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Hepatocyte-derived exosomal miR-27a activates
hepatic stellate cells through the inhibition
of PINK1-mediated mitophagy in MAFLD
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The role of exosome-mediated mitophagy in the crosstalk be-
tween hepatocytes (HCs) and hepatic stellate cells (HSCs) in
metabolic-associated fatty liver disease (MAFLD) remains un-
known. Serum exosomal miR-27a levels were markedly
increased and positively correlated with liver fibrosis in MAFLD
patients and mice. Exosomal miR-27a was released from lipo-
toxic HCs and specifically transmitted to recipient-activated
HSCs. PINK]1, the key target of miR-27a, primarily mediates mi-
tophagy. Overexpression of miR-27a or knockdown of PINK1
or lipotoxic HC-exosomal miR-27a impaired mitochondria (in-
hibiting mitophagy, respiration, membrane potential, and
transcription while promoting reactive oxygen species produc-
tion) in activated HSCs and stimulated HSC-derived fibroblasts
(promoting activation and proliferation while inhibiting auto-
phagy). High exosomal miR-27a serum levels and a lack of he-
patic PINK1-mediated mitophagy were directly related to liver
fibrosis in MAFLD mice. Lipotoxic HC exosome transplantation
aggravated the degree of PINK1-mediated mitophagy suppres-
sion, steatohepatitis, lipidosis, and fibrosis in the livers of
MAFLD mice with cirrhosis. Both in vitro and in vivo, exosomes
derived from miR-27a-knockdown HCs could not facilitate the
abovementioned deteriorating effects. In conclusion, lipotoxic
HC-exosomal miR-27a plays a pivotal role in inhibiting mitoph-
agy and in promoting MAFLD-related liver fibrosis by nega-
tively regulating PINK1 expression.

INTRODUCTION

Metabolic-associated fatty liver disease (MAFLD) has become the
most common liver disease throughout the world. Advanced liver
fibrosis (ALF) (fibrotic stage S > 3) was identified as the major prog-
nostic factor for MAFLD, and the fibrosis stage was independently
associated with long-term overall mortality."”

Selective mitochondrial autophagy (mitophagy) is an important cell
defense mechanism.” Mitophagy failure has been suggested to occur
in steatotic or fibrotic livers.>” Loss of phosphatase and tensin homo-
log (PTEN)-induced expression of putative protein kinase 1 (PINK1),
the key regulator of the mitophagy pathway, might accelerate liver
fibrosis.’
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Exosomes are nanovesicles that epigenetically reprogram and alter the
phenotype of their recipient cells.” The majority of extracellular micro-
RNAs (miRNAs) are secreted via exosomes.’ Hepatocytes (HCs)
injured by lipotoxic fatty acids were found to produce exosomes en-
riched in miR-17 and miR-92 clusters, which were taken up by hepatic
stellate cells (HSCs), ultimately leading to fibrogenic activation.®

However, the molecular mechanisms by which exosomal miRNAs are
derived from HCs and transmitted to govern mitophagy in HSCs
remain poorly understood.

RESULTS

Lipotoxic fatty acids increase the release of exosomal miR27a
from HCs and then affect recipient-activated HSCs

First, the exosomes isolated in our study were characterized. The exo-
somes derived from primary HCs (PHCs) exhibited a round
morphology with a size of 50-200 nm (Figure S1A). PHC exosomes
contained CD63 and TSG101 proteins (exosomal markers) but did
not contain GAPDH (cellular marker) (Figure SI1B). LO2 cells
released the highest number of exosomes (Figure S1C). Based on
this, LO2 exosomes were used for in vitro and in vivo transplantation
studies. Interestingly, lipotoxic palmitic acid (PA) increased not only
the size but also the number of PHC exosomes in a dose-dependent
manner (Figure S1D). These findings indicate that HCs release addi-
tional exosomes into the environment after lipotoxic injury.

Second, we explored the majority of extracellular miRNAs secreted
via exosomes from lipotoxic HCs. MAFLD and chronic hepatitis B
patients in the ALF group had significantly higher serum miR27a
levels than the moderate liver fibrosis (MLF) group; however, there
was no difference in the livers of these two groups in the trend analysis
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Figure 1. PA promoted the release of exosomal miR-27a from HCs and affected activated HSCs

(A) Trend analysis of miR-27a expression in serum or liver tissues of MAFLD patients (MLF and ALF groups, each group n = 8). (B) AUROC of serum miR27a for ALF diagnosis
is shown. (C) Exosomal miR-27a expression was examined in the serum of MAFLD patients (FOS0-2, F3+NASH, and F3+S3-4 groups, each group n = 3) and mice (LFD,
HFD, and HFD + CCl, groups, each group n = 3). (D) Exosomal and cellular miR-27a expression was examined in PHCs or LO2 cells (CN, PA200 uM, and PA400 uM groups).
(E) Representative images of PKH26-labeled Exo-PA taken up by primary liver cells (1- or 7-day-cultured PHSCs and PKCs) are shown. The relative IF intensity in each type of
cell was normalized to the cell number. Scale bar, 25 um. (F) miR27a expression was assessed in activated LX2 cells incubated with 25-200 ng Exo-PA or 25 pg Exo-CN
isolated from LO2 cells. (G) miR27a expression was detected in activated LX2 cells incubated with Exo-PA or Exo-CN isolated from LO2 cells transfected with miR-27a
inhibitor or its negative control (LO2 in-NC or LO2 in-miR groups). All quantifications are presented as the mean + SD, and p values were calculated using an unpaired
Student’s t test (A, B, D, E, and G) (for comparison between two groups) or one-way ANOVA followed by a Student-Newman-Keuls analysis (C and F) (for comparison of
multiple groups). Statistical significance: *p < 0.05, compared with (A) MAFLD-MLF group, (C) FOS0-2 patients or LFD mice, (D) CN group, (E) PHC group, (F) CN group, (G) or
Exo-CN of LO2 in-NC group; #p < 0.05, compared with (C) F3+NASH patients or HFD mice, (F) Exo-CN 25 pg-treated cells.

of the miRNA microarray results (Figures 1A and S2). Serum miR27a
levels could effectively distinguish ALF in MAFLD patients (area un-
der the receiver operating characteristic [AUROC] = 0.730, Fig-
ure 1B). Therefore, we focused on miR27a for further study.

Third, we checked miR-27a levels in exosomes released from lipotoxic
HCs. Importantly, the serum exosomes isolated from MAFLD pa-
tients with ALF (fibrosis stage S3-4) and HFD-fed mice treated
with CCl, contained the highest levels of miR-27a compared with
their controls (Figure 1C). miR27a levels were dramatically increased
in exosomes derived from lipotoxic HCs (including PHCs, LO2,
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AML12, HepG2, and Huh?7 cells) compared with the untreated con-
trols; however, miR27a levels showed no differences in the cells (Fig-
ures 1D and S3A). To further determine whether other types of hepat-
ic cells also release exosomal miR27a under lipotoxic conditions, LX2,
THP-1, and EGL-1 cells were treated with PA. PA did not affect exo-
somal or cellular miR-27a expression in these hepatic cells (Fig-
ure S3B). These data suggest that HCs are the primary source of exo-
somal miR27a under lipotoxic conditions.

Finally, we clarified the effect of lipotoxic HC exosomes on recipient
cells (activated HSCs). To identify the major recipient cells of Exo-PA
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(exosomes derived from LO2 cells treated with PA), red immunofluo-
rescence (IF) of the PKH26-labeled exosomes was examined in pri-
mary hepatic cells, including PHCs, quiescent primary HSCs (PHSCs)
(1-day culture), activated PHSCs (7-day culture), and primary Kupffer
cells (PKCs). After 6 h of incubation, the relative amount of PKH26-
labeled Exo-PA was highest in activated PHSCs, followed by quiescent
PHSCs, PKCs, and PHCs (red IF value for PKH26/4’6-diamidino-2-
phenylindole (DAPI); PHSC-1d versus PHC: a 2.95 + 0.25 increase,
PHSC-7d versus PHC: a 6.81 + 0.14 increase; Figure 1E). This indicates
that lipotoxic HC exosomes were efficiently and rapidly taken up by
activated PHSCs in a time-dependent manner. Given that miR-27a
was primarily expressed in lipotoxic HC exosomes, these structures
might play a critical role in transferring miR-27a from HCs to activated
HSCs. Next, we examined whether Exo-PA could directly affect miR-
27a expression in activated HSCs. miR27a expression was very low in
control LX2 cells (CN group) and activated LX2 cells (treated with
TGF-B1) incubated with exosomes from untreated LO2 cells (Exo-
CN group, Figure 1F). Interestingly, Exo-PA dose dependently
increased miR-27a levels in activated LX2 cells (Exo-PA 25-200-pg
groups, p < 0.05; Figure 1F). However, Exo-PA derived from miR-
27a-inhibited LO2 cells (LO2 in-miR group) could not elevate miR-
27a levels in activated LX2 cells (Figure 1G). This suggests that
lipotoxic HC exosomes were the source of miR-27a and that these
structures transmitted exosomal miR-27a to recipient-activated HSCs.

Lipotoxic HC-exosomal miR27a was identified to negatively
regulate PINK1 in HSCs

miR27a is known to participate in the pathogenesis of Parkinson’s dis-
ease by impairing mitochondrial functions through targeting of
PINK1.” PINK1 has also been reported as an important regulator of
MAFLD and liver fibrosis.”'*"'* Sequence alignment indicated the pres-
ence of a miR-27a binding site in the 3’ UTR of wild-type (WT) PINK1
(Figure $4B). As expected, PINK1 mRNA and protein levels were signif-
icantly suppressed in LX2 cells overexpressing miR27a (mimic miR27a
and mi-miR27a) and clearly increased in LX2 cells with miR27a inhibi-
tion (in-miR27a), regardless of TGF-B1 treatment (Figures 2A and 2B).
PINK1 mRNA and protein levels were also clearly reduced in LX2 cells
(+TGF-B1) incubated with Exo-PA (Figure 2C). However, the levels
were not different when activated LX2 cells were incubated with Exo-
PA derived from in-miR27a LO2 cells (Figure 2D). Furthermore, mi-
miR27a significantly reduced the mRNA stability of PINK1 in activated
LX2 cells (Figure 2E). To determine the potential role of miR-27a in
regulating PINKI expression and activity, luciferase reporters contain-
ing the WT or mutant PINK1 3’ UTR were constructed and in combi-
nation with mi-miR27a or in-miR27a used to cotransfect activated LX2
cells. mi-miR27a significantly inhibited the luciferase activity of WT
PINKI1 (Figure 2F). These results indicate that PINK1 is the key target
of lipotoxic HC-exosomal miR-27a in activated HSCs.

Negative regulation of PINK1 by miR-27a impairs mitophagy and
stimulates fibroblasts in activated HSCs

Overexpressing miR27a (mi-miR27a) or knocking down PINKI1
(siRNA-PINKI1, siPINK1) distinctly decreased the protein levels of
Parkin and microtubule-associated protein light chain 3B (LC3B)

and increased the p62 level in activated LX2 cells (Figure 3A). Mito-
chondrial respiration is usually associated with transcriptional induc-
tion of several major regulators of mitochondrial biogenesis and en-
ergy metabolism (including nuclear respiratory factor [NRF]-2A/2B/
1, transcription factor A/B1/B2 mitochondrial [TFAM, TFB1M/2M],
and peroxisome proliferator-activated receptor [PPAR]-0/3). mi-
miR27a or siPINK1 significantly downregulated mitochondrial tran-
scription-related genes, including PPAR-a/c, TFBIM/2M, NRF-2A/
B, and TFAM, in activated LX2 cells (Figure S5A). In addition, we
measured the oxygen consumption rate (OCR) to assess mitochon-
drial respiration. A 30%-40% decrease in maximal mitochondrial
respiration (assessed by treatment with carbonyl cyanide-4-(trifluor-
omethoxy) phenylhydrazone [FCCP]) was observed in activated LX2
cells in the mi-miR27a and siPINK1 groups versus their controls (Fig-
ures 3B and S5B) and resulted in a significant reduction in the oxida-
tive phosphorylation reserve capacity and damage to respiration. The
level of mitochondrial LC3B protein was significantly decreased,
mitochondrial reactive oxygen species (ROS) production was dramat-
ically increased and an extraordinary loss of mitochondrial mem-
brane potential (MMP) was observed (Figure 3D) in activated LX2
cells in the mi-miR27a and siPINK1 groups. Based on these data,
we conclude that the ability of miR-27a to negatively regulate
PINKI impairs mitochondrial functions, particularly mitophagy, in
activated HSCs.

We further assessed the effects of mi-miR27a or siPINK1 on activa-
tion, proliferation, and autophagy in HSCs. mi-miR27a or siPINK1
significantly increased the expression of profibrotic genes or proteins
(including o-smooth muscle actin [a-SMA], fibronectin, and platelet-
derived growth factor receptor [PDGFR]-B) in activated LX2 cells
(Figures 3C and S5E). mi-miR27a or siPINKI promoted activation
of LX2 cells by significantly increasing the red IF values for a-SMA
protein (a marker of fibrosis, Figure S5C). mi-miR27a or siPINK1
clearly promoted transdifferentiation of PHSCs because the percent-
age of activated cells obviously increased at days 5 and 7 (Figures 3E
and S6). mi-miR27a or siPINKI also distinctly promoted the expres-
sion of pro-proliferation genes and proteins (cyclin D1 and prolifer-
ating cell nuclear antigen [PCNA], Figures 3C and S5E) and notably
increased cell proliferation, as measured by ethynyl-20-deoxyuridine
(EdU) staining (Figure S5D), in activated LX2 cells. mi-miR27a or si-
PINKI1 further markedly reduced levels of the autophagy-related pro-
tein lysosomal membrane protein (LAMP)-1/2 while increasing the
levels of mammalian target of rapamycin (mTOR) and Rheb (Fig-
ure S5F). Based on this, we postulate that the negative regulation of
PINK1 by miR-27a stimulates activation, promotes proliferation
and inhibits autophagy in activated HSCs.

Lipotoxic HC-exosomal miR27a was the key player in inhibition
of PINK1-mediated mitophagy and activation of HSCs

To determine whether lipotoxic HC-exosomal miR27a is a direct fac-
tor influencing HSC mitophagy and activation, HSCs were further
incubated with Exo-PA derived from LO2 cells pretreated with
miR27a inhibitor (in-miR27a) or miRNA-negative control (in-NC).
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Figure 2. Lipotoxic HC-exosomal miR27a negatively regulated PINK1 in HSC
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PINK1 mRNA and protein levels were measured in LX2 cells transfected with mi-miR/in-miR + TGF-B1 (A and B), LX2 cells incubated with Exo-CN/Exo-PA + TGF-B1 (C), and
activated LX2 cells incubated with Exo-CN/Exo-PA from LO2 cells transfected with in-NC/in-miR (D). (E) LO2 cells were transfected with mi-NC or mi-miR27a for 24 h before
the addition of actinomycin D (5 pg/mL; time 0). Total cellular RNA was extracted at 0, 0.25, 0.5, 1, and 2 h after treatment with actinomycin D. Relative mRNA levels of PINK1
at different time points were determined by gPCR and compared with those at time 0. (F) LX2 cells were cotransfected with luciferase reporter constructs containing the wild-
type or mutant 3" UTR of PINK1 and miR-27a mimic or inhibitor for 24 h. The relative luciferase activity was normalized to Renilla luciferase luminescence. All quantifications
are presented as the mean + SD, and p values were calculated using an unpaired Student’s t test. Statistical significance: *p < 0.05, compared with (A and B) CN group, (C)
Exo-CN group, (D) Exo-CN of LO2 in-NC group, (E) mi-miR at 0 h group, or (F) mi-NC PINK1 wild-type group. #p < 0.05, compared with (F) the in-NC PINK1 wild-type group.

Exo-PA derived from in-NC-LO2 cells clearly reduced PINK1, Par-
kin, and LC3B levels and increased p62 protein levels; however,
Exo-PA from in-miR27a-LO2 cells did not affect these proteins in
activated LX2 cells (Figure 4A). Exo-PA from in-NC-LO2 cells also
significantly downregulated the expression of mitochondrial tran-
scription genes (including PPAR-o/c, TFBIM/2M, NRF-2A/B, and
TFAM), while Exo-PA from in-miR27a-LO2 cells did not affect these
genes in activated LX2 cells (Figure S7A). Exo-PA from in-NC-LO2
cells led to a 40% decrease in maximal mitochondrial respiration,
while Exo-PA from in-miR27a-LO2 cells did not affect mitochondrial
respiration in activated LX2 cells (Figures 4B and S7B). Exo-PA from
in-NC-LO2 cells dramatically reduced mitochondrial LC3B protein
levels (Exo-PA group versus Exo-CN group from in-NC-LO2 cells:
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a 0.54-fold decrease in the red IF value), obviously increased mito-
chondrial ROS production (Exo-PA group versus Exo-CN group
from in-NC-LO2 cells: a 2.39-fold increase in the red IF value), and
markedly reduced MMP protein levels (Exo-PA group versus Exo-
CN group from in-NC-LO2 cells: a 0.32-fold decrease in the red IF
value) in activated LX2 cells (Figure 4C). Interestingly, Exo-PA
from in-miR27a-LO2 cells did not produce these changes in activated
LX2 cells (Figure 4C).

On the other hand, Exo-PA from in-NC-LO2 cells distinctly
increased the expression of pro-fibrosis genes or proteins (a-SMA,
fibronectin, and PDGFR-), increased pro-proliferation genes and
proteins (cyclin D1 and PCNA), and reduced autophagy-related
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Figure 3. mi-miR27a and si-PINK1 significantly impaired mitochondrial functions and promoted activation of activated HSCs

Activated LX2 cells were transfected with mi-miR27a and si-PINK. (A) Parkin, p62, and LC3B protein levels were examined via western blotting. (B) Mitochondrial respiration was
assessed using Seahorse. (C) a-SMA, cyclin D1, and PCNA proteins were detected in activated LX2 cells via western blotting. (D) LC3B (red IF) and COX4 (green IF) proteins and
mtSOX red and mtCMXRos red were observed via IF staining. Scale bar, 25 um. (E) Representative images and statistical analysis of cell morphology changes in PHSCs at day 7
are shown. Scale bar, 25 um. All quantifications are presented as the mean + SD, and p values were calculated using an unpaired Student’s t test. Statistical significance: “p < 0.05,
compared with the (B and D) mi-NC group, (E) mi-NC PHSC group at day 5 or 7; #p < 0.05, compared with the (B and D) si-NC group, (E) si-NC PHSC group at day 5 or 7.

proteins (LAMP1/2, autophagy protein 7 [Atg7], Beclinl), but
increased other autophagy-related proteins (nTOR and Rheb) in
activated LX2 cells (Figures 4E, S7C, S8B, and S8C). Interestingly,
these effects could be blocked by the miR-27a inhibitor (Figures 4E,
S7C, S8B, and S8C). Exo-PA from in-NC-LO2 cells clearly promoted
PHSC transdifferentiation (the percentage of activated cells increased
on days 5 and 7), but the effect was restored by in-miR27a (Figures 4D
and S8A). Exo-PA from in-NC-LO2 cells also strongly activated cells
(as determined by red IF indicating a-SMA protein expression) and
distinctly increased cell proliferation (assessed by EAU staining) in
activated LX2 cells, and this effect was reversed by in-miR27a (Figures
S7D and S7E).

These findings indicate that lipotoxic HC-exosomal miR27a can
inhibit PINKI-related mitophagy and mitochondrial functions,

promote activation and proliferation, and suppress autophagy in acti-
vated HSCs, and this can be reversed by a miR27a inhibitor.

High serum miR-27a and a lack of hepatic PINK1-mediated
mitophagy were positively related to MAFLD progression in

mice

To identify the role of miR-27a in negatively regulating PINKI in
MAFLD progression in vivo, WT mice were fed an LFD (low-fat
diet) or HFD (high-fat diet) and then subjected to CCl, (carbon
tetrachloride) or olive oil (control group, CN) treatments. The liver
index (liver/body weight) was significantly reduced; the serum
alanine aminotransferase (ALT) level was elevated; and liver stea-
tohepatitis, fibrosis, and lipid deposition were aggravated in
HFD + CCl,; mice compared with LFD + CCl, mice (Figures
S9A-S9D).
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Figure 4. The functions of lipotoxic HC-exosomal miR-27a in PINK1-related mitophagy and activation in HSCs

The functions of activated LX2 cells or PHSCs incubated with Exo-CN/Exo-PA derived from in-NC/in-miR27a LO2 cells were detected. (A) PINK1, Parkin, p62, and LC3B
protein levels in activated LX2 cells were examined via western blotting. (B) Mitochondrial respiration of activated LX2 cells was assessed using Seahorse. (C) LC3B (red IF)
and COX4 (green IF) proteins, mtSOX red, and mtCMXRos red in activated LX2 cells were observed via IF staining. Scale bar, 25 um. (D) Representative images and statistical
analysis of cell morphology changes in PHSCs at day 7 are shown. Scale bar, 25 um. (E) Fibrosis-related (z-SMA), proliferation-related (cyclin D1 and PCNA) proteins were
detected in activated LX2 cells via western blotting. All quantifications are presented as the mean + SD, and p values were calculated using an unpaired Student’s t test.
Statistical significance: “p < 0.05, compared with the (B and C) Exo-CN group from in-NC LO2 cells, (D) Exo-CN group from in-NC LO2 cells among day 5 or 7 PHSCs.

A remarkable increase in serum miR-27a (Figure 5B) and decrease in
hepatic PINK1 (Figure 5C) were observed in HFD + CCl; mice
compared with LFD + CCl; mice. Dramatic inhibition of the
PINK1-mediated mitophagy pathway (PINK1, Parkin, and LC3B
protein levels were decreased, but the p62 level was increased) was
shown in HFD + CCl, mice compared with LFD + CCl, mice (Fig-
ure 5A). Under an electronic microscope, the mitochondria were
observed to be markedly swollen and abnormal in the livers of CCl,
mice. Compared with the LFD + CCl, mice, mitochondria were obvi-
ously fused and lost their normal shape in the HFD + CCl, mice (in-
side the red circle, Figure 5D). An HFD also resulted in a decrease in
autophagosomes (shown by the yellow arrow) in CCly-induced
cirrhotic mice (Figure 5D). Furthermore, decreased mitochondrial
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respiration in response to HFD + CCl, was associated with alterations
in major transcriptional regulators, such as NRF-2A/2B/1, TFAM,
TFBIM/2M, and PPAR-0/3, compared with levels observed in
LFD + CCl, mice (Figure S9E). A significant reduction in mitochon-
drial LC3B protein expression was observed in HFD + CCl, mice
compared with LFD + CCl, mice (orange IF; HFD versus LFD group:
a 0.67-fold decrease; HFD + CCl, versus LFD + CCl, group: a 0.56-
fold decrease; Figure 5E).

Obvious upregulation of fibrosis-related genes or proteins (a-SMA,
collagen I [Coll], fibronectin, or PDGFR-f) and proliferation-related
genes or proteins (cyclin D1 or PCNA) was found in HFD + CCl,
mice compared with LFD + CCly mice (Figures 5F and S9F). The
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Figure 5. Serum miR27a upregulation suppressed hepatic PINK1-induced mitophagy and aggravated liver fibrosis in MAFLD mice

WT mice were divided into four groups: LFD, HFD, LFD + CCl,4, and HFD + CCl, (each group: n = 10). (A) The protein levels of PINK1, Parkin, LC3B, and p62 were assessed
via western blotting. (B and C) The expression of serum miR-27a and liver PINK1 mRNA was detected via PCR. (D) Mitochondria (red cycle) and autophagosomes (yellow
arrow) were detected via TEM in LFD/HFD + CCl, mice. Scale bar, 2 um. (E) LC3B (red IF) and COX4 (green IF), a-SMA (red IF) and PINK1 (green IF), and a.-SMA (red IF) and
PCNA (green IF) protein expression in liver tissues was observed via IF staining. Scale bar, 25 um. (F) The protein levels of a-SMA, cyclin D1, and PCNA were assessed via
western blotting. All quantifications are presented as the mean + SD, and p values were calculated using an unpaired Student’s t test. Statistical significance: *p < 0.05,
compared with mice in the LFD group; #p < 0.05, compared with mice in the LFD + CCl, group.

opposite presentation of PINK1 protein (showed green IF) and
a-SMA protein (showed red IF) expression was seen in HFD =+
CCl, mice compared with the LFD = CCl, mice (the IF value of
PINK1/a-SMA; HFD versus LFD group: a 0.65-fold decrease;
HFD + CCl4 group versus LFD + CCl4 group: a 0.79-fold decrease;
Figure 5E). A distinct increase in liver cells coexpressing a-SMA
(shown by red IF) and PCNA (shown by green IF) was observed in
HFD + CCl, mice compared with LFD + CCl, mice (the IF value of
PCNA/o-SMA; HFD versus LFD group: a 1.21-fold increase;
HFD + CCly versus LFD + CCly group: a 1.27-fold increase; Fig-
ure 5E). In addition, a noticeable decrease in pro-autophagy proteins
(LAMP1/2, Atg7, Beclinl) and an increase in anti-autophagy proteins
(mTOR) were observed in HFD + CCl, mice compared with LFD +
CCl, mice (Figure S9G).

However, a high serum miR-27a level and loss of PINK1 consistently
led to mitochondrial damage, fibrosis, and proliferation acceleration,
and autophagy inhibition in the livers of HFD + CCl, mice compared
with observations in LFD + CCl, mice.

Transplantation of lipotoxic HC-exosomal miR27a exerted an
aggravating effect on hepatic mitochondrial damage and
fibrosis in MAFLD mice

To elucidate the role of lipotoxic HC-exosomal miR27a in mitochon-
drial and fibrotic liver injury in vivo, MCD (methionine-choline-defi-
cient diet)-fed WT mice were subjected to lipotoxic/control LO2
exosomes and CCly/olive oil treatments (MCD, MCD + CCly, and
MCD + CCl, + Exo groups). MCD + CCl, + Exo mice exhibited an
obviously reduced liver index and an elevated serum ALT level,
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Figure 6. Transplantation of lipotoxic HC-exosomal miR27a exerted an aggravating effect on mitochondrial damage and fibrosis in MAFLD mice

MCD-fed WT mice were established and divided into three groups (Ct, CCl,, and CCl4 + Exo, each group: n = 10). Relative serum miR-27a levels (A) in MCD + CCl4 mice of
different ages (0, 2, 4, and 6 weeks) were detected via PCR. Serum miR-27a (B) and hepatic PINK1 (C) mRNA levels were detected via PCR. (D and E) The levels of proteins in
the PINK1 pathway (PINK1, Parkin, LC3B, and p62), the fibrosis pathway («-SMA), and the proliferation pathway (cyclin D1 and PCNA) were assessed via western blotting. (F)
LC3B (red IF) and COX4 (green IF) proteins, a-SMA (red IF) and PINK1 (green IF) proteins, and a-SMA (red IF) and PCNA (green IF) proteins were determined by IF staining of
liver tissues in MCD mice. Scale bar, 25 um. All quantifications are presented as the mean + SD, and p values were calculated using an unpaired Student’s t test. Statistical
significance: *p < 0.05, compared with (A) MCD + CCl, mice (0 weeks), (B, C, and F) MCD mice in the Ct group; #p < 0.05, compared with MCD mice in the CCl, group.

followed by a more severe degree of steatohepatitis, fibrosis, and lip-
idosis than MCD + CCl, mice (Figures SI0A-S10D).

Serum miR-27a levels gradually increased with progression of
MAFLD injury in MCD + CCly mice during the 2- to 6-week treat-
ment period (Figure 6A). MCD + CCly + Exo mice also exhibited a
remarkable increase in the serum miR-27a level and a decrease in he-
patic PINK1 expression compared with MCD + CCl, mice (Figures
6B and 6C). MCD + CCl; + Exo treatment mostly inhibited
PINK1-mediated mitophagy signaling (PINKI, Parkin, and LC3B
protein levels decreased, but the p62 level increased; Figure 6D)
and led to the most reduced levels of mitochondrial LC3B protein
(orange IF; MCD + CCl, + Exo group versus MCD + CCl, group: a
0.48-fold decrease; MCD + CCl, + Exo group versus MCD group: a

1248 Molecular Therapy: Nucleic Acids Vol. 26 December 2021

0.17-fold decrease; Figure 6F) compared with MCD + CCl, treatment
in mice. Consistently, the mRNA levels of major mitochondrial tran-
scriptional regulators (NRF-2A/2B/1, TFAM, TFBIM/2M, and
PPAR-a/3) were remarkably decreased in MCD + CCl, + Exo mice
compared with levels in MCD + CCl, mice (Figure S10E).

Furthermore, MCD + CCl, + Exo treatment significantly activated
fibrosis signaling (increased o.-SMA protein level), stimulated prolif-
eration signaling (increased cyclin D1 and PCNA protein levels), and
suppressed autophagy signaling (decreased LAMP1/2, Atg7, and Be-
clinl protein levels, but an increased mTOR level) compared with
MCD = CCly treatment in mice (Figures 6E and S10G). In addition,
the mRNA levels of fibrosis signaling (a-SMA, Coll, fibronectin, or
PDGEFR-B) and proliferation signaling (cyclin D1 or PCNA) factors
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were markedly elevated in MCD + CCl, + Exo mice compared with
levels in the MCD =+ CCly mice (Figure S10F). The opposite trend
was observed for PINK1 (green IF) and o-SMA (red IF) protein levels
in MCD + CCly + Exo mice compared with MCD + CCl; mice
(PINK1/a-SMA; MCD + CCly + Exo group versus MCD + CCl,
group: a 0.53-fold decrease; MCD + CCl, + Exo group versus MCD
group: a 0.39-fold decrease; Figure 6F). However, identical increases
in PCNA (green IF) and a.-SMA (red IF) protein levels were observed
in MCD + CCly + Exo mice compared with MCD + CCl; mice
(PCNA/a-SMA; MCD + CCly + Exo group versus MCD + CCly
group: a 1.54-fold increase; MCD + CCly + Exo group versus MCD
group: a 1.86-fold increase; Figure 6F).

These data demonstrate that transplantation of lipotoxic HC-exoso-
mal miR27a damaged mitochondrial functions and aggravated
MAFLD-related fibrosis in vivo.

Exosomal miR27a is also the key player in mitochondrial and
fibrotic liver injury in MAFLD mice

To further determine the necessary role of lipotoxic exosomal miR27a
in mitochondrial and fibrotic liver injury in vivo, purified exosomes
were isolated from LO2 cells that were pretransfected with mi-
miR27a or in-miR27a and then transplanted into HFD + CCl mice
(divided into Exo-mi-CN, Exo-mi-miR27a, Exo-in-CN, and Exo-in-
miR27a groups).

The liver index was apparently reduced and the serum ALT level was
increased in mice in the Exo-mi-miR27a group compared with those
values in mice in the Exo-mi-CN group; however, there was no differ-
ence between the Exo-in-CN and Exo-in-miR27a groups (Fig-
ure SI11A). In addition, a more severe degree of steatohepatitis,
fibrosis, and lipidosis was seen in the Exo-mi-miR27a group than
in the Exo-mi-CN group but was relieved in the Exo-in-CN and
Exo-in-miR27a groups (Figures S11B-S11D).

Exo-mi-miR27a (exosomes overexpressing miR27a) treatment re-
sulted in an approximately 2-fold increase in miR27a in serum
exosomes and a one-half decrease in PINK1 in the liver, and
this effect was blocked by Exo-in-miR27a (exosomes with
miR27a inhibition; Figure 7A). Exo-mi-miR27a caused a greater
increase in the abnormal appearance of damaged mitochondria
(Figures 7B and a decrease in autophagosome vesicles) that was
accompanied by a consistently greater increase in CD63 and
a-SMA coexpressing cells (shown by yellow IF; Figure 7E) in
HFD + CCly mice. Simultaneously, Exo-mi-miR27a inhibited mi-
tophagy-related proteins (PINK1/Parkin/LC3B decreased and p62
increased; Figure 7C) and resulted in missing mitochondrial LC3B
proteins (orange IF; Exo-mi-miR group versus Exo-mi-CN group:
a 0.65-fold decrease; Figure 7F), which could be blocked by Exo-
in-miR27a. At the same time, the expression of mitochondrial
transcriptional mRNAs (PPAR-a/c, TFBM1/2, and TFAM) was
significantly decreased in Exo-mi-miR27a mice compared with
control mice, and this decrease was prevented by Exo-in-
miR27a (Figure S11E).

Moreover, Exo-mi-miR27a stimulated fibrosis- and proliferation-
related proteins (increased a-SMA, cyclin D1, and PCNA; Figure 7D)
and suppressed autophagy-related proteins (decreased LAMP1/2,
Atg7, and Beclinl, and increased mTOR; Figure S11G), and this effect
was also blocked by Exo-in-miR27a. The expression of pro-fibrotic
mRNAs (a-SMA, Coll, fibronectin, and PDGFR-f) and pro-prolifer-
ation mRNAs (cyclin D1 and PCNA) was markedly increased in
Exo-mi-miR27a mice, and this effect was similarly prevented by
Exo-in-miR27a (Figure S11F). The hepatic proteins a-SMA (red IF)
and PINKI1 (green IF) exhibited the opposite expression trend
(PINK1/a-SMA; Exo-mi-miR27a group versus Exo-mi-CN group: a
0.60-fold decrease); however, a-SMA (red IF) and PCNA (green IF)
exhibited a consistent expression trend (PCNA/a-SMA; Exo-mi-
miR27a group versus Exo-mi-CN group: a 1.58-fold increase) in
Exo-mi-miR27a mice compared with control mice, and this could
be reversed by Exo-in-miR27a (Figure 7F).

Based on the above results, lipotoxic HC exosomes could not exert a
promoting effect on mitochondrial and fibrotic liver injury without
miR-27a in MAFLD mice.

HEPATIC EXOSOMAL-miR27a INHIBITION OF
PINK1-MEDIATED MITOPHAGY WAS CORRELATED
WITH THE SEVERITY OF LIVER FIBROSIS IN MAFLD
PATIENTS

To elucidate the factors involved in exosome-induced liver fibrosis in
MAFLD patients, we examined whether exosomal-miR27a-mediated
inhibition of hepatic PINK1-induced mitophagy resulted in this
response in MAFLD progression. Greater numbers of CD63 (green
IF)- and a-SMA (red IF)-positive cells were indicative of increased
levels of hepatic exosomes (CD63/a-SMA; ALF group versus MLF
group: a 1.35-fold increase; Figure 8A) and were interrelated with
the progression of MAFLD in patients with ALF (MAFLD-ALF). In
MAFLD-ALF patients, a lack of mitochondrial LC3B proteins (or-
ange IF; ALF group versus MLF group: a 0.35-fold decrease; Fig-
ure 8B) in livers was indicative of general inhibition of mitophagy.
A negative correlation between hepatic a-SMA (red IF) and PINK1
(green IF) protein expression indicated that the PINK1-mitophagy
pathway was inhibited in MAFLD-ALF patients (PINK1/a-SMA;
ALF group versus MLF group: a 0.24-fold decrease; Figure 8C).
Compared with MLF tissues, PINK1, Parkin, and LC3B proteins
were significantly decreased and p62 was markedly increased in
ALF tissues from three pairs of MAFLD patients (Figure 8D). Inter-
estingly, both MAFLD-MLEF and ALF patients exhibited higher serum
miR27a levels than healthy control individuals (p < 0.05; Figure 8F).
Linear regression analysis suggested that the expression of serum exo-
somal miR27a was positively correlated with the degree of liver
fibrosis (based on the liver stiffness measurement (LSM) value
determined by FibroScan, r* = 0.418, p < 0.001; Figure 8E) and the
fat content (based on the CAP value determined by FibroScan, =
0.420, p < 0.001; Figure 8E). This phenomenon, in which exosomal
miR-27a inhibits hepatic PINK1-induced mitophagy, was also
demonstrated to be associated with the progression of MAFLD in pa-
tients with liver fibrosis.
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Figure 7. Lipotoxic HC-exosomal miR27a was the key player in mitochondrial and fibrotic liver injury in MAFLD mice

Different purified exosomes were transplanted into HFD + CCl, mice, and the mice were divided into four groups (Exo-mi-CN, Exo-mi-miR, Exo-in-CN, and Exo-in-miR, each
group: n = 10). (A) Serum exosomal miR-27a and hepatic PINK1 mRNA were detected via PCR. (B) Mitochondria (shown by red circles) and autophagosomes (shown by
yellow arrows) were assessed via TEM. Scale bar, 2 um (in the Exo-mi-CN and Exo-mi-miR groups). (C and D) The levels of proteins in the PINK1 pathway (PINK1, Parkin,
LC3B, and p62), the fibrosis pathway (¢-SMA), and the proliferation pathway (cyclin D1 and PCNA) in HFD + CCl, mouse livers. (E) a-SMA (red IF) and CD63 (green IF) protein
expression in HFD + CCl4 mice in the Exo-mi-CN and Exo-mi-miR groups was assessed via IF staining. Scale bar, 25 um. (F) LC3B (red IF) and COX4 (green IF) proteins,
a-SMA (red IF) and PINK1 (green IF) proteins, and a-SMA (red IF) and PCNA (green IF) proteins were detected via IF staining. Scale bar, 25 um. All quantifications are
presented as the mean + SD, and p values were calculated using an unpaired Student’s t test. Statistical significance: *p < 0.05, compared with HFD + CCl4 mice in the Exo-

mi-CN group.

DISCUSSION

MAFLD encompasses a spectrum of liver disorders that range
from benign steatosis to steatohepatitis (NASH) or even
cirrhosis.”” The incidence of NASH-related cirrhosis is rapidly
increasing, as is the need for liver transplantation.'* A key event
in the progression of NASH is differentiation of HSCs to myofi-
broblasts. However, whether and how HCs affect HSC transdiffer-
entiation or activation in MAFLD remain unclear. Our pioneering
study reveals that lipotoxic HC-derived exosomal miR27a plays a
pivotal role in inhibiting PINK1-mediated mitophagy, which could
result in activation of HSCs and promote MAFLD-related liver
fibrosis.
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Cellular interactions among all resident liver cell populations are
important in the pathogenesis and progression of liver diseases,
and exosomes are crucial in intercellular transduction.'” Exosomal
miRNAs have particularly important epigenetic functions, and they
can posttranscriptionally regulate gene expression.'® Increase and
change in exosome contents were found in HCs due to lipid accu-
mulation.'” Exploring the key exosomal miRNAs is meaningful to
understanding MAFLD-related fibrosis. We found that serum exo-
somal miR-27a levels were significantly upregulated in MAFLD-
ALF patients and in HFD-fed cirrhotic mice. In addition, lipotoxic
HCs released additional exosomes carrying large amounts of
miR27a, and these exosomes were the major source of miR27a
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Figure 8. Hepatic exosomal-miR27a-mediated inhibition of PINK1-induced mitophagy was correlated with the severity of liver fibrosis in MAFLD patients
Liver tissues from MAFLD patients (MLF and ALF groups, each group n = 3) were examined, and serum exosomes were assessed in another MAFLD cohort (control, MLF,
and ALF groups, each group n = 6-10). (A-C) a-SMA (red IF) and CD83 (green IF) proteins were assessed via IF staining of liver tissues. Scale bar, 50 um. a.-SMA (red IF) and
PINK1 (green IF) proteins, and LC3B (red IF) and COX4 (green IF) proteins were assessed via IF staining of liver tissues. Scale bar, 25 um. (D) The levels of protein in the PINK1 -
mediated mitophagy pathway (PINK1, Parkin, LC3B, and p62) were assessed via western blotting. (E) The relative serum exosomal miR27a level was plotted against the LSM
and CAP levels. Linear regression analysis was performed. (F) Scatterplot of serum miR-27a expression levels assessed in MAFLD patients. All quantifications are presented
as the mean + SD, and p values were calculated using an unpaired Student’s t test. Statistical significance: *p < 0.05 (A-D) compared with the MLF group, (F) compared with

control group.

in vitro. Therefore, for the first time, we demonstrated that serum
exosomal miR-27a levels are positively correlated with the severity
of liver fibrosis and could be used to effectively distinguish ALF in
MAFLD patients. Recent findings have suggested that HC exo-
somes are essential players in regulating HSC proliferation and
differentiation.'®™° In our study, through an in vitro primary
cell culture experiment that mimicked proximal communication
between HCs and HSCs, lipotoxic HC exosomes were demon-
strated to be preferentially and rapidly taken up by activated
HSCs. Then, we innovatively assumed that lipotoxic HC exosomes
carried and specifically transmitted large amounts of miR27a to
recipient-activated HSCs.

Previous studies have reported that miR-27a is overexpressed in
cirrhotic patients and rats.”">** miR27a can accelerate the prolifera-
tion and activation of HSCs and induce triglyceride accumulation
in MAFLD mice.'®*® In Parkinson’s disease,” miR-27a was first
demonstrated to regulate mitophagy by targeting PINK1 (the most
important regulator of mitophagy). Thus, we focused on the relation-
ship between miR-27a- and PINK1-mediated mitophagy, which was
unexplored in MAFLD-related liver fibrosis. Mitophagy is an efficient
means of clearing injured mitochondria to maintain homeostasis.
However, few studies have investigated mitophagy in HSCs. Excessive
mitophagy promotes cell death in HSCs;** in contrast, inhibiting Par-
kin-mediated mitophagy suppresses apoptosis in HSCs.””> PINK1
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recruits and activates the E3 ubiquitin ligase activity of Parkin, which
in turn initiates mitophagy. Inhibition of PINK1-mediated mitoph-
agy might activate the PDGFR/PI3K/AKT pathway and thus
contribute to the development of pulmonary fibrosis.”* **
how lipotoxic HC-exosomal miR-27a regulates PINK1-mediated mi-
tophagy and then influences recipient-activated HSCs is completely
unknown.

However,

Our data exhaustively revealed a new phenomenon in which mitoph-
agy is significantly inhibited in parallel with exacerbated liver fibrosis
in vitro and in vivo. In addition, we verified that the mechanism
involved suppression of the PINKI1-mediated mitophagy pathway
in recipient HSCs by lipotoxic HC-exosomal miR27a. Negative regu-
lation of PINKI expression by miR27a impairs mitochondrial func-
tions (leading to a substantially abnormal morphology; inhibition
of mitophagy, transcription, respiration, and MMP; and an increase
in ROS production), which stimulates HSC-derived fibroblasts (pro-
moting activation and proliferation and suppressing autophagy), and
finally accelerates liver fibrosis (aggravating inflammation, lipid
deposition, and fibrosis) in vitro and in vivo.

To further confirm the novel mechanism of lipotoxic HC exosomes,
we first reported that lipotoxic HC-exosomal miR27a can exercise
identical abilities to promote recipient HSC activation by negatively
targeting PINKI-induced mitophagy in vitro and in vivo. Both
in vitro and in vivo, exosomes derived from HCs with knockdown
of miR-27a could not negatively target PINK1-induced mitophagy
and could not aggravate MAFLD-related liver fibrosis. Based on these
results, it is clear that miR-27a carried in lipotoxic HC exosomes is the
key effector that inhibits mitochondrial function and promotes
fibrotic liver injury in MAFLD.

Our findings identified a link between mitophagy and hepatic fibrosis
in MAFLD and provide a mechanism underlying the regulation of
mitophagy-related apoptosis of HSCs. Simultaneously, our findings
suggest for the first time that lipotoxic HCs could provide a rich
source of exosomal-miR27a, which is the essential player in negatively
targeting PINKI-induced mitophagy to subsequently aggravate
MAFLD-related liver fibrosis.

However, the underlying mechanisms involved in miR-27a-PINK1
signaling-mediated HSC activation remain mostly unknown and
require further study. Insufficient PINK1 gene function could activate
TGF-B1-Smad2/3, PDGFR/mTOR, or Aktl signaling in fibrotic dis-
ease.”” ' In contrast, we showed that miR-27a-PINKI promoted
HSC activation and proliferation by stimulating o-SMA, fibronectin,
PDGEFR-B, cyclin D1, and PCNA expression, and this is a critical
event involved in the progression of MAFLD in patients with liver
fibrosis.

In conclusion, our study indicates that lipotoxic HC-derived exo-
somes are preferentially taken up by activated HSCs. Exosomal
miR27a negatively regulates hepatic PINK1-mediated mitophagy,
which can enhance HSC activation and proliferation and thus accel-
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erate liver fibrosis in MAFLD. These results suggest that inhibition of
HC-exosomal miR-27a expression could be used as a potential diag-
nostic marker and therapeutic target for MAFLD-related liver
fibrosis.

MATERIALS AND METHODS

Human study

A cohort of 46 individuals was enrolled. (1) Sixteen biopsy-confirmed
MAFLD patients (MLF: S0-2; ALF: S3-4; each group n = 8) were
enrolled, and the degrees of steatosis and fibrosis were based on the
pathological steatosis scores (F0: <5% steatosis; ~F3: >50% steatosis)
and Scheuer’s classification. (2) Thirty noninvasive diagnostic
MAFLD patients (healthy control, MLF, and ALF, each group n =
10) were enrolled, and the steatosis and fibrosis degrees were based
on CAP and LSM values determined by FibroScan. The control group
consisted of ten matched healthy subjects with normal body mass in-
dex, liver enzyme levels, and FibroScan values. Details of these two co-
horts are described in Tables S1 and S2. All enrolled patients provided
written informed consent, and the study was approved by the ethics
committee of Shanghai General Hospital.

Animal experiments

A total of 110 male C57BL/6 mice were randomized into 3 groups. (1)
Forty mice were divided into 4 subgroups (LFD, HFD, LFD + CCl,,
and HFD + CCly; each group n = 10). (2) Thirty mice were divided
into 3 subgroups (MCD, MCD + CCly, and MCD + CCly + Exo;
each group n = 10). Transplanted exosomes were derived from LO2
cells (incubated with 200 pM PA or 3% BSA as the vehicle control).
(3) Forty mice were divided into 4 subgroups (Exo-mi-CN, Exo-
mi-miR, Exo-in-CN, and Exo-in-miR; each group n = 10). Trans-
planted exosomes were derived from LO2 cells with different
pretransfection treatments (miR27a mimic [mi-miR] and miR nega-
tive control mimic [mi-NC]; miR27a inhibitor [in-miR] and miR
negative inhibitor [in-NC]). The details are described in the supple-
mental information and Table S3.

Exosome experiments

Exosomes were isolated from the serum of humans and mice and
from cell culture medium via an ultracentrifugation method (Beck-
man Coulter, Miami, FL).32 To obtain lipotoxic exosomes, hepatic
cells were treated with 200 uM PA for 24 h.

The morphology of exosomes was identified using transmission elec-
tron microscopy (TEM) (JEOL, Tokyo, Japan). The surface markers
of exosomes, CD63 and TSG101 (1:1,000; Abcam, Cambridge,
MA), were identified via western blotting. The size distribution and
concentration of exosomes were measured using nanoparticle
tracking analysis (Malvern Instruments, Worcestershire, UK).

For the exosome uptake experiment, exosomes were labeled with the
red fluorescent dye PKH26 (Sigma-Aldrich) and added to the me-
dium of cultured cells for 6 h. Then, the cells were fixed using 4%
paraformaldehyde, followed by permeabilization with 0.5% Triton
X-100 and staining with 1% DAPI (Sigma-Aldrich). The uptake of
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exosomes was observed under a fluorescence microscope (Leica Mi-
crosystems, Wetzlar, Germany).

MitoSOX and MitoTracker Red CMXRos

Mitochondrial ROS production was analyzed using a MitoSOX Red
staining Kit (Invitrogen, Carlsbad, CA). The MMP was detected
using a MitoTracker Red CMXRos Kit (Invitrogen). Representative
images were captured using a TCS SP8 CARS confocal fluorescence
microscope (Leica Microsystems). These experiments were repeated
three times.

Mitochondrial respiration assay

The mitochondrial OCR was assessed using a Seahorse XF96
Analyzer (Seahorse Bioscience, North Billerica, MA). The cells were
incubated with Seahorse medium (pH adjusted to 7.4) for 1 h in a
37°C air incubator. Basal OCR was measured. Then, different drugs,
including 1.5 uM oligomycin (ATP uncoupler), 1.0 uM FCCP (elec-
tron transport chain accelerator), and 0.5 uM rotenone (complex I
inhibitor)/antimycin A (complex III inhibitor), were added automat-
ically during the mitochondrial stress test. The post-exposure OCR
was measured, and the experiment was repeated three times.

Statistical analysis

Data are presented as the mean + standard deviation. Differences be-
tween two groups were analyzed with an unpaired Student’s t test.
One-way analysis of variance followed by Student-Newman-Keuls
analysis was used for comparisons of multiple groups. All statistical
analyses were performed using SPSS 19.0 software (SPSS, Chicago).
A p value < 0.05 was considered statistically significant.

Other details, including histology, TEM, serum ALT activity, IF, cell
culture and transfection, EAU staining, luciferase reporter assays,
quantitative real-time PCR, and western blotting, are described in
the Materials and methods.

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.
1016/j.0mtn.2021.10.022.
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