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� miR-155 was synthesized and loaded into

exosomes in increased infiltration of

macrophages in a uremic heart.

� The released exosomal fusion with the

plasma membrane leads to the release of

miR-155 into the cytosol and translational

repression of forkhead transcription fac-

tors of the O class in cardiomyocytes.

� Macrophage-derived miR-155–containing

exosomes promoted cardiomyocyte

pyroptosis and uremic cardiomyopathy

changes (cardiac hypertrophy and

fibrosis) by directly targeting FoxO3a in

uremic mice. Inhibiting secretion from

macrophage-derived miR-155–containing

exosomes represents a novel therapeutic

strategy for the management of uremic

cardiomyopathy.
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3’-UTRs = 3’-untranslated

regions

AAV = adeno-associated virus

CKD = chronic kidney disease

FoxO = forkhead transcription

factors of the O class

IL = interleukin
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miR-155 was synthesized and loaded into exosomes in increased infiltration of macrophages in a uremic

heart. The released exosomal fusion with the plasma membrane leads to the release of miR-155 into the

cytosol and translational repression of forkhead transcription factors of the O class (FoxO3a) in cardiomyocytes.

Finally, macrophage-derived miR-155–containing exosomes promoted cardiomyocyte pyroptosis and uremic

cardiomyopathy changes (cardiac hypertrophy and fibrosis) by directly targeting FoxO3a in uremic mice.

(J Am Coll Cardiol Basic Trans Science 2020;5:148–66) © 2020 The Authors. Published by Elsevier on behalf of

the American College of Cardiology Foundation. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
= microRNAs
miRs
TUNEL = deoxyuridine

triphosphate nick-end labeling

= uremic cardiomyopathy
U remic cardiomyopathy (UCM) is a major
complication of chronic renal failure whose
treatment remains disappointing. UCM,

characterized by cardiac hypertrophy, fibrosis,
inflammation, and metabolic remodeling, accounts
for approximately 50% of deaths due to chronic kid-
ney disease (CKD) (1–3). It is thought that traditional
cardiovascular risk factors such as hypertension,
volume overload, and anemia are major causes of
UCM; however, UCM may also develop independently
of these above-mentioned risk factors (4,5). Although
a number of factors, including metabolic acidosis,
inflammation, increased oxidant stress, and insulin
resistance may contribute to the development of
UCM (1,6,7), the exact mechanism is still largely
unknown.
SEE PAGE 167
Pyroptosis is a pro-inflammatory programmed cell
death, which is mainly mediated by caspase1 acti-
vation and subsequently processes the proforms of
inflammatory cytokines (interleukin [IL]-1b and IL-
18) into active forms (8). Pyroptosis is morphologi-
cally and mechanistically distinct from other forms
of cell death (apoptosis and necroptosis). Apoptosis
is perhaps the most widely recognized program of
cell death, and is initiated by caspases 2, 8, 9, and
10, and requires the effector caspases 3, 6, and 7
(9). In contrast, pyroptosis is mainly mediated by
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caspase 1 activation and is a programmed
process of cellular self-destruction, and

therefore was not initially distinguished from
apoptosis (8). Pyroptosis is generally considered as
cell death plus inflammation and is mediated by
caspase 1 activation (6). Accumulating evidence has
identified the vital role of apoptosis and inflamma-
tion in the development of UCM (10,11). However,
whether pyroptosis is involved in UCM and the
potential mechanism that is involved have not been
clarified.

Forkhead transcription factors of the O class
(FoxO1, FoxO3, FoxO4, and FoxO6) transcriptionally
activate or inhibit a number of target genes and play
important roles in proliferation, apoptosis, inflam-
mation, and pyroptosis (12). In the heart, FoxO1 and
FoxO3a are the dominant FoxO family members
(13,14). Activation of FoxO1 and FoxO3a is an impor-
tant mediator of pathologic cardiac hypertrophy
(15,16). MicroRNAs (miRs) are short, noncoding RNAs
that downregulate proteins by binding to comple-
mentary sequences in the 3’-untranslated regions (3’-
UTRs) of target mRNAs (17). miRs have also been
shown to be involved in pyroptosis through FoxO
regulation: 1) Dysregulated miR-148a in hepatocytes
through FoxO1 facilitate pyroptosis in alcoholic liver
disease (18); and 2) miR-30d regulates cardiomyocyte
pyroptosis by directly targeting FoxO3a in patients
with diabetic cardiomyopathy (19). In our previous
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studies, we have shown that a range of miRs (e.g.,
miR-23a, miR-26a, miR-27a, and miR-29) could
downregulate FoxO1 and/or FoxO3 expression in
skeletal muscle and heart under uremic stress con-
ditions (17,20–22). However, the role of miRs/FoxO
axis in patients with UCM is largely unknown.

Mammalian cells produce miRs that not only
regulate physical activity per se, but also influence
neighboring cells, and even distant cells in other or-
gans (23,24). Exosomes are small 30- to 150-nm vesi-
cles formed within cells by inward budding of the
limiting membrane of multivesicular bodies within
the cytoplasm. Exosomes have been shown to be
natural carriers of many signal molecules, including
miRs that mediate cell-cell communication and thus
play critical roles in the physiology and pathogenesis
of cancer (25), autoimmune diseases (26), and car-
diovascular diseases (27). It is well-known that
macrophage infiltration is a common feature of car-
diomyopathies, and previous studies have proven
that macrophage-derived exosomes induce inflam-
matory factors (28,29) and cell death (30).

In the current study, our results have shown that
infiltrated macrophages secrete miR-155–enriched
exosomes and promote cardiomyocyte pyroptosis by
directly targeting FoxO3a in a uremic mouse, thus
blocking macrophage-derived miR-155–containing
exosomes may be a promising therapeutic target for
the management of UCM.

METHODS

ANIMALS AND UREMIC MOUSE MODEL. miR-155�/�

mice in a C57BL/6 background were provided by Dr. Jie
Du (Beijing Anzhen Hospital, Capital Medical Univer-
sity, Beijing, China). Wild-type male C57BL/6 mice (22
to 25 g) were purchased from The Jackson Laboratory
(Bar Harbor, Maine). Under pentobarbital anesthesia,
the uremic mouse model was obtained through a two-
step, 5/6th nephrectomy. During the first week we
removed two-thirds of the left kidney. After a 1-week
recovery, we removed the right kidney. After the sec-
ond surgery, all mice were fed with 1% salt water.
Uremic mice with a blood urea nitrogen level of
100 mg/dl (Reflotron Plus Diagnostic Device; Roche
Diagnostics Corporation, Indianapolis, Indiana)
were studied.

CASPASE-1 INHIBITOR EXPERIMENT. To inhibit
caspase-1 activity in vivo, mice received Ac-YVAD-
cmk (8 mg/kg per time, once weekly for 8 weeks;
InvivoGen, San Diego, California) in dimethyl
sulfoxide (5% v/v) or dimethyl sulfoxide alone
intraperitoneally.

VIRUS AND GENE DELIVERY. A type 9 recombinant
adeno-associated virus (AAV)–expressing mouse
FoxO3a gene with enhanced green fluorescent pro-
tein (GFP) (AAV-FoxO3a-GFP) and a recombinant AAV
encoding GFP (AAV-GFP) as the control vector were
purchased from Genechem Biotech, Inc. (Shanghai,
China). AAVs (1 � 1011 virion particles in 100 ml saline
solution) were delivered via a single tail injection
after the second surgery. miR-155 inhibitor was syn-
thesized by Genechem Biotech, Inc. In vivo-jetPEI
(Polyplus Transfection, New York, New York) was
used to deliver miR-155 inhibitor into the heart via
tail injection (60 ng, once weekly for 8 weeks).

ECHOCARDIOGRAPHY. Echocardiography was per-
formed on lightly anesthetized mice under 1% to 2%
isoflurane in oxygen using a Vevo 3100 ultrasound
system (VisualSonics, Toronto, Ontario, Canada), as
described previously (31). Left ventricular (LV) di-
mensions were obtained from parasternal long-axis
views by 2-dimensional–sided M-mode imaging, in
which the cursor was positioned perpendicular to the
interventricular septum and posterior wall of the LV at
the level of the papillary muscles and a M-mode image
was obtained at a sweep speed of 100mm/s and used to
determine diastolic and systolic LV wall thickness, LV
end-diastolic dimensions (LVDDs), and LV end-
systolic chamber dimensions (LVSDs). Systolic func-
tion was calculated from LV dimensions as fractional
shortening (FS), as follows: FS¼ (LVDD�LVSD)/LVDD.
Recording of echocardiographic images was per-
formed in random order with respect to the treatment
or control animals. The acquisition of images and
evaluation of data were performed by an independent
operator who was blinded to the treatment.

MORPHOLOGIC ANALYSIS AND IMMUNOHISTOCHEMISTRY.

Briefly, formalin-fixed, paraffin-embedded heart sec-
tions (3-mm thick) stained with hematoxylin and eosin
(HE) and Masson’s trichrome stain were used to
evaluate myocardial cell size and heart fibrosis,
respectively. Indirect immunohistochemistry stain-
ing was performed according to an established pro-
cedure (32). After being blocked with 3% bovine
serum albumin for 1 h, the sections were incubated
overnight at 4�C with primary antibodies against
caspase 1 (1:200) in phosphate-buffered saline (PBS)
solution containing 3% bovine serum albumin.
Staining was visualized using horseradish
peroxidase-coupled secondary antibodies (Vectastain



J A C C : B A S I C T O T R A N S L A T I O N A L S C I E N C E V O L . 5 , N O . 2 , 2 0 2 0 Wang et al.
F E B R U A R Y 2 0 2 0 : 1 4 8 – 6 6 miR-155 Regulates Cardiomyocyte Pyroptosis

151
Elite; Vector Labs, Burlingame, California). All
immunohistochemical analyses were repeated at
least 3 times and representative images are shown.

CELL ISOLATION BY FLOW SORTING. Cell isolation
by flow sorting was performed as described (33).
Macrophages, T cells, endothelial cells, cardiac fibro-
blasts, and cardiomyocytes were sorted based on
CD45þCD11bþ, CD45þ CD11b–, CD45–CD31þ, CD45–
CD31–PDGFRþ, and CD45–CD31–PDGFR–, respectively.

EXOSOME PURIFICATION, ANALYSIS, AND MODIFICATION.

Conditioned medium of RAW264.7 cultured in fetal
bovine serum (FBS)–free Dulbecco’s Modified Eagle
Medium (DMEM) were collected for 48 h and exo-
somes were purified by several centrifugation and
filtration steps, as described previously (15). Briefly,
the supernatant was centrifuged at 2,000 � g for
10 min and 16,000 � g for 30 min, followed by
filtration through a 0.22-mm filter to eliminate cells,
dead cells, and cellular debris. For exosome purifi-
cation, the supernatant was ultracentrifuged at
160,000 � g for 180 min (L8-70M ultracentrifuge;
Beckman Coulter, Brea, California). The exosome
pellets were re-suspended in PBS and stored
at �80�C.

EXOSOME TRANSFUSION EXPERIMENT. Saline or
exosomes derived from RAW264.7 (100 or 200 mg)
were injected intravenously into miR-155�/� mice
every week for a total of 8 injections. The exosomes
were first injected on the second day and the
following 7 injections were performed every week
after the second operation. The mice were sacrificed
after 10 weeks and the hearts were harvested for
subsequent experiments.

TERMINALDEOXYNUCLEOTIDYLTRANSFERASEDEOXYURIDINE

TRIPHOSPHATE NICK-END LABELING STAINING. Cell death
was detected using the terminal deoxynucleotidyl
transferase deoxyuridine triphosphate nick-end la-
beling (TUNEL) assay with an in situ apoptosis
detection kit (Takara Bio Inc., Tokyo, Japan). Cell
death was defined as the presence of nuclear
condensation via 4’,6’-diamidino-2-phenylindole
(DAPI) staining and TUNEL-positive cells within the
heart. The proportion of cardiomyocytes with TUNEL-
positive cells in formalin-fixed heart tissues was
determined by examination at 400� magnification.

TRANSMISSION ELECTRON MICROSCOPY. Trans-
mission electron microscopy was performed on puri-
fied exosomes from the cell culture medium, as
previously described (32). Briefly, exosome pellets
were mixed 1:1 with 4% paraformaldehyde, and then
applied to 200-mesh nickel grids. Samples were left to
immobilization at room temperature for 20 min. The
excess solution was absorbed by filter paper and the
grid was stained with 2% uranyl acetate in water for
10 s, washed 3 times in distilled water, and air-dried.
Samples were examined using a Tecnai 10 TEM (Fei,
Acht, the Netherlands) at 80 kV.

WESTERN BLOT ANALYSIS. Cells harvested from
plates and heart tissues were lysed in radio-
immunoprecipitation assay buffer. Detection of pro-
tein expression by Western blot was performed
according to established protocols. Equal amounts of
protein were subjected to sodium dodecyl sulfate–
polyacrylamide gel electrophoresis on 10% to 12%
polyacrylamide gels and transferred to a poly-
vinylidene difluoride membrane (HATF09025; Milli-
pore, Bedford, Massachusetts). The membrane with
blotted protein was blocked for 1 h with blocking
buffer containing 5% nonfat dry milk and 0.05%
Tween-20 in Tris-buffered saline (TBS-T), followed
by incubation with the primary antibodies as follows:
caspase 1 (Abcam, Cambridge, Massachusetts); IL-1b
(Abcam); IL-18 (Santa Cruz Biotechnology, Dallas,
Texas); FoxO1 (Cell Signaling Technology, Beverly,
Massachusetts); FoxO3a (Cell Signaling Technology);
Gsdmd (Abcam), Alix (Santa Cruz Biotechnology);
CD63 (Abcam); CD9 (Abcam); CD68(Abcam); iNOS
（Abcam); Tubulin (Abbkine, Beijing, China）and
GAPDH (CMCTAG, Milwaukee, Wisconsin). Then, the
membranes were thrice-washed with TBS-T for
30 min and incubated at room temperature for 1 h
with diluted (1:10,000) secondary horseradish
peroxidase-conjugated goat anti-rabbit immuno-
globulin G (IgG) or goat anti-mouse IgG. The bands
were detected using the ChemiDoc XRS System (Bio-
Rad, Hercules, California). The relative intensity of
each band was normalized to GAPDH.

REAL-TIME POLYMERASE CHAIN REACTION. For
mRNA profile analysis, RNA was extracted from heart
samples with Trizol (Invitrogen, Carlsbad, California),
reverse-transcribed into complementary DNA (cDNA)
(Taqman Reverse Transcription Reagents; Applied
Biosystems-Roche, Branchburg, New Jersey), and
mRNA abundance was analyzed by real-time
polymerase chain reaction (PCR) with SYBR-Green
(iTaq or iQ SYBR-Green Supermix, BioRad). All of
the primers for quantitative real-time PCR are listed
in Supplemental Table 1. Relative expression was
normalized to GAPDH levels.

For miR profile analysis, RNA enriched in small
RNAs was extracted from the exosomes and heart
tissues using a mirVana miRNA isolation kit (Ambion,
Austin, Texas). Only miRs which were detected in all
samples and had a Cycle threshold (Ct) value <35,
were considered for further analysis. For synthesis

https://doi.org/10.1016/j.jacbts.2019.10.011


FIGURE 1 Cardiomyocytes Pyroptosis Is Involved in the Process of UCM

Continued on the next page
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FIGURE 2 Foxo3a, But Not Foxo1, Is Downregulated in Uremic Hearts

(A) Representative Western blot for Foxo1 and FoxO3a. (B) Bar graph showing the fold change (n ¼ 6 per group). (C) The expression of

FoxO-specific target genes, including Atrogin-1, MuRF-1, Bnip-3, p21, and Pdk4 (n ¼ 6 per group). (D) FoxO3a mRNA levels in uremic hearts

and that of the control group (n ¼ 6 per group). #p < 0.05 versus control. FoxO3a,O1 ¼ forkhead transcription factors of the O class.
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of cDNA, 10 ng of total RNA that was enriched in small
RNAs was reverse-transcribed using an NCode miRNA
cDNA synthesis kit (Exiqon, Vedbaek, Denmark). The
expression of pri-miR and pre-miR was measured, as
previously described (34). Expression of individual
miRNAs was standardized to the mouse U6 gene and
calculated as the difference between the threshold
values of the 2 genes (2Dct). Melting curve analyses
were performed during real-time quantitative PCR to
analyze and verify the specificity of the reaction.

PRIMARY CULTURE OF NEONATAL RAT CARDIOMYOCYTES.

Cardiomyocytes were isolated from hearts of neonatal
SD rats using established methods (35). Briefly, the
ventricles were digested with collagenase (0.4 mg/ml)
and pancreatin (0.6 mg/ml) in 116 mM NaCl, 20 mM
HEPES (pH 7.35), 0.8 mM NaH2PO4, 5.6 mM glucose,
FIGURE 1 Continued

(A) Overview of the experimental in vivo procedure. (B) Representative

expression in heart tissues (n ¼ 6 per group). (D) The level of caspase-1,

abundance levels of caspase-1, IL-1b, IL-18, and Gsdmd p30 after normali

TUNEL-positive cardiomyocytes. (G) Quantification of TUNEL-positive ca

heart weight (n ¼ 6 per group) and (J) heart weight/body weight (n ¼
Summary of myocyte size (n ¼ 6 per group). (M) Representative microgr

of the Trichrome-positive area (n ¼ 6 per group). Scale bars: 2 mm, (F)

DAPI ¼ 4’,6’-diamidino-2-phenylindole; HE ¼ hematoxylin and eosin stai

triphosphate nick-end labeling; UCM ¼ uremic cardiomyopathy.
5.4 mM KCl, 0.8 mM MgSO4. The supernatant was
added to one-fifth (20%) volume horse serum to stop
digestion and resuspended in DMEM with 10% horse
serum, 5% FBS, penicillin (100 U/ml), and strepto-
mycin (100 mg/ml). The collected supernatant was
passed through a 100-mm cell strainer and plated in
petri dishes for 45 min at 37�C to adhere to fibroblasts.
The supernatant was centrifuged at 1,000 rpm for
5 min. Percoll-separated digests were performed to
distinguish cardiomyocytes, fibroblasts, and other
cells. Finally, the collected cardiomyocytes were
plated on gelatin-coated plates under culture condi-
tions (37�C in 5% CO2) (Supplemental Figure 1).

EXOSOME-CARDIOMYOCYTES FUSION. Exosomes
harvested from the medium of cultured macrophages
(RAW264.7) were labeled with 2 mM PKH67
immunohistochemical staining of caspase 1. (C) Quantification of caspase-1

IL-1b, IL-18, and Gsdmd p30 protein. (E) Graphic presentation shows the relative

zation with GAPDH (n¼ 6 per group). (F) TUNEL assay; the yellow arrows indicate

rdiomyocytes (n ¼ 6 per group). (H) Gross morphology of heart. (I) Summary of

6 per group). (K) Representative micrographs of sagittal sections (HE). (L)

aphs of left ventricular sections (Trichrome). (N) Summary of semiquantification

; 50 mm (B, K, M). #p < 0.05 versus control, *p < 0.05 versus uremic group.

n; IL ¼ interleukin; TUNEL ¼ terminal deoxynucleotidyl transferase deoxyuridine
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FIGURE 3 Overexpression of Foxo3a Attenuated Cardiomyocytes Pyroptosis and Improved UCM
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(Sigma-Aldrich, St. Louis, Missouri) for 5 min, washed
and incubated for 24 h with cultured cardiomyocytes.
The samples were washed and counterstained
with DAPI, and analyzed by light and fluores-
cence microscopy.

LUCIFERASE REPORTER ASSAY AND TRANSFECTION.

Effectene transfection reagent was used for trans-
fection (Qiagen, Valencia, California) of car-
diomyocytes (36). Firefly and Renilla luciferase
activities were measured using a dual luciferase
assay (Promega, Madison, Wisconsin) and a lumin-
ometer (Turner Designs, Sunnyvale, California). The
parent luciferase reporter plasmid (pMIR-REPORT
Luciferase) was purchased from Applied Biosystems
(Waltham, Massachusetts) and 3’-UTR–specific con-
structs were prepared by the Emory Integrated Ge-
nomics Core (Atlanta, Georgia). Results from control
experiments (pLuc-3’-UTR-FoxO3a-expressing cells
treated with a mimic control) are expressed as 100%.
Experimental results were calculated in the same
fashion and expressed as a proportion of con-
trol levels.

FLOW CYTOMETRY. The cultured cardiac myocytes
were washed twice and 1 � 106 cells were suspended
in 50 mL of PBS supplemented with 1% FBS. The cells
were stained with FLICA (FAM-VAD-FMK655; Immu-
noChemistry Technologies, Bloomington, Minnesota)
for 40 min at 37�C, followed by the addition of 7AAD
(BD Pharmingen, San Diego, California) before
loading. The stained cells were analyzed with a FACS
Calibur flow cytometer and the data were analyzed
using FlowJo software.

STATISTICAL ANALYSES. Data are expressed as the
mean � SEM. Comparisons between 2 groups were
performed with Student’s t test and multiple groups
were compared with one-way analysis of variance
followed by Dunnett’s multiple comparison test. To
exclude or reduce type I errors in the multiple com-
parisons, Bonferroni and Sidak corrections were used
to adjust the p value. A p value <0.05 was considered
FIGURE 3 Continued

AAV-FoxO3a-GFP was generated to overexpress FoxO3a in the hearts of

Overview of the experimental in vivo procedure. (B) Representative immu

in heart tissues (n ¼ 6 per group). (D) Levels of Gsdmd p30, caspase-1,

abundance levels of Gsdmd p30, caspase-1, IL-1b, IL-18, and FoxO3a af

arrows indicate TUNEL-positive cardiomyocytes. (G) Quantification of TU

(I) Summary of heart weight (n ¼ 6 per group) and (J) heart weights/bod

(HE). (L) Representative micrographs of left ventricular sections (Trichro

quantification of the Trichrome-positive area (n ¼ 6 per group). Scale bar

group. AAV ¼ adeno-associated virus; GFP ¼ green fluorescent protein;
statistically significant. Statistical analyses were per-
formed using Prism 7.0 (GraphPad Software, San
Diego, California).

RESULTS

CARDIOMYOCYTE PYROPTOSIS IS INDUCED IN

UCM. First, to confirm that pyroptosis is involved in
the process of UCM, we measured the levels of
caspase-1, IL-1b, and IL-18, as well as programmed
cell death in uremic mice in the presence or absence
of caspase 1 inhibitor treatment (Ac-YYAD-cmk)
(Figure 1A). Our results showed that caspase-1, IL-1â,
and IL-18 levels were remarkably increased in the
UCM group (Figures 1B to 1E). Another critical target of
caspase-1 is the pore-forming pyroptosis perforin,
Gsdmd, which is cleaved into its active form (Gsdmd
p30 protein) by caspase-1 and forms pores promoting
cell swelling and lytic cell death (37–39). As expected,
cleaved Gsdmd p30 protein was increased in the heart
of mice following uremic challenge (Figures 1D and
1E). Furthermore, increased cell death occurred in
UCM, whereas cell death rarely occurred in the control
group (Figures 1F and 1G); however, Ac-YYAD-cmk
significantly attenuated all of these changes
(Figures 1B to 1G). Additionally, Ac-YYAD-cmk
improved UCM, as evidenced by the significantly
reduced heart size (Figure 1H), heart weight (Figure 1I),
ratio of heart weight-to-body weight (Figure 1J),
myocardial hypertrophy (Figures 1K and 1L), and
interstitial fibrosis area (Figures 1M and 1N) compared
with uremic hearts. Echocardiography and hemody-
namic measurements showed that the LV
end-diastolic dimension (LVDD), LV end-systolic
dimension (LVSD) and left ventricular volume in
diastole and systole (LV vol-d and LV vol-s) were all
significantly increased in the hearts of uremic mice.
These changes were accompanied by a decrease in
the ejection fraction and FS in CKD mice. Provision
of Ac-YYAD-cmk improved all of these CKD-induced
changes in cardiac function parameters
(Supplemental Table 2). These results suggest that
uremic mice through a single tail injection (1 day after the second surgery). (A)

nohistochemical staining of caspase-1. (C) Quantification of caspase-1 expression

IL-1b, IL-18, and FoxO3a proteins. (E) Graphic presentation shows the relative

ter normalization with GAPDH (n ¼ 6 per group). (F) TUNEL assay; the yellow

NEL-positive cardiomyocytes (n ¼ 6 per group). (H) Gross morphology of heart.

y weights (n ¼ 6 per group). (K) Representative micrographs of sagittal sections

me). (M) Summary of myocyte size (n ¼ 6 per group). (N) Summary of semi-

s: 2 mm (F); 50 mm (B, K, M). #p < 0.05 versus control, *p < 0.05 versus uremic

other abbreviations as in Figures 1 and 2.
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FIGURE 4 Inhibiting Mir-155 Expression Attenuated Cardiomyocytes Pyroptosis and UCM by Targeting Foxo3a 3’-UTR
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pyroptosis plays a vital role in the development
of UCM.

FoxO3a, BUT NOT FoxO1, IS DOWNREGULATED IN

UREMIC HEARTS. The FoxO family has been shown
to be involved in regulating cardiomyocyte prolifer-
ation and cardiac growth during development and
exerts a protective effect against stress resistance,
inflammation, apoptosis, and pyroptosis (19,36).
FoxO1 and FoxO3a have previously been reported to
have a high level of expression in the heart; however,
whether the FoxO family is involved in regulation of
the pyroptosis process in UCM has not been exam-
ined. FoxO3a, but not FoxO1, was significantly
decreased in uremic hearts compared with the control
group (Figures 2A and 2B). To confirm inactivation of
FoxO3a in uremic hearts, we evaluated transcript
levels of known FoxO-specific target genes. All 5
genes tested showed a significant decrease in mRNA
levels, confirming decreased FoxO activity
(Figure 2C). There was no significant change in
FoxO3a mRNA expression in the UCM group
compared with the control group (Figure 2D).

OVEREXPRESSION OF FoxO3a ATTENUATED

PYROPTOSIS AND IMPROVED UCM. To further iden-
tify the role of decreased FoxO3a in the process of
regulating pyroptosis and UCM, an AAV that ex-
presses FoxO3a and GFP (AAV-FoxO3a-GFP) was
generated to overexpress FoxO3a in the hearts of
uremic mice (Figure 3A). Expression of GFP was
clearly detectable in the hearts, kidneys, and
livers of mice transduced with AAV-FoxO3a-GFP
(Supplemental Figure 2). Similarly, AAV-FoxO3a-GFP
partially restored the expression of FoxO3a in ure-
mic hearts (Figures 3D and 3E). Overexpression of
FoxO3a in uremic hearts ameliorated pyroptosis
(Figures 3B to 3F) and improved UCM, as evidenced by
significantly reduced heart size (Figure 3H), heart
weight (Figure 3I), ratio of heart weight-to-body
weight (Figure 3J), myocardial hypertrophy
(Figures 3K and 3M), and interstitial fibrosis area
(Figures 3L and 3K), and improved cardiac function
(Supplemental Table 2), indicating the decrease in
FIGURE 4 Continued

miR-155 inhibitor was used to treat uremic mice through weekly tail inje

experimental in vivo procedure. (B) Representative immunohistochemica

group). (D) Levels of Gsdmd p30, caspase-1, IL-1b, IL-18, and FoxO3a pro

IL-1b, IL-18, and FoxO3a after normalization with GAPDH (n ¼ 6 per gro

Quantification of TUNEL-positive cardiomyocytes (n ¼ 6 per group). (H)

weights/body weights (n ¼ 6 per group). (K) Representative micrographs

micrographs of left ventricular sections (Trichrome). (N) Summary of sem

(B, K, M). #p < 0.05 versus control, *p < 0.05 versus uremic group. 3’
FoxO3a was at least partially responsible for the
pyroptosis and pathologic changes in UCM.

INHIBITING miR-155 EXPRESSION ATTENUATED

PYROPTOSIS AND UCM BY TARGETING FoxO3a

3’-UTR. There was no significant differences in the
FoxO3a mRNA level in UCM compared with the con-
trol group (Figure 2D), suggesting a post-translational
regulation mechanism is responsible for the decrease
of FoxO3a in UCM. Because miRs bind 3’-UTRs of
target mRNAs to repress the translation process
without influencing the mRNA level, we then aimed
to characterize the miRs profile of UCM and evaluate
17 miRs predicted to target FoxO3a 3’-UTR. Of the
above 17 miRs, miR-155 changed most and increased
7-fold (Supplemental Figure 3). Because it is known
that miR-155 regulates inflammation during cardiac
remodeling, we mainly focused on the effect of miR-
155 on FoxO3a expression and pyroptosis in UCM. A
single miR-155 binding site was predicted in the
FoxO3a 3’-UTR (site: 1497–1503) (Supplemental
Figure 4A). In cardiomyocytes transfected with
pMIR-FoxO3a/1477–1535, the miR-155 mimic
decreased luciferase activity 55% (p < 0.05) and mu-
tation of the binding site prevented the response
(Supplemental Figure 4B). The hairpin inhibitor of
miR-155 increased luciferase activity 1.6-fold
(p < 0.05) in cells transfected with pMIR-FoxO3a/
1477–1535 (Supplemental Figure 4B).

Compared with wild-type uremic mice, knockdown
of miR-155 with the specific inhibitor induced higher
levels of FoxO3a under uremic stress conditions and
attenuated the pyroptosis process, as evidenced by
the reduced expression of caspase-1, IL-1b, and IL-
18 levels and cleaved Gsdmd p30 protein
(Figures 4A to 4E); reduced cardiomyocyte death
(Figures 4F and 4G) and improved UCM, as indicated by
significantly reduced heart size (Figure 4H), heart
weight (Figure 4I), ratio of heart weight-to-
body weight (Figure 4J), myocardial hypertrophy
(Figures 4K and 4L), and interstitial fibrosis area
(Figures 4M and 4N); and improved cardiac function
(Supplemental Table 2). As expected, miR-155–
ctions for 8 weeks in wild-type uremic mice and miR-155 �/� mice. (A) Overview of the

l staining of caspase-1. (C) Quantification of caspase-1 expression in heart tissues (n ¼ 6 per

teins. (E) Graphic presentation shows the relative abundance levels of Gsdmd p30, caspase-1,

up). (F) TUNEL assay; the yellow arrows indicate TUNEL-positive cardiomyocytes. (G)

Gross morphology of heart. (I) Summary of heart weight (n ¼ 6 per group) and (J) heart

of sagittal sections (HE). (L) Summary of myocyte size (n ¼ 6 per group). (M) Representative

iquantification of the Trichrome-positive area (n ¼ 6 per group). Scale bars: 2 mm (F); 50 mm

-UTR ¼ 3’-untranslated regions; other abbreviations as in Figures 1 and 2.
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FIGURE 5 Macrophage-Derived Exosome Transferred Mir-155 Into Cardiomyocytes and Worsened Cardiomyocytes Pyroptosis in Vivo
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deficient mice exhibited similar results as uremic
mice injected with miR-155 inhibitor (Figure 4,
Supplemental Table 2).

MACROPHAGE-DERIVED EXOSOMES TRANSFERRED

miR-155 INTO CARDIOMYOCYTES AND ENHANCED

PYROPTOSIS IN VIVO. To further determine the
source of miR-155 expression in uremic hearts, car-
diomyocytes, cardiac fibroblasts, and macrophages
were isolated from control and uremic hearts.
Expression of miR-155 was the highest in macro-
phages, moderate in fibroblasts, and lowest in
cardiomyocytes. Compared with the control group,
miR-155 expression was increased in cardiomyocytes,
cardiac fibroblasts, and especially infiltrated macro-
phages in uremic mice (Supplemental Figure 5A). pri–
miR-155 was only increased in macrophages, but not
in cardiomyocytes (Supplemental Figure 5B). More
macrophages were infiltrated in uremic hearts as
judged by the increased expression of 2 macrophage
markers (iNOS and CD68) (Supplemental Figures 6A
and 6B). Because miRs can be loaded into exosomes,
then secreted and infused with recipient cells to
mediate cell-to-cell or organ-to-organ communica-
tion, we hypothesized that miR-155 is produced in
infiltrated macrophages and can be transferred into
cardiomyocytes. To verify our hypothesis, we injec-
ted macrophage-derived exosomes into uremic
miR-155�/� mice (Figure 5A). Macrophage-derived
exosomal miR-155 enhanced pyroptosis and wors-
ened the morphologic and functional changes in the
heart of miR-155�/� mice under uremic stress condi-
tions (Figures 5B to 5N, Supplemental Table 2).

MACROPHAGE-DERIVED EXOSOMES TRANSFERRED

miR-155 INTO CARDIOMYOCYTES AND WORSENED

PYROPTOSIS IN VITRO. To confirm the above find-
ings in vitro, PKH67-labeled exosomes (Figure 6A),
verified by transmission electron microscopy to have a
size ranging from 80 to 130 nm (Figure 6B) and by
Western blot experiments for detecting exosome
markers such as Alix, CD9, and CD63 (Figure 6C), were
transferred into primary cardiomyocytes (Figure 6D).
Furthermore, it was found that there was a significant
FIGURE 5 Continued

Uremic miR-155�/� mice were injected with macrophage original exosom

in vivo procedure. (B) Representative immunohistochemical staining of

group). (D) Levels of Gsdmd p30, caspase-1, IL-1b, IL-18, and FoxO3a p

p30, caspase-1, IL-1b, IL-18, and FoxO3a after normalization with GAPDH

cardiomyocytes. (G) Quantification of TUNEL-positive cardiomyocytes (n

(n ¼ 6 per group) and (J) heart weights/body weights (n ¼ 6 per group

myocyte size (n ¼ 6 per group). (M) Representative micrographs of left

Trichrome-positive area (n ¼ 6 per group). Scale bars: 2 mm (F); 50 mm (B

as in Figures 1 and 2.
increase in the expression of miR-155 (Figure 6E)
in cardiomyocytes. To further clarify whether
macrophage-derived exosomes increase car-
diomyocyte pyroptosis through transfer of miR-155,
we stimulated primary neonatal rat cardiomyocytes
with medium containing 5% uremic serum from ure-
mic patients to mimic uremic stress conditions in the
presence or absence of macrophage-derived exo-
somes. Macrophage-derived exosomes clearly
increased pyroptosis in cardiomyocytes, as evidenced
by the increased expression of caspase-1, IL-1b, IL18,
and cleaved Gsdmd p30 protein, as well as an
increased number of caspase-1 and propidium iodide
(PI) double-positive cells in flow cytometry experi-
ments compared with cardiomyocytes treated with 5%
uremic serum alone; however, all of the changes were
attenuated by treatment with miR-155 inhibitor, sug-
gesting that macrophage-derived exosomes mediated
the myocardial pyroptosis through transfer of miR-155
into cardiomyocytes (Figures 6F through 6H).

BLOCKADE OF EXOSOME SECRETION WITH

GW4869 IMPROVES PYROPTOSIS AND UCM.

GW4869, a neutral sphingomyelinase inhibitor, is the
most widely used pharmacologic agent for blocking
exosome generation (40,41). To further determine
whether the transfer of exosomal miR-155 from
macrophages into cardiomyocytes is critical for
UCM (Figure 7A), we measured the level of miR-155
expression in isolated cardiomyocytes, cardiac fi-
broblasts, and macrophages in uremic hearts with
or without the treatment of GW4869. GW4869
significantly decreased miR-155 levels by 37% in
cardiomyocytes and 47% in cardiac fibroblasts, but
profoundly increased miR-155 levels by 155% in
macrophages compared with levels collected from
uremic mice (Supplemental Figure 7). Furthermore,
treatment with GW4869 resulted in a significant
decrease in pyroptosis, as evidenced by a reduction
of caspase-1, IL-18, IL-1b, and cleaved Gsdmd p30
protein (Figures 7B to 7E) and by a decrease in cell
death (Figures 7F and 7G) compared with the ure-
mic group. More impressively, we found that UCM
es through weekly tail injections for 8 weeks. (A) Overview of the experimental

caspase-1. (C) Quantification of caspase-1 expression in heart tissues (n ¼ 6 per

roteins. (E) Graphic presentation shows the relative abundance levels of Gsdmd

(n ¼ 6 per group). (F) TUNEL assay; the yellow arrows indicate TUNEL-positive

¼ 6 per group). (H) Gross morphology of heart. (I) Summary of heart weight

). (K) Representative micrographs of sagittal sections (HE). (L) Summary of

ventricular sections (Trichrome). (N) Summary of semiquantification of the

, K, M). #p < 0.05 versus control, *p < 0.05 versus uremic group. Abbreviations
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FIGURE 6 Macrophage-Derived Exosome Transfer of Mir-155 Into Cardiomyocytes and Worsened Pyroptosis in Vitro
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was clearly improved with GW4869 upon uremic
challenge compared to the control (Figures 7H
to 7N). Taken together, our results suggested that
pyroptosis of myocardiocytes in uremia
was mediated by the exosomes derived
from macrophages.

DISCUSSION

In the present study, we first showed that exosomal
miR-155 derived from macrophages is critical in
mediating cardiomyocyte pyroptosis in uremic hearts
by downregulating FoxO3a protein expression, as
summarized in Figure 8. These findings provide novel
insight about uremic heart disease and may indicate a
new therapeutic target for this life-threatening
disorder.

UCM is a widely prevalent cardiovascular disease
in patients with end-stage renal disease and more
than 50% of dialysis patients died of cardiovascular
disease. Cardiac hypertrophy, 1 of the most key fea-
tures of UCM, is seen in approximately 75% of adult
patients at the onset of dialysis, and almost 100% of
patients after 5 years on dialysis (42–44). Under-
standing the molecular mechanism will contribute to
the development of clinical intervention strategies to
UCM. The FoxO family of transcription factors play a
key role in a number of cellular processes, including
cell growth, metabolism, and survival (15,45,46). In
murine hearts, FoxO3a overexpression inhibits car-
diac hypertrophy (47). Whether FoxO-dependent
signaling plays a role in UCM has not been deter-
mined. Here, our results for the first time showed that
decreasing FoxO3a signaling might be responsible for
the UCM changes.

Emerging evidence also suggested that inflamma-
tion and cardiomyocyte apoptosis play critical roles in
the development of UCM (1,48,49). Recently, nec-
roptosis was also proposed as a mechanism for car-
diomyocyte injury under ischemia and oxidative
stress condition, both of which are common stress
states in UCM (50). Apoptosis is usually evidenced by
FIGURE 6 Continued

(A) Exosomes harvested from the medium of cultured macrophages (RA

cardiomyocytes for 24 h. (B) Macrophage original exosome was verified

130 nm. (C) Western blot for Alix, CD9, and CD63 exosome markers. (D

(E) qRT-PCR analysis of miR-155 relative folds to U6 expression is shown

and FoxO3a protein. (G) Graphic presentation shows the relative abundan

normalization with GAPDH (n ¼ 3 per group). (H) Pyroptosis, as evidenc

experiments in cardiomyocytes treated with macrophage-derived exosom

Scale bars: 100 nm (B). #p < 0.05 versus 5% US, *p < 0.05 versus 5%

qRT-PCR ¼ quantitative real-time polymerase chain reaction; US ¼ urem
detecting apoptotic markers (e.g., TUNEL and cleaved
caspase-3). However, apoptosis markers are now
recognized to be nonspecific. It has been shown that
TUNEL-labeled cells undergo both necroptosis and
proptosis, and that cleaved caspase-3 activates
pyroptosis rather than apoptosis through the related
protein, gasdermin E (51). In this study, we showed
that pyroptosis in cardiomyocytes was markedly
increased following uremic challenge both in vivo
and in vitro. These findings raise the possibility that
cardiomyocyte death previously attributed to
apoptosis in UCM might alternatively represent
pyroptosis. More important, inhibiting pyroptosis
with caspase 1 inhibitor also improved cardiac hy-
pertrophy and fibrosis, suggesting pyroptosis could
be served as a potential intervention target in UCM. In
the current study, overexpression of FoxO3a in the
heart of uremic mice showed less pyroptosis, which is
consistent with a previous study that FoxO3a nega-
tively regulated cardiomyocyte pyroptosis through
apoptosis repressor with caspase recruitment
domain/caspase-1/IL-1b signaling under hyperglyce-
mic conditions (19).

miRs are small noncoding RNAs that bind 3’-UTRs
of target mRNAs to repress the translation process
without influencing the mRNA level (20). In our
study, knockdown of miR-155 with specific inhibitor
or miR-155–deficient mice showed that FoxO3a levels
were partially restored and attenuated cardiomyocyte
pyroptosis, hypertrophy, and fibrosis in uremic mice.
Consistently, it has been reported that miR-155
knockout mice protect the heart from pathologic
cardiac hypertrophy (52). The aforementioned results
suggest an important positive role for the miR-155/
FoxO3a axis inducing pyroptosis in UCM.

miRs are processed from hairpin-containing pri-
mary transcripts (53). miR-155 is encoded and co-
expressed from the noncoding RNA gene, BIC, and
is highly expressed in macrophages (54). MiR-155 has
been reported to be expressed in atherosclerotic pla-
ques and proinflammatory macrophages in the car-
diovascular system (34). In the present study, our
W264.7) were labeled with PKH67 and added to primary

by transmission electron microscopy, ranging in size from 80 to

) PKH67 labeled exosomes introduced into primary cardiomyocytes.

(n ¼ 3 per group). (F) Levels of Gsdmd p30, Caspase 1, IL-1b, IL-18,

ce levels of Gsdmd p30, caspase-1, IL-1b, IL-18, and FoxO3a after

ed by caspase-1 and PI double-positive cells in flow cytometry

es in the presence or absence of miR-155 inhibitor (n ¼ 3 per group).

US plus macrophage exosome. PI ¼ propidium iodide;

ia serum; other abbreviations as in Figures 1 and 2.



FIGURE 7 Blockade of Exosome Secretion With GW4869 Improves Cardiomyocytes Pyroptosis and UCM
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FIGURE 8 Working Model of Macrophage-Derived Mir-155–Containing Exosomes Promote Cardiomyocyte Pyroptosis by Directly

Targeting Foxo3a in UCM

miR-155 was synthesized and loaded into exosomes in increased infiltration of macrophages in uremic heart. The released exosomal fusion

with the plasma membrane leads to the release of miR-155 into the cytosol and translational repression of FoxO3a in cardiomyocytes. Finally,

macrophage-derived miR-155–containing exosomes promoted cardiomyocyte pyroptosis and UCM changes (cardiac hypertrophy and fibrosis)

by directly targeting FoxO3a in uremic mice. Abbreviations as in Figures 1 and 2.
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results suggest that the increase of miR-155 within
cardiomyocytes is originally from infiltrated macro-
phages. A previous study has shown that removal of
miR-155 in macrophages reduces cardiac hypertrophy
and cardiac dysfunction following pressure overload
(55). Our results suggested that macrophage-derived
miR-155 might be 1 of the key mechanisms of car-
diac hypertrophy and pyroptosis in uremic cardio-
myopathy. How the macrophage-derived miR-155
enters cardiomyocytes to regulate pyroptosis and
FIGURE 7 Continued

(A) Uremic mice were injected with GW4869 to block exosome secretio

staining of caspase 1. (C) Quantification of caspase-1 expression in heart

Graphic presentation shows the relative abundance levels of caspase-1,

assay; the yellow arrows indicate TUNEL-positive cardiomyocytes. (G) Q

heart. (I) Summary of heart weight (n ¼ 6 per group) and (J) heart weigh

(L) Summary of myocyte size (n ¼ 6 per group). (M) Representative mi

the Trichrome-positive area (n ¼ 6 per group). Scale bars: 2 mm (F); 50

Figures 1 and 2.
hypertrophy in UCM changes is an interesting ques-
tion to us.

Exosomes are nanosized membrane macrovesicles
that have the capability to mediate cell-to-cell
communication through transporting cell compo-
nents (i.e., miRNA, mRNA, proteins, and DNA). Recent
studies have shown that exosomes released from
macrophages could be taken up locally by car-
diomyocytes, fibroblasts, endothelial cells, and other
organs (33,56). Increasing infiltration of macrophages
n. Overview of the experimental in vivo procedure. (B) Representative immunohistochemical

tissues (n ¼ 6 per group). (D) Levels of Gsdmd p30, caspase-1, IL-1b, and IL-18 proteins. (E)

IL-1b, IL-18, and Gsdmd p30 after normalization with GAPDH (n ¼ 6 per group). (F) TUNEL

uantification of TUNEL-positive cardiomyocytes (n ¼ 6 per group). (H) Gross morphology of

ts/body weights (n ¼ 6 per group). (K) Representative micrographs of sagittal sections (HE).

crographs of left ventricular sections (Trichrome). (N) Summary of semiquantification of

mm (B, K, M). #p < 0.05 versus control, *p < 0.05 versus uremic group. Abbreviations as in



PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: Ani-

mal studies have shown that both apoptosis and

inflammation is involved in the development of UCM.

This study raises the possibility that cardiomyocyte

death previously attributed to apoptosis in UCM might

alternatively represent pyroptosis. Macrophages not

only affect myocardial remodeling and inflammation

by secreting cytokines and initiating inflammatory

signals themselves, but also can amplify inflammatory

reactions and affect myocardial remodeling by pro-

moting the pyroptosis of myocardium through the

transfer of miR-155–containing exosomes in UCM.

TRANSLATIONAL OUTLOOK: Either inhibiting

miR-155 directly or blocking secretion from

macrophage-derived miR-155–containing exosomes

represent a novel therapeutic strategy for the man-

agement of UCM.
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is a typical feature of uremic hearts; however, the exact
role of macrophages in uremic hearts is still not clear.
In general, macrophages represent a major reservoir of
cytokines and inflammatory signals controlling car-
diomyocyte hypertrophy, survival, and contractility.
IL-1b and IL-18 released by inflammatory macrophages
enhance cardiomyocyte hypertrophy and exacerbates
cardiac dysfunction as well as fibrosis in infarcted and
non-infarcted heart. (57,58). In our study, blockade of
exosome secretion with GW4869 attenuated pyrop-
tosis and improved UCM in wild-type mice. Although
inhibiting secretion of exosomes with GW4869 in
general was not macrophage-specific or miR155-
specific, GW4869 did show the improvement in UCM
and cardiomyocytes pyroptosis in vivo. This result is
consistent with a previous study which showed that
blockade of exosome generation with GW4869
dampens the sepsis-induced inflammation and cardiac
dysfunction (41). Furthermore, macrophage-derived
miR-155–containing exosomes increased pyroptosis
in an miR-155–dependent manner in cultured car-
diomyocytes stimulated with uremic serum and
worsened pyroptosis and UCM in miR-155�/� mice.
These findings prompted us to propose a new mecha-
nism leading to cardiomyocyte pyroptosis and hyper-
trophy under uremic conditions involving the transfer
of exosomal miR-155 from macrophages to car-
diomyocytes. Therefore, in the case of uremic cardio-
myopathy, macrophages not only affect myocardial
remodeling and inflammation by secreting cytokines
and initiating inflammatory signals themselves, but
also can amplify inflammatory reactions and affect
myocardial remodeling by promoting the pyroptosis of
myocardium through the transfer of miR-155–con-
taining exosomes. For translational outlook, this new
preclinical study showed a unique set of finds that are
conceivably useful to inhibiting secretion from
macrophage-derived miR-155–containing exosomes
represents a novel therapeutic strategy for the man-
agement of UCM.
In summary, our study is the first to show that
pyroptosis is involved in the pathogenesis of UCM.
The striking finding of this study was the proof of
concept that infiltrated macrophages secreted miR-
155–enriched exosomes and promoted cardiomyocyte
pyroptosis by directly targeting FoxO3a in UCM.
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