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Abstract

Background and Aims: We previously reported that car-
boxylesterase 1 (CES1) expression was suppressed following 
liver injury. The study aimed to explore the role of interleukin 
(IL)-33 in liver injury and examine the mechanism by which 
IL-33 regulates CES1. Methods: IL-33 and CES1 levels were 
determined in the livers of patients and lipopolysaccharide 
(LPS)-, acetaminophen (APAP)-treated mice. We constructed 
IL-33 and ST2 knockout (KO) mice. ST2-enriched immune 
cells in livers were screened to identify the responsible cells. 
Macrophage-derived exosome (MDE) activity was tested by 
adding exosome inhibitors. Micro-RNAs (miRs) were extract-
ed from control and IL-33-stimulated MDEs (IL-33-MDEs) 
and subjected miR sequencing (miR-Seq). Candidate miR 
was tested in vitro and in vivo and its binding of a target gene 
was assessed by luciferase reporter assays. Lentivirus-vector 
cellular transfection and transcript silencing were used to 
examine pathways mediating IL-33 suppression of miR-27b-
3p. Results: Patient liver IL-33 and CES1 expression levels 
were inversely correlated. CES1 downregulation in liver in-
jury was rescued in both IL-33–deficient and ST2 KO mice. 
Macrophages were shown to be responsible for IL-33 effects. 
IL-33-MDEs reduced CES1 levels in hepatocytes. Exosomal 
miR-Seq and qRT-PCR demonstrated increased miR-27b-3p 
levels in IL-33-MDEs; miR-27b-3p was implicated in Nrf2 
targeting. IL-33 inhibition of miR-27b-3p was found to be 
GATA3-dependent. Conclusions: IL-33–ST2–GATA3 path-
way signaling increases miR-27b-3p content in MDEs, which 
upon being internalized by hepatocytes reduce CES1 expres-
sion by inhibiting Nrf2. The elucidation of this mechanism 

in this study contributes to a better understanding of CES1 
dysregulation in liver injury.
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Introduction
Carboxylesterases (CESs, EC.3.1.1.1) are serine hydrolase 
superfamily proteins that hydrolyze ester, thioester, amide, 
and carbamate linkages, thus playing critical roles in both 
endobiotic metabolism and inactivation as well as xenobiotic 
detoxification.1 There are three CES human subtypes, among 
which CES1 is highly expressed in the liver. CES1 serves as 
an important mediator of drug metabolism, activation, and 
detoxification, and accounts for 80–95% of total hepatic hy-
drolytic activity. Hence, the function and expression of CES1 
affect the clinical efficacy and outcomes of various drugs 
that act as CES1 substrates.2 Moreover, CES1 acts on a wide 
range of physiological and cellular processes, including fatty 
acid metabolism and cholesterol hydrolysis. Consequently, 
CES dysfunction can lead to atherosclerosis, hypercholes-
terolemia, and obesity.3–5 Understanding CES1 expression 
and regulatory mechanisms in specific physiological states 
is, therefore, of great significance for clinical diagnosis and 
treatment.

Drug-metabolizing enzymes are numerous and abundant 
in the liver, making the liver a primary site for the metabo-
lism and clearance of a variety of molecules, including drugs 
and xenobiotics as well as endogenous compounds.6 As a 
consequence, the liver is vulnerable to damage from a vari-
ety of factors, including drugs, alcohol, and infections. Liver 
injury can alter the expression and activity of drug-metab-
olizing enzymes.7,8 Our previous work has shown that CES1 
expression and metabolic activities are suppressed in liver-
injured rats.7 The mechanism underlying CES1 downregula-
tion in liver injury remains unknown.

Inflammation has long been known to contribute to liver 
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injury,9 and the expression of hepatic enzymes is regulated 
by inflammatory cytokines, including interleukins (ILs).10 For 
example, data from our previous study showed that IL-6 in-
hibits CES expression.11 Many studies suggested that IL-1 
family proteins could regulate the expression of various cy-
tochrome P450 enzymes.10,12 IL-33, an IL-1 family member, 
is constitutively expressed in many human tissues. Both liver 
sinusoidal endothelial cells and liver macrophages express 
high levels of IL-33.13 Under steady-state conditions, IL-33 
is stored in the cell nucleus. Upon cellular damage, IL-33 
is released from severely injured or necrotic cells into the 
extracellular space, where it can bind the orphan receptor 
ST2 (also known as IL-1 receptor-like 1) cell surface receptor 
complex, and thereby activate multiple intracellular signaling 
pathways. As a recognized alarmin that is released in re-
sponse to tissue injury, IL-33 has been implicated in several 
liver diseases, including alcoholic hepatitis,14 viral hepati-
tis,15 ischemia/reperfusion liver injury,16 and acetaminophen 
(APAP)-induced liver injury.13 Although the importance of 
IL-33 in liver diseases is well established, IL-33 effects on 
hepatic enzymes and the underlying mechanisms of such ef-
fects have yet to be clarified.

In this study, we identified IL-33 as an important suppres-
sor of CES1 in liver injury, specifically in a ST2 dependent 
manner. Furthermore, we found that IL-33 increased miR-
27b-3p content in macrophage-derived exosomes through 
GATA3. These exosomes were then transferred to hepato-
cytes and restrained the expression of CES1 by inhibiting 
Nrf2 which was identified as the target gene of miR-27b-3p. 
Altogether, our data provide evidence of a previously un-
known pathway by which IL-33 regulates CES1.

Methods

Patient specimens
A total of 14 liver tissue samples were collected, includ-
ing samples collected from seven patients with acute liver 
failure (ALF) and seven patients with hepatocellular carci-
noma (HCC) at the Tongji Hospital, Tongji Medical College, 
Huazhong University of Science and Technology (HUST). Pa-
tients with HCC showed normal liver functions and lacked 
any notable inflammation. After liver tissue was isolated, it 
was fixed with 10% formalin, and sent to the pathology de-
partment for paraffin embedding and sectioning for immuno-
histochemistry and immunofluorescence studies. All experi-
mental procedures were performed in accordance with the 
Declaration of Helsinki of the World Medical Association and 
were approved by the Medical Ethics Committee of Tongji 
Hospital (no: TJ-IRB20210961).

Animal experiments
Eight-week-old male C57BL/6 mice were obtained from 
Gempharmatech (Nanjing, China). IL-33 KO mice and ST2 
deficient mice were kindly donated by Dr. Fang Zheng (De-
partment of Immunology, Tongji Medical College, HUST), 
and Shulaibao Biotechnology carried out mouse propagation 
and identification. Mice were housed at 21–23°C with a 12 
h light/dark cycle. Food and water were available ad libitum. 
LPS17 and APAP-induced acute liver injury models in mice 
were generated as previously described.18 The mice were 
sacrificed 16 h after injury induction, and their livers and 
blood were harvested. Serum was separated by centrifuga-
tion at 4,000 rpm for 10 m and stored at −20°C for further 
use. Livers were fixed with 10% neutral buffered formalin 
or preserved at −80°C for further use. All mice were bred 
and maintained under specific pathogen-free conditions and 

studied in compliance with the Animal Care and Use Com-
mittee guidelines of Tongji Hospital, Tongji Medical College, 
HUST.

CES1 activity determination
Thawed livers were homogenized in buffer made of 50 mM 
Tris-HCl, 150 mM KCl and 2 mM ethylenediaminetetraacet-
ic acid. The homogenate was centrifuged at 9,000 g for 30 
m, and the supernatant fraction was further centrifuged at 
100,000 g for 1 h.7 The hepatic microsomal pellet was re-
suspended in phosphate buffer containing 20% glycerol and 
stored at −80°C until further use. CES1 activities were meas-
ured in reaction mixtures containing 0.1 mg/mL of microso-
mal protein with 10 mM phosphate-buffered saline solution 
(pH=7.4) to make a total volume of 200 µL. After 5 m pre-
incubation at 37°C, the reaction was initiated by adding 5 µL 
clopidogrel, followed by incubation at 37 °C for 60 m. The 
reaction was terminated by adding ice-cold tert-butyl methyl 
ether and n-hexane (3:1, V/V), and 50 µL of the internal 
standard ticlopidine were then added. The mixture was vor-
texed for 5 m after centrifugation at 4,000 g for 5 m; the 
supernatant was evaporated to dryness, and the residue was 
dissolved in 0.1 mL of a mobile phase for high-performance 
liquid chromatography-tandem mass spectrometry (LC-MS/
MS) analysis.

Histology
Liver samples were fixed in 4% paraformaldehyde and then 
paraffin-embedded using a standard method. Fixed tissue 
samples were sectioned and stained with hematoxylin and 
eosin (H&E). Pictures were taken using an Olympus BX-53 
microscope. For immunohistochemical labeling, after prein-
cubation with 3% hydrogen peroxide and blocking with 2% 
bovine serum albumin (Amresco, Solon, OH, USA), sections 
were stained with anti-IL-33 (WC3234729; Invitrogen Life 
Technologies, Carlsbad, CA, USA), anti-CES1 (ERP1375Y; 
Abcam, Cambridge, UK), or anti-F4/80 antibody (B281627; 
Biolegend, San Diego, CA, USA) overnight at 4 °C. After 
washing, sections were incubated with respective secondary 
antibodies. For immunofluorescent labeling, paraffin-embed-
ded human liver tissue sections were deparaffinized, rehy-
drated, and antigen was retrieved by Tris- ethylenediamine-
tetraacetic acid buffer for 95°C for 30 m. Then, the sections 
were incubated with anti-IL-33 antibody (WC3234729; Inv-
itrogen) at 4°C overnight, secondary antibody the next day, 
and the mounted with 4′,6-diamidino-2-phenylindole. Posi-
tive staining was visualized using an Olympus BX-51 fluores-
cence microscope. The total stained area was analyzed by 
ImageJ (NIH, Bethesda, MD, USA).

Biochemical assays
Serum samples were processed in accordance with 
manufactureŕs instructions of the commercial kits (Jiancheng 
Bioengineering Institute, Nanjing, China), and then the ac-
tivities of alanine aminotransferase (ALT) and aspartate ami-
notransferase (AST) were quantified on a multifunction mi-
croplate reader (ELx800; Bio-TEK, Winooski, VT, USA).

Quantitative reverse transcriptase (qRT)-PCR
TRIzol reagent (Invitrogen) was used to extract total RNA 
from liver tissues. To prevent genomic DNA contamination, 
the extracts were treated with DNase I (Takara, Shiga, Japan). 
First-strand cDNA was synthesized from 1 µg of each RNA on 
PCR beads with an oligo (dT) primer (Amersham Bioscience, 
Buckinghamshire, UK). Gene expression was detected via 
PCR (40 cycles of 95°C for 15 s, 58 °C for 15 s, and 72°C for 
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45 s) with the following primers: glyceraldehyde-phosphate 
dehydrogenase (GAPDH), forward 5′-CGTT GACATCCGTAAA-
GACCT-C-3′ and reverse 5′-TAGGAGCCAGGGCAGTAA TCT-
3′; CES1, forward 5′-AGGTCCTGGGGAAGTATGCC-3′ and 
reverse 5′-TGCATCTTGGGAGCACATAGG-3′; Nrf2, forward 5′- 
CTCGCTGGAAAAAGAA GTG-3′ and reverse 5′-CCGTCCAG-
GAGTTCAGAGG-3′. mRNA levels were normalized relative to 
GAPDH.

Western blotting
Equal quantities of liver tissue and cell extracted proteins 
were separated by 10% sodium dodecyl-sulfate polyacryla-
mide gel electrophoresis (SDS-PAGE) and then transferred 
to polyvinylidene fluoride membranes (Hybond, Escondido, 
CA, USA). The protein-loaded membranes were blocked with 
defatted milk (5%) at room temperature for 2 h, incubated 
overnight with primary antibodies (Supplementary Table 1) 
at 4°C, and then incubated with secondary antibodies for 2 h 
at room temperature. Enhanced chemiluminescence (Pierce 
Biotechnology, Waltham, MA, USA) was used to visualize the 
blots. The protein amount was 20 µg in each sample. The 
loading control was β-actin. All assays were completed at 
least three times.

Primary hepatocyte isolation and culture
Primary mouse hepatocytes were isolated as previously re-
ported.19 In brief, livers were perfused and digested with cal-
cium-free solution and collagenase, and then filtered through 
100 µm cell strainer. Hepatocytes were collected by centrifu-
gation of the filtration liquid at 50 g, 4°C for 5 m, and plated 
in collagen-coated plates with Dulbecco’s modified Eagle me-
dium (DMEM) plus 10% fetal bovine serum (FBS). Hepato-
cytes were seeded in at a density of 250,000 cells/plate. Four 
hours later, the plates were washed to remove nonadhering 
cells. Cells were cultured at 37 °C in a 5% CO2 incubator and 
maintained in DMEM supplemented with 10% FBS and 1% 
penicillin-streptomycin.

Cell line cultures
Both human hepatic progenitor cell line (HepaRG) cells and 
murine macrophage cell line (RAW 264.7) cells (Otwo Bio-
tech, Wuhan, China; National Collection of Authenticated Cell 
Culture, Shanghai, China) were cultured at 37°C in 5% CO2 
and maintained in DMEM supplemented with 10% FBS and 
1% penicillin–streptomycin. To determine whether exosomes 
were involved in macrophage-induced downregulation of 
CES1, 10 µM GW4869 (Sigma-Aldrich, St Louis, MO, USA) 
was used to reduce the release of the exosomes from mac-
rophages. For exosome processing, mouse primary hepato-
cytes or HepaRG cells were cultured with exosome-free serum 
and supplemented with 100 µg/mL phosphate buffered saline 
(PBS) or MDEs. The cells were collected after 24 h in culture.

Flow cytometry
Livers of mice treated with LPS, or vehicle were perfused, 
digested and filtered as stated above. And then hepatic 
nonparenchymal cells were collected through centrifuging 
at 500 g, 4°C for 5 m. Cell suspensions were incubated 
with Fc-blocker (2.4 G2; BD PharMingen, Franklin Lakes, 
NJ, USA) and Zombie aqua dye (Biolegend) for 10 m. The 
cells were incubated at 4°C in the dark for 30 m with the 
following antibodies: anti-CD3 (#38527; CST, Danvers, 
MA, USA), anti-Ly6G (ab238132; Abcam), anti-F4/80 (sc-
52664; Santa Cruz Biotechnology, Dallas, TX, USA). Flow 
cytometry was performed in a FACSCalibur machine (BD 
Biosciences, Waltham, MA, USA).

Macrophage depletion
The purchased clodronate liposomes contain 5 mg/mL clo-
dronate in the suspension (Formumax, Sunnyvale, CA, USA). 
Liver monocytes/macrophages were depleted transiently 
with a 200 µL aliquot of clodronate liposomes per mouse. 
The liposomes were injected intravenously 24 h before LPS 
administration. Mice in the control group received a corre-
sponding number of PBS-filled liposomes. Macrophage de-
pletion efficiency was assessed by flow cytometry.

Exosome isolation and characterization
Exosomes were isolated and characterized as previously re-
ported.20 In brief, RAW264.7 macrophages (70–80% conflu-
ence) were cultured at 37 °C in a 5% CO2 incubator, with or 
without 20 ng/mL IL-33 in high glucose DMEM (Gibco BRL 
of Thermo Fisher Scientific, Waltham, MA, USA) with 10% 
exosome-depleted FBS for 24 h. Subsequently, samples of 
media were transferred to 50 mL tubes and centrifuged at 
300 g for 10 m. The supernatant was collected and centri-
fuged on low speed (2,000 g for 10 m) to discard cell de-
bris. The supernatant was then centrifuged at 10,000 g for 
30 m followed by ultracentrifugation for 70 m at 100,000 g 
(Sorvall WX 100+; Thermo Fisher Scientific). The pelleted 
exosomes were washed twice with ample PBS and recentri-
fuged at 100,000 g for 70 m. Nanoparticle tracing analysis 
to characterize exosome concentrations was performed by 
Zetaview (Particle Metrix, Meerbusch, Germany), and exo-
some morphology was observed with transmission electron 
microscopy (Hitachi, Tokyo, Japan).

Labeling and cellular uptake of exosomes
Following membrane labeling with PKH67 as the manufac-
turer’s instruction (Invitrogen), the labeled exosomes were 
washed in PBS and centrifuged 100,000 g for 20 min at 4°C. 
The purified exosomes were re-suspended in serum-free me-
dium. Hepatocytes were then seeded into a single layer in 
glass bottom dishes (Cellvis, Mountain View, CA, USA), co-
cultured with PKH67-labeled exosomes (30, 60, or 120 min), 
washed with PBS three times, and fixed in 4% paraformalde-
hyde. The fixed hepatocytes were stained with DiI (Invitro-
gen), washed with PBS, and imaged by confocal microscopy 
(TCS SP8; Leica, Wetzlar, Germany).

miR-Seq and differential expression analysis
Exosome miR-Seq analysis was conducted with control and 
IL-33-stimulated MDEs by Siwega (Wuhan, China). The cri-
teria for recognizing differentially expressed miRs were: 
|log2(fold change)|>1 and p<0.05. To validate miRs identi-
fied through RNA sequencing total RNA was extracted from 
cells with RNAiso Plus reagent (Takara) according to the man-
ufacturer’s instructions. The extracted miRs were purified 
and subjected to real-time quantitative reverse transcription 
(qRT)-PCR as described elsewhere.20 Reverse transcription 
(miR reverse transcription kit; Takara) and real-time SYBR 
Green (Applied Biosystems Plus PCR System; Applied Bio-
systems, Waltham, MA, USA) fluorescence quantitative PCR 
were performed. The miR primer sets were purchased from 
Tsingke Biotechnology (Beijing, China). Expression of intra-
cellular miR was normalized to that of U6 (internal reference 
gene); expression of exosomal miR was normalized to cel-
miR-39 (internal reference miR).

miR transfection
Lipofectamine 2000 (Invitrogen, Waltham, MA, USA) trans-
fection protocols were performed on miR-27b-3p mimics, 
miR-27b-3p inhibitors, and their negative controls according 
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to the manufacturer’s directions. Hepatocytes were cultured 
to 70% confluence. A transfection reagent was mixed with 
miR-27b-3p mimics, miR-27b-3p inhibitor, and their negative 
controls. Each miR product was then added to a cell culture 
(final concentration of 50–100 nmol/L). qRT-PCR was used to 
determine transfection efficiency.

Luciferase reporter assay
Cells were cotransfected with wild-type (WT) or mutant 
3′-untranslated region (UTR) of Nrf2 and miR-27b-3p mimics 
or miR-Control with Lipofectamine 3000 (Invitrogen) lucif-
erase vectors. Luciferase activity was measured 48 h after 
transfection with a dual-luciferase reporter assay system 
(Beyotime, Jiangsu, China).

Cell transfection
HepaRG cells were transfected with lentivirus vectors encod-
ing Nrf2 (hU6-Nrf2-Ubiquitin-EGFP-IRES-puromycin; Gene-
chem Company, Shanghai, China). RAW 264.7 macrophag-
es were transfected into lentivirus vectors encoding Gata3 
(hU6-GATA3-Ubiquitin-EGFP-IRES-puromycin; Genechem 
Company). Empty plasmids were transfected into HepaRG 
cells and macrophages as controls, respectively. Transfection 
efficiency was determined by confocal laser scanning micros-
copy on a LSM 800 microscope (Zeiss, Oberkochen, Germa-
ny); over 80% fluorescence-positive cells were considered 
acceptable efficiency. Silencing (si)RNA oligonucleotides for 
Gata3 and a noncoding siRNA with no biological effects were 
procured from Genechem, and siRNA (50 nM) transfection 
was performed for 24 h or 48 h according to the manufac-
turer’s protocol. Gata3 knockdown efficiency was determined 
by qRT-PCR and western blot assays.

Prediction of miR targets
To identify likely targets of miRs of interest, computational 
analysis was performed with TargetScan, miRDB, RNA22 and 
miRTarBase databases.

Statistical analysis
All data are shown as means ± standard deviations (SDs). 
Linear associations between IL-33 and CES1 were deter-
mined by calculating Pearson’s correlation coefficient. Vari-
ance among multiple groups was assessed with one-way 
analysis of variance and least significant difference post-hoc 
analyses. Student’s t-tests were used to detect differences 
between paired groups. A p value of <0.05 was considered 
statistically significant. All authors had access to the study 
data and had reviewed and approved the final manuscript.

Results

IL-33 downregulates hepatic CES1 in injured liver
Examination of hepatic IL-33 levels with immunofluorescence 
showed that, compared to the HCC group, IL-33 expression 
was increased in ALF patients (Fig. 1A). CES1 was signifi-
cantly suppressed in ALF patients compared with levels seen 
in HCC patients (Fig. 1A). Regression analysis showed a neg-
ative correlation between IL-33 and CES1 expression levels 
in livers (p<0.001) (Fig. 1B). IL-33 protein levels were also 
found to be higher in LPS-treated mice than in control mice 
(Fig. 1C, D). Similarly, CES1 mRNA levels, protein levels, and 
metabolic activity were significantly decreased in LPS-treat-
ed mice (Fig. 1C–F). A similar expression pattern of IL-33 
and CES1 was observed in APAP-treated mice (Supplemen-
tary Fig. 1A–D).

CES1 downregulation in LPS-induced liver injury was ab-
rogated in IL-33 KO mice (Fig. 1G, H, and Supplementary 
Fig. 1E, F). Restoration of CES1 was also observed in ST2 
KO mice (Fig. 1G, H). Likewise, CES1 expression was found 
to be rescued by removal of IL-33 or ST2 in APAP-treat-
ed mice (Supplementary Fig. 1G, H). These data provide 
compelling evidence that IL-33–ST2 signaling is essential 
for CES1 downregulation in liver injury. The extent of liver 
damage caused by LPS and APAP was attenuated in both 
the IL-33 KO and ST2 KO mice, as evidenced by serum ALT, 
serum AST, and H&E staining of liver tissue (Supplementary 
Fig. 1I–L).

Macrophages play a bridging role in IL-33 induced 
downregulation of CES1
To reveal the potential mechanism of IL-33 on CES1, mouse 
primary hepatocytes, the main hepatic source of CES1,21 were 
treated with serial concentrations of IL-33 (5, 10 and 20 ng/
mL). Unexpectedly, IL-33 did not alter CES1 mRNA or protein 
levels in primary mouse hepatocytes compared to the control 
group (Fig. 2A, B). It has been demonstrated that immune 
cells constitute major cellular targets of IL-33 in vivo.22 There-
fore, we analyzed the change of common hepatic immune cell 
subsets related to liver injury, including macrophages, T cells, 
and neutrophils.23 Flow cytometry analysis of these immune 
cells with corresponding specific markers (F4/80, CD3 and 
Ly6G) showed that, after LPS stimulation, T cells and neu-
trophils were slightly increased (p>0.05) (Fig. 2C, D), while 
macrophage infiltration was dramatically increased in liver-in-
jured mice (p<0.01, Fig. 2C, D). Subsequently, immunohisto-
chemistry analysis revealed that F4/80+ cells did significantly 
increase in the livers of LPS-treated mice (Fig. 2E). Compared 
with mice receiving blank vehicle, macrophage-depleted mice 
had greater levels of CES1 in the liver after LPS treatment 
(Fig. 2F, G). Altogether, these data suggest that macrophages 
are involved in IL-33 induced downregulation of CES1 in re-
sponse to liver injury.

MDEs mediate IL-33 influence on CES1
Exosomes were recently considered a novel way of cell-to-
cell communication, therefore, we isolated and investigated 
whether macrophage-derived exosomes were involved in the 
downregulation of CES1 by IL-33. Quantitative nanoparti-
cle tracking analysis of isolated MDEs indicated that control 
(Con-MDEs) and IL-33-stimulated MDEs (IL-33-MDEs) were 
of similar size and were present at similar particle concen-
trations (Fig. 3A). TEM showed that both MDE groups had a 
typical round or cup-shaped morphology (Fig. 3B). Western 
blot analysis demonstrated the presence of exosomal pro-
tein, TSG101, CD9, and Annexin A1, but not the presence 
of the endoplasmic reticulum marker Calnexin in MDEs (Fig. 
3C). Confocal microscopy of fluorescent PKH67-labeled MDEs 
that had been co-cultured with primary hepatocytes for 24 
h demonstrated the MDE uptake by hepatocytes (Fig. 3D).

Hepatocytes treated with IL-33-MDEs had reduced CES1 
mRNA and protein levels compared to hepatocytes treated 
with Con-MDEs or PBS (Fig. 3E, F). The addition of GW4869, 
a neutral sphingomyelinase inhibitor that prevents exosome 
release from macrophages, reversed IL-33’s suppressive ef-
fects on CES1 expression (Fig. 3G, H), indicating that the 
IL-33 effects were exosome dependent.

miR-27b-3p transferred by MDEs downregulates CES1
To investigate whether miRs, as exosome cargo, participate 
in IL-33 inhibition of CES1, we conducted exosomal miR se-
quencing on Con-MDEs and IL-33-MDEs. Among the miRs 
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Fig. 1.  IL-33 downregulates CES1 in ALF patients and LPS-treated mice. (A) Representative images of IL-33 and CES1 staining in liver biopsy specimens 
of patients diagnosed with HCC (n=7) or ALF (n=7) (×400). The protein expression levels of IL-33 and CES1 in liver biopsies were quantified by Image-Pro Plus. 
***p<0.001 vs. HCC group. (B) The linear relationship between IL-33 and CES1 was analyzed. Immunohistochemistry (C) and western blot (D) depict hepatic IL-33 
and CES1 expression in control and LPS-treated mice. (E) CES1 mRNA levels in livers of LPS-stimulated mice were determined by qPCR. (F) Hydrolytic activities of CES1 
were evaluated by the hydrolysis of clopidogrel to its metabolite CCAM. Hepatic CES1 mRNA (G) and protein levels (H) were determined in WT, IL-33, or ST2 knockout 
mice stimulated by LPS. Experiments were performed in at least triplicate and the results were presented as mean ± SD. **p<0.01, ***p<0.001 vs. control group 
or LPS+WT group. IL, interleukin; CES1, carboxylesterase 1; ALF, acute liver failure; HCC, hepatocellular carcinoma; LPS, lipopolysaccharide; SD, standard deviation.
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identified to be differentially expressed (criteria: |log2(fold 
change)|>1 and p<0.05) in IL-33-MDEs, relative to Con-
MDEs, 24 were upregulated and 13 were downregulated (Fig. 
4A, B). The top-three most significantly upregulated miRs 
were verified by qRT-PCR (Fig. 4C). One of them, miR-27b-
3p, became the focus of our study because it is involved in 
lipid metabolism24 and has a negatively regulatory influence 
on cytochrome P450 enzyme expression.25,26

Primary mouse hepatocytes and HepaRG cells that were 
incubated with IL-33-MDEs had higher expression of miR-
27b-3p than PBS-treated or Con-MDE–treated cells (Fig. 4D, 
E), demonstrating that miR-27b-3p could be delivered to 
hepatocytes via MDEs. Validation qRT-PCR assays confirmed 
that primary hepatocytes were transfected with miR-27b-3p 
mimics, inhibitors, and their negative controls successfully 

(Supplementary Fig. 2A). CES1 expression was inhibited by 
miR-27b-3p mimic and increased by a miR-27b-3p inhibitor 
(Fig. 4F, G). In an in vivo validation experiment, antagomir-
negative control, or miR-27b-3p-antagomir was injected into 
mice. qRT-PCR results confirmed that miR-27b-3p-antagomir 
injection suppressed miR-27b-3p (Supplementary Fig. 2B). 
After LPS stimulation, CES1 mRNA and protein levels were 
recovered in the presence of the miR-27b-3p-antagomir (Fig. 
4H, I), suggesting that MDE-packaged miR-27b-3p was es-
sential for IL-33 downregulation of CES1.

miR-27b-3p downregulates CES1 by targeting Nrf2
To decipher the target mechanisms underlying the effects 
of miR-27b-3p, computational analysis with TargetScan, 
miRDB, RNA22, and miRTarBase databases (Fig. 5A) iden-

Fig. 2.  Macrophage mediates the downregulation of hepatic CES1 by IL-33. CES1 mRNA (A) and protein levels (B) in mouse primary hepatocytes which were 
treated with vehicle or IL-33 (5, 10 and 20 ng/mL). (C) Flow cytometry was used to determined macrophages (F4/80), T cells (CD3) and neutrophils (Ly6G) in mouse 
livers and their quantification (D). **p<0.01 vs. control group. (E) F4/80 in mouse liver tissue was detected by immunohistochemistry (×200). CES1 mRNA (F) and 
protein levels (G) in the livers of LPS-induced liver injury in mice which were treated with or without clodronate. ***p<0.001 vs. LPS+vehicle group. Experiments were 
performed in at least triplicate and the results are means ± SDs. CES1, carboxylesterase 1; IL, interleukin; LPS, lipopolysaccharide.
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Fig. 3.  IL-33 suppresses CES1 through MDEs. (A) Size distribution of the isolated exosomes was analyzed by nanoparticle tracking analysis. (B) Representative 
transmission electron microscopy images of Con-MDEs and IL-33-MDEs. Scale bar = 100 nm. (C) Indicated proteins TSG101, CD9, Annexin A1, and calnexin were 
assessed by western blot. (D) Immunofluorescence detection of MDE uptake by hepatocyte. CES1 mRNA (E) and protein levels (F) in hepatocytes treated with PBS, 
Con-MDEs, or IL-33-MDEs. **p<0.01, ***p<0.001 vs. Con-MDEs group. Effects of exosome inhibitor GW4869 on CES1 mRNA (G) and protein levels (H). *p<0.05, 
***p<0.001 vs. PBS+DMSO group. ##p<0.01, ###p<0.001 vs. IL-33+DMSO group. Experiments were performed in at least triplicate and the results are means ± SDs. 
IL, interleukin; CES1, carboxylesterase 1; MDE, macrophage-derived exosome; PBS, phosphate buffered saline.
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Fig. 4.  miR-27b-3p transferred by MDEs mediates the downregulation of CES1 by IL-33. Heatmap (A) and volcano plot (B) of miRNAs differentially expressed 
between Con-MDEs and IL-33-MDEs. Red: increased expression; green: decreased expression. (C) High expression of miR-5099, miR-340-5p, and miR-27b-3p in IL-
33-MDEs was confirmed using qRT-PCR. The expression levels of miR-27b-3p in mouse primary hepatocytes (D) and HepaRG cells (E) treated with PBS, Con-MDEs, or 
IL-33-MDEs were determined by qRT-PCR. ***p<0.001 vs. Con-MDEs group. CES1 mRNA (F) and protein levels (G) in primary hepatocytes which were transfected with 
miR-27b-3p mimic, inhibitor, or miR-NC. **p<0.01, ***p<0.001 vs. mimic-NC group. ##p<0.01 vs. inhibitor-NC group. CES1 mRNA (H) and protein levels (I) in livers 
of LPS-induced liver injury in mice which were treated with PBS, anti-miR-NC, or anti-miR-27b-3p. ***p<0.001 vs. LPS+anti-miR-NC group. Experiments were per-
formed in at least triplicate and the results are means ± SDs. miR, micro-RNA; CES1, carboxylesterase 1; MDE, macrophage-derived exosome; SD, standard deviation.
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Fig. 5.  miR-27b-3p inhibited CES1 by targeting Nrf2. (A) Predicted targets of miR-27b-3p using four independent platforms. Nrf2 mRNA (B) and protein levels 
(C) in primary hepatocytes which were transfected with miR-27b-3p mimic, inhibitor, or miR-NC. *p<0.05, ** p<0.01 vs. mimic-NC group. ### p<0.001 vs. inhibitor-
NC group. Nrf2 mRNA (D) and protein levels (E) in primary hepatocytes which were treated with PBS, con-MDEs, or IL-33-MDEs. *p<0.05, **p<0.01 vs. Con-MDEs 
group. (F) Schematic diagram of the WT and mutated-type binding site between miR-27b-3p and Nrf2. (G) Luciferase reporter assay in hepatocytes cotransfected with 
wild-type or mutant Nrf2 3′UTR reporter gene and miR-27b-3p or miR-NC. ***p<0.001 vs. wild Nrf2+miR-NC group. ###p<0.001 vs. wild Nrf2+miR-27b-3p group. 
CES1 protein level (H) in HepaRG cells which were infected with lentivirus overexpressing Nrf2 and followed by treatment with miR-27b-3p or miR-NC. ***p<0.001 vs. 
mimic-NC+LV-con group. ###p<0.001 vs. miR-27b-3p mimic+LV-con group. Experiments were performed in at least triplicate and the results are means ± SDs. miR, 
micro-RNA; CES1, carboxylesterase 1; Nrf2, nuclear factor erythroid 2-related factor 2; WT, wild type; SD, standard deviation.
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tified Nrf2 (nuclear factor erythroid 2-related factor 2) as 
a potential target for miR-27b-3p. Nrf2 mRNA and protein 
levels were strongly downregulated in hepatocytes treated 
with miR-27b-3p mimics but could be rescued by a miR-27b-
3p inhibitor (Fig. 5B, C). Consistently, compared with Con-
MDEs, IL-33-MDEs also decreased hepatocyte expression of 
Nrf2 (Fig. 5D, E).

Upon confirming that Nrf2 held a potential binding site 
for miR-27b-3p (Fig. 5F), hepatocytes that had been co-
transfected with WT or mutated Luc-Nrf2-3′UTR together 
with miR-27b-3p or miR-negative control were subjected 
to luciferase reporter assays. When nucleotide-substitution 
mutations were introduced to the predicted binding site of 
miR-27b-3p in the 3′-UTR of Nrf2 mRNA, miR-27b-3p lost its 
ability to affect luciferase activity (Fig. 5G). The results con-
firm that miR-27b-3p targeted Nrf2 and inhibited Nrf2 mRNA 
expression as well as NRF2 protein expression.

An Nrf2 rescue assay in which Nrf2-transfected HepaRG 
cells (Supplementary Fig. 3) were treated with miR-27b-3p 
mimic or a negative control mimic confirmed  that exosomal 
miR-27b-3p effects were mediated by repression of Nrf2 in 
hepatocytes. Western blot analysis showed that Nrf2 over-
expression reversed miR-27b-3p effects on CES1 downregu-

lation completely (Fig. 5H). The results suggested that an 
inhibitory effect of miR-27b-3p contributes to targeted inhibi-
tion of Nrf2.

GATA3 drives expression of miR-27b-3p
We next investigated the molecular mechanism on how IL-
33-ST2 signaling induced miR-27b-3p. LPS treatment of 
RAW264.7 cells increased ST2 and MyD88 levels, as well as 
levels of NF-κB and GATA3, each of which is a molecule in a 
signaling pathway downstream of MyD88 (Fig. 6A). No sig-
nificant effect on miR-27b-3p levels in MDEs was observed 
when RAW264.7 cells were exposed to the NF-κB inhibitor 
BAY 11-7082 (Fig. 6B and Supplementary Fig. 4A). Con-
versely, Gata3 silencing reduced miR-27b-3p content in 
MDEs markedly (Fig. 6C), and lentivirus system-induced 
Gata3 overexpression (Supplementary Fig. 4B) increased the 
miR-27b-3p content in MDEs strongly (Fig. 6D).

In summary, these results suggest that IL-33 inhibits 
the expression of CES1 upon liver injury. Mechanistically, 
the IL-33-ST2-GATA3 axis increases miR-27b-3p content in 
MDEs, which can be internalized by hepatocytes and thus 
then reduces CES1 expression by inhibiting its target gene 
Nrf2 (Fig. 7).

Fig. 6.  IL-33 drives the expression of miR-27b-3p through GATA3. (A) The expression of IL-33’s downstream in LPS-stimulated RAW264.7 cells. **p<0.01, 
***p<0.001 vs. control group. (B) The effect of NF-κB inhibitors BAY 11-7082 on the miR-27b-3p level in MDEs. MDEs were extracted from PBS or IL-33-treated 
RAW264.7 cells which were transfected with control, GATA3 shRNA (C) or GATA3-overexpressed lentivirus (D) and then miR-27b-3p level was detected. *p<0.05, 
**p<0.01, ***p<0.001 vs. PBS+shRNA-NC or PBS+LV-con group. ##p<0.01 vs. IL-33+ shRNA-NC group. IL, interleukin; miR, micro-RNA; MDE, macrophage-derived 
exosome; PBS, phosphate buffered saline.
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Discussion

In this study, we identified IL-33 as a potent CES1 suppres-
sor following liver injury and found that the suppression oc-
curred in an ST2-dependent manner. We found that IL-33, 
a dominant regulator in liver injury,13–16 was elevated while 
CES1 was reduced in both LPS- and APAP-treated mice, as 
well as in pathological specimens from patients, in line with 
previous reports.7,13,14,16 Using a loss-of-function approach, 
we demonstrated that IL-33 was necessary for the downreg-
ulation of CES1 in liver injury. Further, the inhibition of CES1 
was abolished in ST2 KO mice. These data confirm a potent 
role of IL-33 in CES1 downregulation. To our knowledge, this 
study is the first to identify IL-33 as a key regulator of CES1 
in liver injury.

In our first attempt to explore the underlying mechanism 

by which IL-33 suppressed CES1, primary hepatocytes, the 
source cells of CES1, were treated with IL-33. However, we 
did not observe inhibition of CES1, perhaps due to weak 
ST2 expression in the hepatocytes.27 Hence, we examined 
the cells with high ST2 expression in the liver. Flow cytom-
etry and immunohistochemical results suggested that mac-
rophages may be responsible for IL-33 effects on CES1. This 
finding was further supported by the restoration of CES1 in 
macrophage-depleted mice. Liver-resident macrophages, 
known as Kupffer cells, account for 15% of total liver cells. 
Previous studies in alcoholic and APAP-induced liver injury 
have shown that macrophages act as IL-33 target cells to 
exacerbate liver damage.14,28 Consistent with these studies, 
we verified that liver macrophages were IL-33 responsive.

Recent studies have suggested that the hepatic system 
may depend on intercellular communication that occurs via 

Fig. 7.  Summary of the mechanism by which IL-33 suppresses CES1 in liver injury. CES1, carboxylesterase 1; IL, interleukin.
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exosomes.29 Here, we found that MDEs could be taken up by 
hepatocytes and then mediate downregulation of CES1 by IL-
33. Furthermore, inhibition of exosome release rescued CES1 
expression, suggesting that MDEs are indispensable for IL-
33’s role in CES1 regulation. Exosomes can transfer a variety 
of cargo into recipient cells, including proteins, lipids, DNAs, 
mRNAs, and miRs. Because exosome-carried miRs play a 
particularly important role in liver disorders,29 we used miR-
Seq to analyze miR profiles in IL-33-MDEs. We found that 
miR-27b-3p levels were significantly greater in IL-33-MDEs 
than in Con-MDEs; and miR-27b-3p involvement was con-
firmed in vivo and in vitro. Subsequently, we determined that 
miR-27b-3p inhibited CES1 by targeting Nrf2.

miR-27b has been identified as a regulatory hub of lipid 
metabolism in the liver, and its overexpression results in lipid 
accumulation.30,31 Hepatic CES1 has been demonstrated to 
hydrolyze triglycerides and to stimulate fatty acid oxidation, 
thereby playing an essential role in lipid homeostasis32 Our 
study revealed a novel potential mechanism, namely CES1 
suppression, by which miR-27b may exert its effects, which 
previously have been shown to include lipid metabolism im-
pairment via inhibition of adipogenesis.33

IL-33 is a dual-function protein, acting as an intracellular 
nuclear factor as well a potent extracellular cytokine.22 The 
absence of IL-33 induced modulation on CES1 in ST2-deficient 
mice suggested that IL-33 may act through the extracellular 
ST2 pathway rather than as a nuclear factor. After binding 
of IL-33 and ST2 in the canonical IL-33–ST2 signaling path-
way, the complex recruits intracellular signaling molecules, 
including MyD88/IL-1 receptor-associated kinase/TRAF6, and 
activates NF-κB.22 Recently, GATA3 was identified as an IL-
33-responsive transcriptional hub in macrophages.34 Here, 
gain- and loss-of-function experimental results suggested 
that IL-33 induced miR-27b-3p effects were mediated through 
GATA3, rather than NF-κB. However, the underlying process by 
which GATA3 promotes miR-27b-3p remains to be elucidated.

Conclusions
Our findings demonstrated that IL-33 acts to downregulate 
CES1 in injured liver. Mechanistically, we found that increased 
extracellular IL-33 in liver injury triggered IL-33–ST2–GATA3 
signaling, and then stimulated miR-27b-3p expression in 
hepatic macrophages. Exosome transfer of miR-27b-3p to 
hepatocytes inhibited its target gene, Nrf2, thereby sup-
pressing CES1 expression. Strong inhibition of CES1 will slow 
the hydrolysis of CES1 substrates, including drugs and lipids, 
which in turn, impacts the pharmacokinetic and toxicological 
profiles of these substances. The identification of this intercel-
lular communication mechanism strengthens our understand-
ing of CES1 downregulation in acute liver injury and may aid 
in the future development of biomedical applications of CES1.
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