at 30 min post sEVPA injec-
tion, whereas nuclear p65-NF-jB was visualised in hepatocytes
at 2 h, suggesting an earlier effect of lipotoxic sEV in immune
cells. The presence of foci of Ly6C+ monocytes, as well as CD3+

lymphocytes, in liver parenchyma at 2 h post sEVPA injection
(Fig. 6B) points to new recruitment of immune cells consistent
with the increase in Ccl2 expression. Again, similar effects were
found in the livers of mice injected sEVHFD (Fig. S11B and C).

In line with data depicted in Fig. S9, injection of the TLR4
inhibitor 1 h before sEVPA administration prevented elevations in
hepatic Il-6, Il-1b, Tnf, and Ccl2 mRNAs; JNK phosphorylation;
and the drop of TRL4 (Fig. 5C and D). Likewise, both nuclear p65-
NF-jB translocation and infiltration of Ly6C+ and CD3+ cells were
abolished in mice injected TLR4 inhibitor before sEVPA (Fig. 5A
and B). Of note, no effect was found upon injection of the TLR4
inhibition alone (Fig. 5A and B).

In vivo injection of lipotoxic hepatocyte-derived sEV targeting
KC attenuates insulin-mediated signalling in hepatocytes
We next investigated whether KC mediate insulin resistance in
hepatocytes upon in vivo injection of lipotoxic PH-sEV. Mice
were injected sEVPA or sEVC, and after 16 h, KCs were isolated
and cultured for 24 h. The CM (CM-sEVPA or CM-sEVC) was
collected and used to treat PH for 24 h, after which insulin sig-
nalling was analysed. As shown in Fig. 6C, AKT phosphorylation
(Ser473/Thr308), used as readout, was decreased in hepatocytes
exposed to CM-sEVPA, suggesting that lipotoxic sEV induce he-
patocyte insulin resistance at least in part through activation of
hepatic resident macrophages.
9vol. 5 j 100756
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sEV-mediated liver inflammation was attenuated in mice
with TLR4 deletion in myeloid cells
To confirm TLR4-dependent pro-inflammatory responses spe-
cifically in immune cells upon injection of lipotoxic sEV, mice
with specific deletion of TLR4 in myeloid cells (TLR4DMye) and
their respective controls (TLR4fl/fl) were used. As shown in Fig.
7A, TLR4fl/fl mice presented a rise in Il-6, Il-1b, and Tnf mRNA
levels in the liver at 30 min post sEVPA injection, whereas Ccl2
mRNA was elevated at 2 h post injection. This effect was signif-
icantly attenuated in TLR4DMye mice regarding Il-6, Tnf, and Ccl2
mRNAs. Moreover, at 2 h post sEVPA injection, features of
inflammation manifested by the presence of foci of Ly6C+, as well
JHEP Reports 2023
as CD3+ cells into liver parenchyma, were observed in TLR4fl/fl

mice, but not in TLR4DMye mice (Fig. 7B). Furthermore, insulin-
induced AKT phosphorylation (Ser473/Thr308) in hepatocytes
exposed to the CM released by KC from TLR4-/- mice was higher
than AKT phosphorylation levels in hepatocytes treated with the
CM released by KC from TLR4+/+ mice (Fig. 7C).

Circ-sEV from mice and humans with NAFLD trigger
inflammatory responses in macrophages and attenuate
insulin signalling in hepatocytes
Because during NAFLD lipotoxic sEV have been detected in cir-
culation,25 we analysed the impact of Circ-sEV from mice and
10vol. 5 j 100756
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humans with NAFLD in macrophage inflammation and insulin
signalling in hepatocytes. Fig. 8A and Fig. S12A show the char-
acterisation of Circ-sEV frommice fed a CHD or HFD (Circ-sEVCHD

and Circ-sEVHFD, respectively). A slight increase in sEV number
was found in Circ-sEVHFD compared with Circ-sEVCHD. Lipidomic
analysis of Circ-sEV revealed increased SFA (non-significant)
content in Circ-sEVHFD compared with Circ-sEVCHD (Fig. 8B and
Table S5). Importantly, Circ-sEVHFD triggered inflammation in
peritoneal macrophages (Fig. 8C), an effect also observed in
macrophages loaded with sEV isolated from the plasma of mice
fed a MCD diet (Circ-sEVMCD) (Fig. S13). Moreover, insulin
resistance was found in PH pretreated with the CM released from
peritoneal macrophages loaded with Circ-sEVHFD (Fig. 8D). Of
note, IR and AKT phosphorylation in hepatocytes did not change
upon stimulation with CM from macrophages treated with Circ-
sEVCHD compared with those treated with CM from unstimulated
macrophages (Fig. S14).

To add translational relevance to our study, we purified sEV
from the serum of a cohort of 15 patients with NAFLD (Table S6)
and healthy individuals. After characterisation (Fig. 8E and
Fig. S12B), we found increased Circ-sEV in patients with NAFLD
(h-sEVNAFLD) compared with healthy controls (h-sEVCtrl). The
amount of Circ-sEV in patients with NAFLD correlated with
circulating non-esterified fatty acids (NEFAs) (Fig. 8F) and dys-
lipidaemia (Table S7). sEV were used to treat human macro-
phages (h-MFs). IL-1b (beta) expression significantly increased in
h-MFs receiving circulating h-sEVNAFLD, and a correlation be-
tween IL-1b (beta) and IL-6 expression and circulating h-sEV-
NAFLD was found (Fig. 8G). IL-1b (beta) mRNA also correlated with
dyslipidaemia and transaminases in patients with NAFLD
(Table S7). Finally, as occurred in mice, CM from h-MFs receiving
h-sEVNAFLD decreased insulin-induced AKT phosphorylation in
HuH7 human hepatocytes, an effect evidenced in seven patients
with NAFLD from a subcohort of 11 individuals (Fig. 8H).
Discussion
Herein, we identified, for the first time, an interactome by which
hepatocytes under lipotoxic stress secrete SFA-loaded sEV that
target liver macrophages/KC via TLR4-mediated signalling, trig-
gering a pro-inflammatory response, which, in turn, attenuates
insulin signalling in hepatocytes.

Several molecules have been identified in the cargo of sEV
released by lipotoxic hepatocytes including miRNAs,26,27 proap-
optotic molecules (e.g. TRAIL),16 or chemotaxis mediators (e.g. C-
X-C motif chemokine ligand 10 [CXCL10]).28 Regarding bioactive
lipid species, the presence of C16:0 ceramide,29 as well as
sphingosine 1-phosphate,30 has been reported as cargo of EV
released by hepatocytes exposed to lipotoxicity. Herein, we show
an enrichment in SFAs, particularly PA and SA, in sEV released by
lipotoxic hepatocytes either treated with PA or, importantly,
directly isolated from obese mice fed a HFD with manifested
features of fatty liver. These results suggest hepatocyte-released
sEV as new carriers of different toxic lipid species with cell/tissue
specificity. In addition, the release of SFA-enriched sEV by he-
patocytes under lipotoxic stress might represent an escape route
to reduce their lipid overload and, therefore, to avoid hepatocyte
toxicity.

In the context of cell-to-cell lipid transmission, lipid transport
to recipient cells is mediated not only by canonic carrier proteins
and lipoproteins, but also by sEV, as reviewed.31 It has been
calculated that internalisation of sEV into endosomes of target
JHEP Reports 2023
cells allows 500 times higher concentrations of prostaglandins
than the concentrations reached if they had been directly added
to the whole cell.32 In this scenario, macrophages are the main
target cells of sEV;33 therefore, they are likely direct recipients of
the lipotoxic cargo of the hepatocyte-released EV in NAFLD. In
this regard, we have characterised in vitro the trafficking of
hepatocyte-released sEV to the macrophages, as reported,16 and
provided details of their uptake by the endosomal pathway.
Moreover, in the recipient macrophages, lipidomic analysis
revealed increased content of PA and SA, highly lipotoxic and
pro-inflammatory SFAs contained in sEV. These results suggest
the transfer of SFAs from hepatocytes to macrophages via sEV
likely resulting in the activation of pro-inflammatory signalling
(JNK, P38 MAPK, and p65-NF-jB), the elevation of pro-
inflammatory cytokine mRNAs (Il-6, Il-1b, and Tnf), and the
upregulation of the chemokine Ccl2. Notably, the anti-
inflammatory Il-10 mRNA was also increased by sEVPA, pointing
to the activation of survival pathways in macrophages for
counteracting inflammation. Furthermore, the lipids extracted
from sEV released by lipotoxic hepatocytes were enough to
switch macrophages to an M1 profile. These results support the
importance of hepatocyte-released sEV as reactive lipid carriers
in the interactome with macrophages. In a more physiological
context, KC were also targets of lipotoxic hepatocyte-released
sEV, an effect manifested by increases in PA/SA content, and Il-
6, Il-1b, and Tnf mRNAs, as well as the release of IL-1b to the
culture medium. It is also noteworthy to highlight that the
requirement of fetuin A as an adaptor protein in lipid-induced
TLR4 activation in adipocytes has been reported.34 Thus, a role
for fetuin A in mediating the pro-inflammatory effects of lip-
otoxic sEV cannot be ruled out.

Despite the controversy on the role of TLR4 as an SFA re-
ceptor,35 it has been extensively reported that SFAs promote the
translocation of TLR4 into lipid rafts in the plasma membrane for
subsequent TLR4/myeloid differentiation factor 2 (MD2) complex
dimerisation and endocytosis in different cell types including
macrophages/KC, driving the outcome of pro- or anti-
inflammatory responses.22,36,37 Moreover, TLR4-mediated in-
flammatory responses have been reported in THP-1 macro-
phages exposed to sEV derived from different body fluids38 and,
more importantly, in macrophages exposed to adipose-tissue-
derived sEV.39 Herein, we show, on the one hand, a rapid
downregulation of TLR4 protein levels, which has been related to
its activation as mentioned above,40 in macrophages receiving
hepatocyte-derived lipotoxic sEV and, on the other, a marked
effect of TLR4 deficiency or pharmacological inhibition in
attenuating M1 pro-inflammatory signalling (i.e. IjBa degrada-
tion, p65-NF-jB nuclear translocation, and gene expression
signature) in peritoneal macrophages/KC. In agreement, other
studies have demonstrated that disruption of TLR4 function
ameliorates hepatic inflammation, steatosis, and fibrosis in
NAFLD rodent models.41 In addition, TLR4 expression is upre-
gulated in the livers of patients with NASH, compared with those
with fatty liver.42 In this line, our study has identified, for the
first time, macrophage TLR4 as a target of hepatocyte-derived
sEV in the context of lipotoxicity in NAFLD. Of note, whether
direct contact of the sEV with TLR4 at the cell surface or in
endosomes trigger sEV pro-inflammatory effects deserves
further investigation.

Insulin resistance in hepatocytes is a feature of NAFLD, stea-
tosis and inflammation being negative modulators of insulin
action.43 Initially, we tested a possible direct (autocrine) effect of
12vol. 5 j 100756



lipotoxic sEV in hepatocytes, but we did not find substantial
impairment of IR/AKT phosphorylation. Because in a previous
study we found attenuated insulin signalling in hepatocytes
exposed to the CM from PA-treated macrophages,21 we
wondered whether the CM released by macrophages exposed to
PA/SA-enriched sEV containing IL-6 and IL-1b and, likely, other
pro-inflammatory mediators could recapitulate this alteration.
Remarkably, hepatocytes exposed to CM-sEVPA or CM-sEVHFD

showed decreased IR/AKT phosphorylation in response to insu-
lin. In a more physiological context, the CM released by KC
loaded with lipotoxic sEV also decreased insulin-induced
phospho-AKT in hepatocytes. This hepatocyte–macrophage/KC–
hepatocyte paracrine crosstalk within liver cells, likely mediated
by SFA-containing sEV, was not reported before. In that regard,
selective depletion of KC ameliorated steatosis and insulin
resistance in mice.44

To provide in vivo findings of sEV lipotoxic effects, we injected
mice with sEVPA or sEVHFD and found features of hepatic
inflammation compared with those in mice injected with sEVC.
At the molecular level, a rapid reduction of TLR4 expression that
concurred with increased phospho-JNK and pro-inflammatory
gene expression shed light on the potent effect of lipotoxic sEV
in inducing local liver inflammation. Our results are in line with
the liver inflammation reported when sEV released by inositol-
requiring enzyme-1a (IRE1a)-overexpressing hepatocytes were
injected into mice and reached the liver promoting monocyte
infiltration.45 By contrast, we found a rapid accumulation of
PKH26-labelled sEV in liver KC rather than hepatocytes, sug-
gesting that resident macrophages are early targets of the sEV. In
fact, KC are the predominant cell type that takes up sEV released
by pancreatic cancer cells.46 Importantly, evaluation of nuclear
p65-NF-jB translocation in response to lipotoxic sEV showed a
cell-specific biphasic pattern with marked immunostaining at
30 min post injection in immune cells and thereafter in hepa-
tocytes at 2 h, an effect correlating with elevations in pro-
inflammatory genes. Likewise, Ccl2 expression was elevated at
2 h, the time period at which infiltration of monocytes and
lymphocytes was observed. Of relevance, p65-NF-jB nuclear
translocation in hepatocytes and monocyte/lymphocyte infiltra-
tion were absent in mice injected the TLR4 inhibitor before
sEVPA, recapitulating the in vitro results. Similar protection
against liver inflammation induced by lipotoxic sEV was ob-
tained in mice with specific deletion of TLR4 in myeloid cells,
reinforcing the role of TLR4 as a mediator of the lipotoxic EVs in
liver inflammation. Moreover, haematopoietic cell-specific
deletion of TLR4 was able to ameliorate diet-induced insulin
resistance in the liver and adipose tissue.47 In this regard, our
data show that the insulin response of the hepatocytes exposed
JHEP Reports 2023
to the CM released by KC from TLR4-/- mice loaded with lipotoxic
sEV was higher than that of the hepatocytes treated with the CM
released by KC from control mice.

In addition to the local effects in the liver, in a systemic
context, Circ-sEV from obese mice activated a pro-
inflammatory response in macrophages and produced a CM
that decreased IR/AKT phosphorylation in hepatocytes. These
results point that, during obesity, both the intrahepatic
interactome and the sEV released to the circulation by pe-
ripheral tissues (mainly adipose tissue) boost insulin resis-
tance. Of note, systemic insulin resistance was found in lean
mice chronically injected Circ-sEV from diet-induced obese
mice48 or adipose tissue-derived exosomes from ob/ob mice.49

Interestingly, an inflammatory response of macrophages was
also observed upon treatment with Circ-sEV from lean mice
fed an MCD diet in which adipose tissue was almost absent,
suggesting a potential pro-inflammatory effect of liver-
derived sEV under this pathological condition. However, we
cannot rule out the distinct origin of lipotoxic sEV (e.g. adipose
tissue) in the circulation in patients with NAFLD.

The translational relevance of the macrophage–hepatocyte
crosstalk mediated by lipotoxic sEV was evidenced by reduced
insulin-mediated AKT phosphorylation in human hepatocytes
exposed to the CM from h-MFs loaded with sEV from patients
with NAFLD. In addition, the more abundance of Circ-sEV in
patients with NAFLD, which correlated with NEFA levels,
together with their inflammatory effect on naïve macrophages,
points to these lipotoxic species as possible cargo of the sEV and,
therefore, as mediators of the hepatocyte–macrophage inter-
actome in human NAFLD.

In conclusion, we have identified SFAs as essential compo-
nents of the cargo in sEV released by the hepatocytes under
NAFLD conditions that are transferred to macrophages/KC and,
via TLR4, trigger liver inflammation and insulin resistance in
hepatocytes. Evidence of this macrophage–hepatocyte inter-
actome was also found in patients with NAFLD, pointing to the
relevance of sEV as additional SFA transporters and mediators
of lipotoxicity in NAFLD. Therapeutic interventions targeting
TLR4-mediated pro-inflammatory signalling in this crosstalk
would open new opportunities in the early prevention of
NAFLD. This study also opens a new perspective regarding the
role of SFA bioactive lipid cargo in sEV. In this context, owing to
sEV availability in biological fluids, lipotoxic lipids contained in
sEV are proposed to be promising non-invasive biomarkers in
liquid biopsy,25,39 which indeed would help in improving
NAFLD diagnosis. More research will establish whether lip-
otoxic SFAs into sEV may be potential therapeutic targets for
NAFLD treatment.
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