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 The myocardial infarct-exacerbating effect of cell-free

DNA is mediated by the high-mobility group box
1ereceptor for advanced glycation end productseToll-like
receptor 9 pathway
Yikui Tian, MD,a,b Eric J. Charles, MD,a Zhen Yan, MD,c Di Wu, MS,a Brent A. French, PhD,c,d

Irving L. Kron, MD,a and Zequan Yang, MDa,d
ABSTRACT

Introduction: Damage-associated molecular patterns, such as high-mobility
group box 1 (HMGB1) and cell-free DNA (cfDNA), play critical roles in
mediating ischemia-reperfusion injury (IRI). HMGB1 activates RAGE to
exacerbate IRI, but the mechanism underlying cfDNA-induced myocardial IRI
remains unknown.We hypothesized that the infarct-exacerbating effect of cfDNA
is mediated by HMGB1 and receptor for advanced glycation end products
(RAGE).

Methods:C57BL/6 wild type mice, RAGE knockout (KO), and Toll-like receptor
9 KO mice underwent 20- or 40-minute occlusions of the left coronary artery
followed by up to 60 minutes of reperfusion. Cardiac coronary perfusate was
acquired from ischemic hearts without reperfusion. Exogenous mitochondrial
DNA was acquired from livers of normal C57BL/6 mice. Myocardial
infarct size (IS) was reported as percent risk region, as measured by
2,3,5-triphenyltetrazolium chloride and Phthalo blue (Heucotech, Fairless Hill,
Pa) staining. cfDNA levels were measured by Sytox Green assay (Thermo Fisher
Scientific, Waltham, Mass) and/or spectrophotometer.

Results: Free HMGB1 and cfDNA levels were increased in the ischemic
myocardium during prolonged ischemia and subsequently in the plasma dur-
ing reperfusion. In C57BL/6 mice undergoing 400/600 IRI, deoxyribonuclease
I, or anti-HMGB1 monoclonal antibody reduced IS by approximately half to
29.0% � 5.2% and 24.3% � 3.5% (P < .05 vs control 54.3% � 3.4%).
However, combined treatment with deoxyribonuclease I þ anti-HMGB1
monoclonal antibody did not further attenuate IS (29.3% � 4.9%). In
C57BL/6 mice undergoing 200/600 IRI, injection of 400/50 plasma upon re-
perfusion increased IS by more than 3-fold (to 19.9 � 4.3; P < .05).
This IS exacerbation was abolished by pretreating the plasma with deoxyri-
bonuclease I or by depleting the HMGB1 by immunoprecipitation, or by
splenectomy. The infarct-exacerbating effect also disappeared in RAGE
KO mice and Toll-like receptor 9 KO mice. Injection of 400/00 coronary
perfusate upon reperfusion similarly increased IS. The levels of HMGB1
and cfDNA were significantly elevated in the 400/00 coronary perfusate
and 400/reperfusion (min) plasma but not in those with 100 ischemia. In
C57BL/6 mice without IRI, 400/50 plasma significantly increased the
interleukin-1b protein and messenger RNA expression in the spleen by
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Central Message

HMGB1 and cfDNA are released from the

heart upon reperfusion after ischemia and

contribute importantly and interdependently

to the reperfusion injury by a common

RAGE-TLR9-dependent mechanism.
Perspective

HMGB1 and cfDNA are released from

infarcted myocardium into the bloodstream

during reperfusion and mediate inflammatory

response and exacerbate infarct size via

activating splenic RAGE-TLR9 pathway.

Depletion of either HMGB1 or cfDNA upon

reperfusion suffices to abrogate the reperfusion

injury. These results will help to develop novel

therapeutical strategies to reduce myocardial

reperfusion injury.
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Abbreviations and Acronyms
cfDNA ¼ cell-free DNA
DAMP ¼ Damage-associated molecular pattern
DNase I ¼ deoxyribonuclease I
HMGB1 ¼ high-mobility group box 1
IL ¼ interleukin
IRI ¼ ischemia-reperfusion injury
IS ¼ infarct size
KO ¼ knockout
LCA ¼ left coronary artery
mAb ¼ monoclonal antibody
mtDNA ¼ mitochondrial DNA
PBS ¼ phosphate buffered saline
RAGE ¼ receptor for advanced glycation end

products
rHMGB1 ¼ recombinant high-mobility group box 1
RR ¼ risk region
TLR9 ¼ Toll-like receptor 9
TTC ¼ 2,3,5-triphenyltetrazolium chloride
WT ¼ wild type

Scanning this QR code will
take you to the article title
page to access supplementary
information.

30 minutes after injection. Intravenous bolus injection of re-
combinant HMGB1 (0.1 mg/g) or mitochondrial DNA
(0.5 mg/g) 5 minutes before reperfusion did not exacerbate
IS (P ¼ not significant vs control). However, combined
administration of recombinant HMGB1 þ mitochondrial
DNA significantly increased IS (P < .05 vs individual
treated groups) and this infarct-exacerbating effect
disappeared in RAGE KO mice and splenectomized
C57BL/6 mice. The accumulation of cfDNA in the spleen
after combined recombinant HMGB1 þ mitochondrial
DNA treatment was significantly more elevated in
C57BL/6 mice than in RAGE KO mice.

Conclusions: Both HMGB1 and cfDNA are released from
the heart upon reperfusion after prolonged ischemia
and both contribute importantly and interdependently
to post-IRI by a common RAGE-Toll-like receptor
9edependent mechanism. Depleting either of these 2
damage-associated molecular patterns suffices to
significantly reduce IS by approximately 50%. (J Thorac
Cardiovasc Surg 2019;157:2256-69)
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Cell-free DNA (cfDNA) is increased in a variety of diseases,
including myocardial infarction and contributes to
inflammatory responses. Necrotic cardiomyocytes release
DNA, predominantly mitochondrial DNA (mtDNA), that
contribute to myocardial ischemia-reperfusion injury
(IRI).1-3 It has been reported that circulating DNA plays
important roles in mediating inflammatory responses and
inducing myocardial IRI.4 Blocking either high-mobility
group box 1 (HMGB1) or cfDNA suffices to protect the heart
against myocardial IRI.1,5,6 Prolonged ischemia results in
myocardial necrosis, and our recent studies demonstrate
that necrotic cardiomyocytes release HMGB1 into the
bloodstream during reperfusion to activate splenic
leukocytes via receptor for advanced glycation end
products (RAGE). The activated splenic leukocytes
then invade the heart to exacerbate myocardial infarct
size.7 However, the relationship between HMGB1 and
cfDNA in exacerbating myocardial IRI remains to be
elucidated.
The aim of current study was to define the role of

ischemic cardiomyocyte-released cfDNA in exacerbating
myocardial infarct size during reperfusion. Furthermore,
the collective effect of HMGB1 and cfDNA in mediating
IRI was investigated. We hypothesized that upon
reperfusion, both HMGB1 and cfDNA are flushed out of
necrotic cardiomyocytes and into the bloodstream, where
they function as damage-associated molecular patterns
(DAMPs), not only to promote systemic inflammatory
responses in general, but also more specifically to activate
the splenic leukocytes responsible for exacerbating
myocardial IRI and ultimately infarct size.

METHODS
This study conformed to the Guide for the Care and Use of Laboratory

Animals published by the National Institutes of Health and was conducted

under protocols approved by the University of Virginia’s Institutional

Animal Care and Use Committee.

AGENTS
Sodium pentobarbital, deoxyribonuclease I (DNase I)

and 2,3,5-triphenyltetrazolium chloride (TTC) were
purchased from Sigma-Aldrich (St Louis, Mo). Sytox green
and mouse recombinant HMGB1 from Thermo Fisher
Scientific (Waltham, Mass), anti-HMGB1 monoclonal
antibody (mAb) from Abcam (Cambridge, Mass), and
IL-1b mAb from BD Biosciences (San Jose, Calif).

Animals and Experimental Protocols
C57BL/6 wild type (WT) mice and Toll-like receptor

9 (TLR9) knockout (KO) (aged 9-11 wk, purchased from
The Jackson Laboratory, Bar Harbor, Me) and RAGE KO
mice8 were randomly assigned to either IRI groups or sham
surgery group. RAGE KO mice were backcrossed onto
diovascular Surgery c Volume 157, Number 6 2257



VIDEO 1. Surgical procedure to induce myocardial ischemia/reperfusion

injury in mouse. Video available at: https://www.jtcvs.org/article/S0022-

5223(18)32547-9/fulltext.
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C57BL/6 for 10 generations and thus were congenic with
C57BL/6.

Splenectomy
As described previously,9,10 mice were anesthetized with

sodium pentobarbital (80 mg/kg intraperitoneal) and orally
intubated. Artificial respiration was maintained with an
inspired oxygen fraction of 0.80, 120 strokes per minute,
and a stroke volume at 1.0 mL/g weight. A small midline
abdominal incision was made and the peritoneal cavity
entered. The spleen was located and brought to the
incision. The hilum was clamped and ligated with 3-0 silk
and the spleen excised. The incision was closed in 2
layers using 5-0 prolene sutures. The mice then
underwent further procedures as described below.

Myocardial IRI and Measurement of Infarct Size
In previous work, we established that myocardial infarct

size (IS) as measured by late-gadolinium enhanced
magnetic resonance imaging at 60 minutes of reperfusion
attains 95% of the size measured by the same method at
24 hours postreperfusion in mice.9,11 We therefore used
60 minutes of reperfusion in the present study. The left
coronary artery (LCA) of WT, TLR9 KO, and RAGE KO
mice was ligated for durations of 10, 20, or 40 minutes to
impose graded levels of ischemia followed by 0 or up to
60 minutes of reperfusion as detailed previously.11-14 The
duration of ischemia/reperfusion is denoted as ‘‘minutes
(0)/minutes (0).’’ Briefly, mice were anesthetized with
sodium pentobarbital (80 mg/kg intraperitoneal) and
orally intubated. The heart was exposed through a left
thoracotomy. The LCA was identified under a dissecting
microscope. An 8-0 prolene suture was placed around the
LCA at a level 1 mm inferior to the left auricle. Ischemia
was induced by securing a suture over a piece of PE-60
tubing (Becton Dickison and Company, Sparks, Md)
placed parallel to the LCA, and reperfusion was achieved
by removing the tube. Successful ligation of the LCA was
confirmed by blanching in the ischemic zone, with color
change from pink to gray (Video 1). For the study of infarct
size, mice were killed 60 minutes after reperfusion, and
explanted hearts were cannulated through the ascending
aorta for perfusion with 3 mL of 1.0% TTC. The LCA
was then reoccluded with the same suture used for coronary
occlusion before 10% Phthalo blue (Heucotech, Fairless
Hill, Pa) perfusion to determine risk region (RR). The left
ventricle was then cut into 5 to 7 transverse slices that
were weighed and digitally photographed to determine IS
as %RR.12,13

Preparation of Cardiac Coronary Perfusate
C57BL/6 WT mice underwent either 10 minutes or

40 minutes of LCA occlusion. At the end of the index
ischemia without initiation of reperfusion, the blood was
2258 The Journal of Thoracic and Cardiovascular Sur
acquired and the heart was harvested. The explanted hearts
were cannulated through the ascending aorta for perfusion
with 500 mL phosphate buffered saline (PBS) at 37�C.
This same perfusate was used again to perfuse the heart 4
times before final collection of the perfusate (up to
300 mL, during 1 minute) for use in the recipient mice.
Cardiac coronary perfusate was administered 5 minutes
before reperfusion as an intravenous bolus at a dose of
2 mL/g recipient mouse body weight.

Preparation of mtDNA
Extraction of mtDNA. The mtDNA was generated from
the livers of normal mice (mtDNA donor) and from the
hearts of mice subjected to IRI. Mitochondria were isolated
from livers or hearts using the Mitochondria Isolation Kit
for Tissue (Thermo Fisher Scientific) according to the
manufacturer’s protocol. DNA was immediately isolated
from mitochondria using the DNeasy Blood and Tissue
Kit (Qiagen, Santa Clarita, Calif). Eluted DNA was
immediately sonicated 10 times with a Vibra-Cell sonicator
(Sonics and Materials, Newtown, Conn), each sonication
lasting 30 seconds and separated from the next by a
30-second sonication-free interval, to produce mtDNA
fragments of 50 to 150 base pairs. Aliquots were stored at
e20�C.
mtDNA quantification. The mtDNA extracted from livers
and hearts were quantitatively measured using a Nanodrop
2000 Spectrophotometer (Thermo Fisher Scientific).

Western Blot Analysis
HMGB1 levels in cardiac perfusate and plasma were

assessed by Western blot analysis as previous described.14

Briefly, cardiac perfusate and blood samples were obtained
and centrifuged at 1600 g for 20 minutes. Total protein
concentrations were determined by BCA Protein Assay
Kit (Thermo Fisher Scientific). Twenty micrograms of
protein were separated by 10% sodium dodecyl
sulfate polyacrylamide gel electrophoresis. After transfer,
nitrocellulose membranes (Bio-Rad, Hercules, Calif) were
probed with primary antibodies against HMGB1 (Abcam)
gery c June 2019

https://www.jtcvs.org/article/S0022-5223(18)32547-9/fulltext
https://www.jtcvs.org/article/S0022-5223(18)32547-9/fulltext


Tian et al Adult: Coronary: Basic Science

A
D
U
L
T

at a 1:2000 dilution and secondary antibodies (Promega,
Madison, Wis) at a 1:5000 dilution in blocking solution
(0.5% bovine serum albumin in tris-buffered saline
with Tween). Proteins were visualized with enhanced
chemiluminescent substrate (Thermo Fisher Scientific)
followed by densitometry using a Fluorchem 8900 imaging
system (Alpha Innotech, Santa Clara, Calif).

Immunoprecipitation of HMGB1
Depletion of HMGB1 in plasma was achieved by

immunoprecipitation with a Dynabeads Protein A
Immunoprecipitation Kit (Life Technologies, Grand Island,
NY) according to the manufacturer’s instructions.7 Briefly,
the HMGB1 antibody (10 mg in 200 mL binding buffer) was
preincubated with Dynabeads Protein A for 15 minutes at
room temperature. Then, 100 mL 400/50 plasma was mixed
with the Dynabeads for 1 hour at room temperature, and
the supernatant was collected for use. Western blot analysis
was used to confirm efficient HMGB1 depletion. Rabbit
immunoglobulin G was used as a negative control for this
analysis.

Enzyme-Linked Immunosorbant Assay of
Interleukin-1b in the Plasma and Splenic Tissue

Levels of interleukin (IL)-1b protein present in splenic
tissue homogenates and plasma samples were measured
using IL-1b Mouse ELISA Kit (Thermo Fisher Scientific)
according to manufacturer’s protocol.

Measurement of Tissue and Plasma cfDNA by Sytox
Green

Sytox Green binds nucleic acids with minimal base
selectivity. It does not cross intact membranes. It exhibits
a >500-fold fluorescence enhancement upon binding
nucleic acids, with an emission peak of 523 nm when
excited by a 450 to 490 nm.
Evaluation of plasma or perfusate cfDNA by ex vivo
Sytox Green administration. Fifty microliters of plasma
(1:5 diluted) or coronary perfusate (1:5 diluted) were mixed
with 50 mL 2 mM Sytox Green dye in a 96-well plate. After
incubation at 37�C for 60 minutes, the plate was scanned on
a fluorescence microplate reader (SpectraMax Gemini XS;
Molecular Devices, Sunnyvale, Calif).
Evaluation of tissue cfDNA by in vivo Sytox Green
administration. Sytox Green dye was injected intrave-
nously at a bolus dose of 50 mL 1-mMSytox Green 1minute
before reperfusion. The heart was harvested 30 minutes
after injection in sham mice, and 5 minutes, 15 minutes,
or 30 minutes following reperfusion in ischemic mice.
The left ventricle was cut into anterior wall (ischemic)
and posterior wall (nonischemic) sections. The LV sections
were then imaged using an IVIS Lumina Imaging System
(PerkinElmer, Akron, Ohio) at the appropriate wavelength.
The left ventricle sections were then homogenized in PBS
The Journal of Thoracic and Car
buffer and centrifuged at 14,000 rpm at 4�C for 10 minutes.
The protein contents of the homogenates were determined,
and they were diluted as appropriate (approximately 1:50)
in PBS to normalize protein content between samples.
The dilutions were then loaded onto a 96-well plate and
fluorescence at 523 nm was measured using a fluorescence
microplate reader.

Measurement of DNA in Tissues Using
Spectrophotometer
mtDNA was extracted from the heart tissue and total

cytosolic DNA was extracted from the spleen. The levels
of mtDNA or total DNAwere quantitated using a Nanodrop
2000 Spectrophotometer (Thermo Fisher Scientific).

Quantitative Reverse Transcriptase-Polymerase
Chain Reaction Analysis
Splenic mRNA levels of IL-1b were assessed

by quantitative reverse transcriptase-polymerase chain
reaction. In brief, total RNA was isolated from spleens
using the RNeasy Mini Kit (Qiagen) according to
the manufacturer’s instructions. Complementary DNA
standards were purchased from Bio-Rad Laboratories and
actin was selected as a housekeeping gene for reference.
Messenger RNA levels were quantified using the 2(eDDCt)
relative quantification method as previously described.7,15

Statistical Analysis
All data are presented as mean � standard error of the

mean. Groups were compared using 1-way analysis of
variance followed by t test for unpaired data with
Bonferroni correction.

RESULTS
Depletion of Either HMGB1 or cfDNA Reduced
Myocardial IRI, but No Additive Effect in Protection
When Both Were Depleted
C57BL/6 WT mice underwent 40 minutes of ischemia

and 60 minutes of reperfusion. Anti-HMGB1 mAb at a
dose of 1 mg/g body weight or DNase I at a dose of
30 mU/g body weight administered 5 minutes before
the onset of reperfusion reduced IS (reported as %RR)
by approximately half to 24.3% � 3.5% and
29.0% � 5.2%, respectively (P < .05 vs control
54.3% � 3.4%). However, combined treatment with both
DNase I and anti-HMGB1 mAb did not further attenuate
IS (29.3% � 4.9%; P value not significant vs individually
treated group). RRs were equal among all groups (Figure 1,
A, and Figure E1). In control mice with 400/50 IRI, plasma
was harvested at 5 minutes after reperfusion. Aliquots of
plasma were treated either with PBS (1 mL/mL plasma),
DNase I (1 mU/mL plasma), or proteinase K (0.02 mg/mL
plasma). The DNase I treatment did not reduce plasma
levels of HMGB1 (P value not significant vs PBS-treated)
diovascular Surgery c Volume 157, Number 6 2259
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FIGURE 1. A, Role of high-mobility group box 1 (HMGB1) or cell-free DNA (cfDNA) in myocardial ischemia-reperfusion injury (IRI). C57BL/6 mice

underwent 40 minutes of ischemia and 60 minutes of reperfusion. Phatho blue (Heucotech, Fairless Hill, Pa) was used to stain the heart for delineation of

infarct size (% of risk region), ischemic risk region (% of left ventricle). Anti-HMGB1 monoclonal antibody at a dose of 1 mg/g mouse weight or

dioxyribonuclease I (DNase I) at a dose of 30 mU/g mouse weight administered 5 minutes before the onset of reperfusion. B, Effect of cfDNA depletion

on plasma HMGB1. C, Effect of protein depletion on plasma cfDNA. NS, Not significant; PBS, phosphate buffered saline.
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(Figure 1, B). After using proteinase K to digest proteins
(including HMGB1) in the plasma, plasma cfDNA
exhibited a small but significant increase of 14.6%
(P<.05 vs PBS-treated) (Figure 1, C).

Ischemic Myocardium Releases Free HMGB1 and
cfDNA Into the Bloodstream During Reperfusion

C57BL/6 WT mice underwent either sham thoracotomy
without IRI, or 40 minutes of LCA occlusion. After
40 minutes of ischemia, the ischemic region of the heart
showed higher cfDNA fluorescence intensity compared
with the nonischemic region under IVIS Lumina
fluorescence imaging. The posterior wall showed a similar
low intensity across all groups (Figure 2, A). Homogenates
of these same left ventricular sections showed significantly
increased cfDNA in the anterior walls of the IRI groups but
not in the posterior walls upon fluorescence imaging. The
cfDNA levels appeared to peak at 15 minutes after
reperfusion (Figure 2, B). Parallel groups of C57BL/6 WT
2260 The Journal of Thoracic and Cardiovascular Sur
mice underwent sham thoracotomy, as well as 400/50 and
400/150 ischemia/reperfusion. Hearts were harvested and
cfDNA was extracted from the left ventricle posterior and
anterior walls. The cfDNA levels in the posterior wall
were similar among the sham and ischemia/reperfusion
groups. At the end of 400/50 ischemia/reperfusion,
anterior wall cfDNA was significantly increased to
0.66 � 0.04 mg/g protein (P< .05 vs sham anterior wall,
0.33 � 0.01 mg/g). At 15 minutes after reperfusion, cfDNA
in the anterior wall increased further to 1.17 � 0.13 mg/g
(P< .05 vs sham and 400/50 group), but no increase was
detected in the posterior wall (Figure 2, C).

Cardiac coronary perfusates from 100/00 hearts showed
a modest but significant increase in levels of HMGB1 but
not cfDNA. In contrast, 40 minutes of ischemia robustly
increased both HMGB1 and cfDNA levels in the cardiac
perfusates (P<.05 vs sham and 100/00 groups, Figure 3, A
and B). Plasma isolated from 400/00 mice had similar
levels of HMGB1 as plasma from sham animals. Plasma
gery c June 2019
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isolated from 100/300 mice showed a small but significant
increase in HMGB1 levels compared with sham and
400/00 plasma (P<.05). HMGB1 levels in 400/300 plasma
were far more significantly increased to more than 4
times that observed in other groups. There was no
The Journal of Thoracic and Car
increase in the plasma cfDNA in sham, 100/300, or
400/00 groups (P value not significant). However, there
was a >10-fold increase in plasma cfDNA in 400/300

mice compared with any other group (P < .05)
(Figure 3, C and D).
diovascular Surgery c Volume 157, Number 6 2261
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Exogenous Cardiac Coronary Perfusate From 40
Minutes Ischemic Mice Exacerbated Myocardial IS
in 200/600 Mice

Cardiac perfusatewas acquired from100/00 or 400/00 hearts
of C57BL/6 WT mice. The cardiac perfusate was used to
treat 3 groups of C57BL/6 WT mice that underwent
20 minutes of ischemia and 60 minutes of reperfusion.
The mice treated with 100/00 perfusate had an IS of
5.1% � 1.0%. The mice treated with 400/00 perfusate had
significantly increased IS when compared with control
mice (12.8% � 2.9%; P < .05 vs control). The
IS-exacerbating effect of 400/00 perfusate disappeared in
splenectomized mice (5.5% � 1.1%) (Figure 4). Risk
regions were similar among all groups (Figure E2).

Exogenous Plasma From 400/50 Ischemia/Reperfusion
Mice Exacerbated Myocardial IS in 200/600 Mice

Plasma was acquired from 100/50 or 400/50 ischemia/
reperfusion C57BL/6 WT mice. The 400/50 plasma was
treated either with immunoprecipitation to deplete the
HMGB1 or with DNase I (1 mU/mL plasma) to deplete
the cfDNA. The 400/50 plasma significantly exacerbated IS
when compared with control mice treated with 100/50
2262 The Journal of Thoracic and Cardiovascular Sur
plasma (19.9% � 4.3% vs 1.9% � 0.5%; P < .05).
The infarct-exacerbating effect of 400/50 plasma
disappeared in splenectomized WT mice, RAGE KO
mice, and TLR9 KO mice and (2.6% � 0.8%,
2.1% � 0.6%, and 4.2% � 1.3%; P values not significant
vs control mice). The infarct-exacerbating effect of 400/50

plasma also disappeared if either HMGB1 or cfDNA was
depleted from it (Figure 5, A). Corresponding TTC blue
staining of the heart delineated larger IS in 400/50

plasma-treated WT mice than in the rest groups (Figure 5,
A, upper panel). Risk regions were similar among all groups
(Figure E3).

The 400/50 plasma deficient of HMGB1 by immuno-
precipitation contained had significantly less cfDNA by
15% compared with untreated 400/50 plasma (P < .05)
(Figure 5, B). Plasma treated with proteinase K had
significantly increased cfDNA by 14% (P < .05)
(Figure 5, B). Precipitated HMGB1 from the 400/50 plasma
contained barely detectable cfDNA (P < .05 vs
HMGB1-depleted plasma and P value not significant vs
blank). However, after digesting the HMGB1 with
proteinase K, the cfDNA level more than doubled
(P<.05) (Figure 5, B).
gery c June 2019
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Exogenous Plasma From 400/50 Ischemia/Reperfusion
Mice Activated the Splenic Leukocytes

Three groups of normal mice were treated with either
PBS, 100/50 plasma, or 400/50 plasma. The exogenous
400/50 plasma significantly increased splenic tissue
expression of IL-1b protein and messenger RNA (P<.05
vs 100/50 plasma-treated mice) (Figure 6).
Role of Exogenous HMGB1 and mtDNA in
Myocardial Infarct Exacerbation in 200/600 Mice

C57BL/6 WT mice and RAGE KO mice underwent
200/600 ischemia/reperfusion and were treated upon
reperfusion with either mouse recombinant HMGB1
(rHMGB1) at a dose of 0.1 mg/g mouse weight and/or
mtDNA at a dose of 0.5 mg/g mouse weight. Neither
rHMGB1 nor mtDNA could exacerbate IS in C57BL/6
WT mice when the individual aged was administered alone
(6.0%� 0.9% and 3.0%� 1.4% vs control 4.3%� 0.6%;
P value not significant). However, combined treatment with
both rHMGB1 andmtDNA dramatically increased IS 2-fold
(16.1% � 3.5%; P<.05). The infarct-exacerbating effect
of this combined treatment disappeared in RAGE KO
mice and splenectomized WT mice and (4.4% � 1.4%
and 3.7% � 1.4%; P value not significant vs control)
(Figure 7, A). Risk regions were similar among all groups
(Figure E4).

To investigate whether HMGB1/RAGE pathway
facilitates the cfDNA entering the splenic leukocytes,
parallel groups of WT and RAGE KO mice were treated
with PBS, rHMGB1, and/or WT normal liver mtDNA.
Splenic tissue cfDNA levels were evaluated 30 minutes
after intravenous injection. Treatment with rHMGB1 did
not increase splenic cfDNA when compared with
PBS-treated mice (P value not significant). Treatment
The Journal of Thoracic and Car
with mtDNA significantly increased the splenic cfDNA
level by 3.6% when compared with treatment of HMGB1
(P<.05). A significantly more increase in splenic cfDNA
was found after combined treatment with both rHMGB1
and mtDNA, increased by 9.2% when compared with
HMGB1 alone (P < .05) and by 5.4% when compared
with mtDNA alone (P< .05). This additional increase in
cfDNA with combined treatment disappeared in RAGE
KOmice (P<.05 when compared with combined treatment
in WT mice) (Figure 7, B). The plasma cfDNA was not
detectable by Spectrophotometer. Using Sytox Green
probe, the plasma cfDNA were evaluated and found no
difference across all groups with or without mtDNA
treatment (P value not significant) (Figure 7, C).

DISCUSSION
The present study demonstrates, for the first time, that

the post-IRI is triggered by the index ischemic
myocardial injury. Necrotic ischemic myocardial injury
is prerequisite for postischemic reperfusion necrotic
injury. Necrotic cardiomyocytes release DAMPs that
enter into the circulation, activate the spleen to
exacerbate inflammatory response, and eventually
exacerbate IS during reperfusion. Among the DAMPs,
both HMGB1 and cfDNA play critical roles in
exacerbating infarction during postischemic reperfusion.
The current study demonstrated that both HMGB1 and
cfDNA are indispensable in activating the inflammatory
response by engaging to a pathway dependent on RAGEs
and TLR9. Depletion of either HMGB1 or cfDNA upon
reperfusion suffices to abrogate the post-IRI.
Increasing body of evidence implicates the acute

inflammatory response as a contributor to reperfusion
injury.12,13,16-19 Necrotic cardiomyocytes release DAMPs,
including HMGB1, heat shock protein 60/70, S100,
and mtDNA.7,20-24 DAMPs mediate intense innate
inflammatory response by acting on TLR 2, 4, and 920-23,25

and/or RAGEs.24,26 Individual members of the DAMPs,
like HMGB1,7,26,27 S100,21,24 HSP60/70,28 or mtDNA,1,6

contributes importantly to myocardial IRI. However, the
cross-talk among DAMPs in myocardial IRI remains
unknown. It has been demonstrated that HMGB1 plays an
important role in mediating myocardial IRI. Our previous
study showed that prolonged ischemia produces myocardial
necrosis necessary to release high levels of HMGB1, which
then enter the bloodstream during reperfusion. The
circulating HMGB1 activates splenic leukocytes by
engaging RAGE, which ultimately induces the stimulation
of neutrophils and neutrophilia. The circulating neutrophils
then transmigrate to the previously ischemic myocardium
and exacerbate myocardial infarction.7 Blockade of
HMGB1-RAGE pathway attenuates myocardial infarc-
tion.7,27,29 Other members of DAMPs—cfDNA/mtDNA—
have attracted increased attention for their role in the
diovascular Surgery c Volume 157, Number 6 2263
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cardiovascular system.2,20,30 Elevated cfDNA has negative
prognostic survival in patients with cardiac arrest30 and
myocardial infarction.3,31 Patients with acute myocardial
2264 The Journal of Thoracic and Cardiovascular Sur
infarction have elevated cfDNA, especially mtDNA.2

Animal experiments confirm the clinical findings and
demonstrate that cfDNA contributes importantly to
gery c June 2019
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myocardial IRI. Furthermore, degradation of cfDNA
attenuates myocardial IRI.1,5,6 Taken together, both
HMGB1 and cfDNA are found to mediate myocardial IRI.
Whether these 2 DAMPs work sequentially or parallel in
mediating myocardial IRI is unknown. In the current
study, we show that treatment upon reperfusion with either
HMGB1 mAb or DNase I similarly attenuated myocardial
IS in mice who underwent 400/600 IRI. However, double
treatment did not produce additional more reduction in
myocardial IS when compared with the individual
treatment (Figure 1). Degrading cfDNA did not alter the
concentration of plasma HMGB1 (Figure 1, B). Digesting
plasma HMGB1 may slightly increase cfDNA by 15%
(Figure 1, C, and Figure 5, B), indicating 85% of cfDNA
is not bound to HMGB1. Degrading either HMGB1 or
cfDNA will not significantly decrease their counterpart’s
levels in the plasma. The results indicate that HMBG1 and
cfDNA might work either sequentially on a pathway or
confluent on a final common target and they are
indispensable components of a signal transduction inducing
post-IRI. Blockage either HMGB1 or cfDNA sufficed to
interrupt the signal pathway and attenuated myocardial
infarction.
The Journal of Thoracic and Car
It is clear that necrotic cardiomyocytes release DAMPs. It
is unclear whether the heart releases the components of the
DAMPs simultaneously or not. Furthermore, whether the
heart is the only source of DAMPs in the blood during
IRI remains unknown. Our previous work has established
that myocardial infarct size at 60 minutes of reperfusion
attains 95% of the size at 24 hours postreperfusion in
mice.9,11 The inflammatory response during the first hour
of reperfusion is critical to induce post-IRI.7,9 We have
also shown that necrotized cardiomyocytes during
ischemia release HMGB1 to the bloodstream that
subsequently activates splenic leukocytes and triggers
inflammatory response during reperfusion.7 Again in the
current study, we found that freeform HMGB1 was
increased in cardiac coronary perfusate with prolonged
ischemia (40 minutes) and the plasma HMGB1 was not
elevated until reperfusion occurred (Figure 3, upper panel).
There was slightly increase in HMGB1 of the cardiac
perfusate and plasma in 100/50-300 mice. But this increase
is likely due to active secretion from residential
inflammatory cells, because 10 minutes of ischemia did
not induce infarction7 and did not release cfDNA
(Figure 3, lower panel). Corresponding elevation of cfDNA
was found in the 40-minute ischemic cardiac coronary
perfusate and 400/300 plasma but not in the 10-minute
ischemic heart or plasma (Figure 3, lower panel). These
results demonstrated that the dramatic increases in
myocardial tissue freeform HMGB1 and cfDNA following
prolonged ischemia occurs simultaneously and are
secondary to myocardial cellular necrosis and nuclear
breakdown. Elevation of cfDNA may be more indicative
of myocardial necrosis than HMGB1. The results also
indicated that the elevated HMGB1 and cfDNA levels in
plasma are derived solely from the ischemic heart. By
measuring the myocardial tissue cfDNA, we found that
cfDNA in the left ventricle posterior wall, nonischemic
zone, was low and unchanged during reperfusion. However,
cfDNA in the anterior ischemic zone elevated significantly
and peaked within 15 minutes of reperfusion. Quantitative
evaluation of cfDNA showed similar changes in the
posterior and anterior wall (Figure 2, B and C). Similar
trend of changes in the intact heart also found in the
fluorescent density as measured by IVIS Lumina Imaging
System (Figure 2, A). These results demonstrate that the
necrotized myocardium releases cfDNA, which is further
aggravated as myocardial infarction accrues during
reperfusion.
Our previous study has shown that myocardial

homogenate from 400/00 heart exacerbates IS of mice with
200/600 ischemia/reperfusion.7 In the current study, we found
that cardiac coronary perfusate from 400/00 heart or plasma
from 400/50 ischemia/reperfusion mice dramatically
increased the myocardial infarct size in 200/600 ischemia/
reperfusion mice and their infarct-exacerbating effect
diovascular Surgery c Volume 157, Number 6 2265
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FIGURE 7. Role of exogenous recombinant high-mobility group box 1 (rHMGB1) and mitochondrial DNA (mtDNA) in exacerbating myocardial infarct
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were treated upon reperfusion with either mouse rHMGB1 at a dose of 0.1 mg/g mouse weight and/or mouse mtDNA at a dose of 0.5 mg/g mouse weight.

A, Combined treatments 5 minutes before reperfusion exacerbated infarct size in C57BL/6 mice but not in RAGE KO or splenectomized C57BL/6 mice.

B, 30 minutes after treatment in mice without IR injury, combined treatments increased splenic tissue DNA level in C57BL/6 mice more significantly than
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disappeared inmicewithout the spleen and in RAGEKO and
TLR9 KO mice (Figure 4 and Figure 5, A). Furthermore,
pretreatment of the 400/50 plasma to deplete either HMGB1
2266 The Journal of Thoracic and Cardiovascular Sur
or cfDNA abrogates its effect of infarct exacerbation
(Figure 5, A). The total dose of DNase I was 1 mU/mL donor
plasma or 2 mU/g recipient mouse weight, which was
gery c June 2019



FIGURE 8. Schematic mechanism of the free high-mobility group box 1 (HMGB1) and cell-free DNA (cfDNA) complex in acute myocardial

ischemia-reperfusion injury. DNase I, Deoxyribonuclease I; RAGE, receptor for advanced glycation end products; TLR9, Toll-like receptor 9.
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significantly less than that was used for global treatment
(30 mU/g) (Figure 1), and at this lower dose, DNase I did
not attenuate infarct size in 400/600 ischemia/reperfusion
mice (Figure E5). These results further confirmed that the
ischemically necrotized cardiomyocytes released HMGB1
and DNA simultaneously into the bloodstream and these 2
substances worked together to elaborate an enhanced
inflammatory response by activating the spleen (Figure 6)
and eventually exacerbate myocardial infarct size
(Figure 5, A). Again, no reperfusion injury will occur if
missing any 1 of the 2 substances in the circulation.

Circulating DNA immune complex plays critical roles in
many immune diseases. In the present study, a 15% of
difference in cfDNA in the 400/50 plasma when either
HMGB1 was precipitated (lost with HMGB1) or protein
was digested (released from binding protein). In isolated
HMGB1 by immunoprecipitation, cfDNA was not
detectable (P value not significant vs blank). However, after
digesting the HMGB1 with proteinase K, significant more
cfDNA released (more than doubled the untreated;
P< .05) (Figure 5, B). These results indicated that about
15% cfDNA were bound to proteins, mostly HMGB1, in
the blood during reperfusion. It is unclear whether
unbounded HMGB1 and cfDNA or the bounded complex
of the 2 contribute more to the post-IRI. DNase I depleted
unbounded cfDNA, not the bounded DNA, to attenuate
post-IRI.32 We found that DNase I depleted unbounded
cfDNAwithout changes of the HMGB1 level in the plasma
(Figure 1, B) but significantly attenuated myocardial infarct
size in 400/600 ischemia/reperfusion mice (Figure 1, A). The
The Journal of Thoracic and Car
results support the notion that bounded cfDNA is not critical
in causing post-IRI.
By using exogenous rHMGB1 and mtDNA, we further

confirmed that individual treatment with either rHMGB1
or mtDNA did not exacerbate the infarct size in 200/600

ischemia/reperfusion mice. However, combined treatment
with both rHMGB1 and mtDNA significantly increased
the infarct size in intact mice but not in splenectomized
mice and RAGE KO mice (Figure 7, A). Taken all
these together, the current study demonstrated that
prolonged ischemia causes ischemic necrosis. During
reperfusion, the necrotized cardiomyocytes release
dissociated HMGB1 and DNA into the bloodstream.
The 2 DAMPs work interdependently to activate the
spleen-mediated inflammatory responses via RAGE and
exacerbate IS during reperfusion.
Recent studies reported that cfDNA, mostly mtDNA, is

elevated during acute myocardial infarction.2,3,31 cfDNA
enhances myocardial IRI likely by activating TLR9.1,5

TLR9 is expressed by numerous immune cells, such as
lymphocytes, monocytes, natural killer cells, and dendritic
cells. TLR9 is expressed intracellularly, within the
endosomal compartments, and functions to initiate
proinflammatory response following activation.33-35 Both
HMGB1 and DNA can bind to RAGE directly and
HMGB1 is expected to change the DNA binding properties
to RAGE and facilitate DNA internalization.36-38 However,
it is not conclusive on how HMGB1 facilitates this
transportation; either HMGB1 binds RAGE to increase the
permeability of RAGE to nucleotides or HMGB1 binds
diovascular Surgery c Volume 157, Number 6 2267
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nucleotides first and then RAGE to internalize nucleotides.
Our study showed that <15% of cfDNA binds to
the freeformHMGB1 in the plasma (Figure 5,B). Exogenous
rHMGB1 and mtDNA did not bind together when they were
mixed (data not shown). Five minutes after intravenous
injection of exogenous mtDNA, the plasma level of cfDNA
was 4 times as much as PBS treated mice (P < .05)
(Figure E6). Thirty minutes after injection of mtDNA with
orwithout simultaneous rHMGB1 injection, the plasma level
of cfDNA in WT and RAGE KO mice was not different
from those treated with either PBS or HMGB1 injection
(Figure 7, C). However, the splenic tissue cfDNA levels
were significantly elevated in mtDNA-treated mice;
furthermore, rHMGB1 significantly increased the splenic
tissue cfDNA level in mtDNA-treated WT mice but not in
RAGE KO mice (Figure 7, B). The elevation of splenic
tissue cfDNA level in mtDNA-treated mice is likely an
increase of cfDNA in the splenic interstitial space due to a
surge in plasma mtDNA (Figure E6) HMGB1 further
increases the splenic tissue cfDNA by binding to RAGE to
facilitate intracellular transportation of cfDNA. These
results underline the notion that HMGB1 binds RAGE to
facilitate DNA transportation into the inflammatory cells
(Figure 8).

Study Limitations
Besides HMGB1 and cfDNA, other components of

DAMPs as well as small interfering RNA that are also
released by the necrotized cardiomyocytes are not
investigated in the current study. We could not exclude their
role in mediating post-IRI and we hypothesize that
they might also contribute to IRI in an interdependent
manner as well. The interaction between RAGE and
TLR9 as well as the downstream pathway following
RAGE and TLR9 was not investigated in the current
study. It has been reported that there is crosstalk between
RAGE and TLRs in mediating inflammatory responses.
Thus the relative contributions of the RAGE and TLR
signaling pathways to myocardial IRI will require further
study.

Clinical Importance
The current study demonstrates that if there is no

myocardial necrosis during ischemia, there will be no
additional myocardial necrosis during reperfusion.
Necrotized cardiomyocytes during ischemia release
DAMPs into the circulation during reperfusion, which
trigger the inflammatory responses and exaggerate the
infarct size. Clinically, shortening the ischemic period is
the key to reducing the ischemic myocardial necrosis as
well as the subsequent reperfusion injury. Depletion of
either circulating free HMGB1 or cfDNA upon reperfusion
will also help to attenuate the post-IRI and thus may become
pharmacologic treatment options in the future.
2268 The Journal of Thoracic and Cardiovascular Sur
CONCLUSIONS
By using a mouse model of acute myocardial IRI, we

discovered 2 important DAMPs, HMGB1 and cfDNA, that
are released from ischemically infarcted myocardium into
the bloodstream during reperfusion, mediate inflammatory
response, and exacerbate infarct size via activating splenic
RAGE and TLR9. Both HMGB1 and cfDNA are
indispensable but work interdependently in activating this
inflammatory response. Depleting either HMGB1 or cfDNA
upon reperfusion suffices to abrogate post-IRI (Figure 8).
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FIGURE E2. Risk regions were similar among all groups. LV, Left

ventricle; NS, not significant; SPLX, splenectomy.
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ventricle; NS, not significant; DNase I, deoxyribonuclease I; anti-

HMGB1, anti-high-mobility group box 1.
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FIGURE E6. Plasma cell-free DNA (cfDNA) significantly increased after

exogenousmitrochondrial DNA injection (0.5mg/g) at 5minutes. At 30mi-

nutes, plasma cfDNA decreased back to the normal level. PBS, Phosphate

buffered saline.
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