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Epigenetic regulation is essential in determining cellular phenotypes during differentiation. Although tissue-
specific DNA methylation has been studied, the significance of methylation variance for tissue phenotypes
remains unresolved, especially for CpG-poor promoters. Here, we comprehensively studied methylation
levels of 27578 CpG sites among 21 human normal tissues from 12 anatomically different regions using
an epigenotyping beadarray system. Remarkable changes in tissue-specific DNA methylation were observed
within CpG-poor promoters but not CpG-rich promoters. Of note, tissue-specific hypomethylation is
accompanied by an increase in gene expression, which gives rise to specialized cellular functions. The hypo-
methylated regions were significantly enriched with recognition motifs for transcription factors that regulate
cell-type-specific differentiation. To investigate the dynamics of hypomethylation events, we analyzed
methylation levels of the entire APOAT gene locus during in vitro differentiation of embryonic stem cells
toward the hepatic lineage. A decrease in methylation was observed after day 13, coinciding with alpha-feto-
protein detection, in the vicinity of its transcription start sites (TSSs), and extends up to ~200 bp region
encompassing the TSS at day 21, equivalent to the hepatoblastic stage. This decrease is even more pro-
nounced in the adult liver, where the entire APOA1 gene locus is hypomethylated. Furthermore, when we
compared the methylation status of induced pluripotent stem (iPS) cells with their parental cell, IMR-90,
we found that fibroblast-specific hypomethylation is restored to a fully methylated state in iPS cells after
reprogramming. These results illuminate tissue-specific methylation dynamics in CpG-poor promoters and
provide more comprehensive views on spatiotemporal gene regulation in terminal differentiation.

INTRODUCTION . . .
multiple levels of epigenetic systems such as DNA methyl-

In a series of differentiation processes during embryogenesis, a  ation, histone modification, chromatin remodeling and non-
wide variety of cells are generated and organized in a spatio- coding RNA guidance (1,2). Mammalian cells coordinately
temporal manner. They acquire distinctive patterns of gene regulate the complex transcriptional networks, which are
expression to execute specialized cellular functions. In essential for establishment of cellular programming and main-
mammals, this gene specification is tightly regulated by tenance of given cellular phenotypes.
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DNA methylation has a strong impact on transcriptional
repression. Because covalent modification of DNA itself is
chemically stable when compared with other epigenetic
marks, methylation-mediated repression is thought to be an
effective mechanism to maintain long-lasting cell memories.
Indeed, it plays pivotal roles in fundamental biological pro-
cesses, including genome imprinting, retrotransposon silen-
cing, X chromosome inactivation and tissue-specific gene
expression (1). The lethality due to selective ablation of
DNA methyltransferase with global loss of S-methylcytosine
also provides solid evidence for its significance in mammalian
-embryogenesis (3,4). Embryonic stem (ES) cells deficient in
maintenance methyltransferase, Dnmtl, are viable, but die
when induced to differentiate (5), demonstrating Dnmtl is
essential for the dynamic epigenetic changes in cellular differ-
entiation.

For many years, tissue-specific differentially methylated
regions (tDMRs) have been of great interest (6—9). In
somatic tissues, which include terminally differentiated cells,
significant methylation variance between cells have been
reported (6,8—11). Although recent technological advances
in methylation profiling have broadened our understanding
of the human methylome, we are still far from a comprehen-
sive map required for deeper understanding of developmental
epigenomics. That is partly because, due to technological
limitations, most of earlier studies on human tDMRs have
focused on CpG island promoters (12,13). In general, house-
keeping genes, which constitutively express across many
tissues, have such CpG-rich promoters. However, more than
half the genes which have a tissue-specific pattern of
expression have CpG-poor promoters (14). Therefore, it is
important to analyze CpG-poor promoters in addition to
CpG-rich promoters to elucidate regulatory changes of
methylation during terminal differentiation.

Recent large-scaled methylation analyses of human normal
tissues have revealed that methylation variance can be identified
outside CpG islands and at CpG-poor promoters (6). The signifi-
cance of methylation in the marginal regions of CpG islands
(so-called CpG shore methylation) has been also proposed
(15). In addition, tissue-specific binding of RNA polymerase
II is often observed in CpG-poor promoters (16). These obser-
vations point to a significant role for epigenetic dynamics in
CpG-poor promoters for terminal differentiation.

There are some difficulties in analyzing methylation levels
in human tissue samples with accuracy. Cell populations in
human tissues are not homogenous but rather are composed
of a heterogeneous cell population which originates from
different lineages. Because measurements of methylation are
derived from these different methylomes of component cells,
large differences in methylation between different cell types
can be obscured. It is necessary to evaluate the methylation
status quantitatively, rather than just qualitatively, to allow
any comparison of methylation profiles between different
samples. This requires good assay reproducibility to detect
the more subtle methylation differences. In this study, we per-
formed genome-wide promoter methylation analysis of human
normal tissues using an epigenotyping beadarray system,
which allows methylated CpG quantification in CpG-poor pro-
moters as well as in CpG-rich promoters (17). We utilized
inclusive probe sets for tissue-specific hypermethylation and
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hypomethylation, which occur mainly in CpG-poor promoters.
Of note, we found that tissue-specific hypomethylation is well
correlated with gene expression profiles that underlie tissue
phenotypes. Around these cell-type-specific hypomethylated
regions, binding motifs of particular transcription factors are
remarkably enriched. These results suggest that a combination
of tissue-specific promoter hypomethylation and selective
binding of transcription factors is deeply involved in targeting
specific genes during terminal differentiation. In addition, we
demonstrated spreading of hypomethylation in CpG-poor pro-
moters by in vitro cellular differentiation. The restoration of
the fibroblast-specific hypomethylation was also observed
during cellular reprogramming into induced pluripotent stem
(iPS) cells. These results emphasize the importance of methyl-
ation dynamics in CpG-poor regions for multilayered epige-
netic regulation in mammalian embryogenesis.

RESULTS

Genome-wide methylation analysis of human normal tissue
reveals methylation variances in CpG-poor promoters

To develop a better understanding of methylation diversity
among human normal tissues, we performed promoter methyl-
ation analysis of 21 human normal tissue samples from 12
anatomically different regions (Supplement Material,
Table S1). A HumanMethylation27 BeadChip~ (Illumina,
Inc) was used to quantify the methylation level of 27578
CpG sites harboring 14 475 Refseq promoter regions (17).

First, we evaluated the accuracy and sensitivity of the assay
using the modified DNA samples as methylation controls
(0, 25, 50, 75 and 100% of methylation). The observed
values of the methylated CpG ratio for the control samples
were well correlated with the expected ratio of methylated
CpGs (Supplementary Material, Fig. S1). Thus, methylation
changes are quantitatively detectable using this system.

Next, we analyzed inter-individual methylation differences.
The comparison plots of autosomal probes using biological
duplicates of nine human tissues (brain, oral mucosa, lung,
stomach, colon, liver, peripheral blood, kidney and skeletal
muscle) showed good correlation between each pair (Pearson
correlation coefficient; » > 0.97) (Supplementary Material,
Fig. S2). For X-linked genes, most promoters on the inacti-
vated allele are methylated in female cells. As expected, 0%
methylation in male cells and ~50% methylation in female
cells are accurately reported by the system (Supplementary
Material, Fig. S2).

In this epigenotyping beadarray, most probes are designed
to bind at and around the promoter regions, which are from
1.5 kb upstream to 1kb downstream of transcription start
sites (TSSs) of Refseq genes (Supplementary Material,
Fig. S3). On the basis of the classification by the local CpG
observed to expected ratio (CpG o/e) and the GC content
ratio (GCR) around the probe, probes are divided into three
groups: high-CpG density probes (HCG; CpG o/e > 0.75,
GCR > 0.55), low-CpG  density probes (LCG; CpG o/e <
0.48) and intermediate-CpG density probes (ICG; neither
HCG nor LCG) (Supplementary Material, Fig. S4). The pro-
moter methylation status is strongly affected by local CpG
density. Most probes in relatively CpG-rich regions (HCG
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and ICG) showed hypomethylation in all tissues, while more
than half the probes in CpG-poor regions (LCG) are fully
methylated (Supplementary Material, Fig. S5). To clarify the
relationship between local CpG density and the methylation
breadth among human normal tissues, we examined the
tissue spatiality of hypermethylation (defined as methylation
level more than 0.5) with regard to every autosomal probe
(n =26 486). As shown in Figure 1, the methylation status
of the LCG probes is highly variable among different
tissues, whereas most CpG-rich probes are ubiquitously
unmethylated. Therefore, the majority of intra-individual
differences are observed in CpG-poor promoters.

Identification of tissue-specific hypermethylated
and hypomethylated regions

To identify the tissue-specific differential gene methylation, we
compared the methylation profiles of seven representative
tissues. These were the brain and oral mucosa from the ectoder-
mal lineage, the colon and liver from the endodermal lineage,
the peripheral blood and skeletal muscle from the mesodermal
lineage and the testis. First, we ranked the 26 486 autosomal
probes in order of difference of the methylation level between
the one tissue and the average of the other tissues. In case that
tissue-specific hypomethylation or hypermethylation are
sorted by the absolute values of the difference of the methyl-
ation level (more than 0.25 or less than —0.25), the number of
distinctive gene sets varies widely (Supplementary Material,
Fig. S6). There are more tissue-specific hypermethylated
genes in the brain, liver, blood and testis than in other tissues.
As for the hypomethylation, a large number of genes are
selected in the testis and oral mucosa by this criterion. To evalu-
ate the specific differential methylation equally among human
tissues, we selected the top 250 probes of tissue-specific hypo-
methylation and hypermethylation for each tissue (Supplemen-
tary Material, Table S2). The methylation panel clearly shows
specific hypomethylation as well as hypermethylation among
seven tissues (Fig. 2A and B). We validated the methylation
levels of the distinctive genes using the MassARRAY system.
These methylation levels were consistent with the microarray
data (Supplementary Material, Fig. S7). With respect to CpG
density, most tissue-specific hypomethylated sites (80—90%)
are associated with CpG-poor promoters (Fig. 2A and B). A
notable exception was the testis, as testis-specific hypomethy-
lated genes are associated with CpG-rich promoters. In
CpG-rich promoter regions (HCP and ICP, n = 18481),
~900 regions (5.10 + 0.48%) were found to be densely hyper-
methylated (mCpG > 70%) in somatic tissues. In the testis,
only 286 regions (1.55%) were methylated (Supplementary
Material, Fig. S5). These results are in agreement with earlier
systematic screens that found the major fraction of tDMRs
corresponding to CpG island methylation are either sperm- or
testis-specific (6,9,10).

Variable hypomethylation patterns are associated
with tissue-specific gene functions, gene expression
patterns and selective binding of transcription factors

To characterize the gene function related to tissue-specific
hypomethylation, we examined the enrichment of the specific
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Figure 1. Methylation breadth among human normal tissues. The density his-
togram represents distribution of the CpG o/e around the probes with respect
to the frequency of methylation among seven tissues. First, we generate the
histogram of the numbers of probes with regard to CpG ratio o/e. Then, the
methylation value of each probe is roughly divided into hypermethylation
(0.0-1.0) or hypomethylation (0.0-0.5). Finally, each bar was partitioned
by the number of tissues showing hypermethylation. For example, red bars
(Met7) indicate all seven tissues are methylated, and blue bars (Met0) indicate
no tissues are methylated.

gene ontology (GO) biological process categories in the top
250 hypomethylated gene sets. As shown in Table 1, the
tissue-specific hypomethylated genes are closely related to
cell-type-specific functions. For example, oral mucosa-specific
hypomethylated genes show over-representation of genes
related to ectoderm or epidermis development. In the gene
set of liver-specific hypomethylation, we found several
protein families synthesized by hepatocytes, such as serpin
peptidase inhibitors and complement factors. Thus, these
gene sets show over-representation of genes associated with
acute inflammatory response. In the blood set, we found
genes related to immune response, a key role for white
blood cells. Genes related to the reproductive process are the
major targets for CpG methylation in somatic cells besides
sperm and its progenitor cells in the testis.

In contrast, we could not find any meaningful functional
association between gene sets which undergo tissue-specific
hypermethylation (Supplementary Material, Table S3).
Although previous reports have identified a substantial
number of confirmed sets of tissue-specific hypermethylation,
it has been difficult to associate these with the tissue pheno-
type. De novo hypermethylation in differentiated cells might
be often induced independently of functional specification.

While dense methylation of the CpG island promoter deeply
contributes to gene silencing in pathological conditions such
as cancer (18,19), the influence of sparse methylation in
CpG-poor promoters on gene expression still remains contro-
versial. CpG-poor promoters preferentially display the TATA
box and numerous transcription factor-binding motifs around
the TSS (20). Combinations of transcription factor binding
in regulatory elements are involved in targeting gene
expression. Thus, we analyzed expression levels of representa-
tive gene sets of tissue-specific hypomethylation and hyper-
methylation across seven human tissues (Fig. 3). The
average expression level of hypomethylated genes is signifi-
cantly higher than that of hypermethylated genes in a tissue-
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Figure 2. Methylation panel for tissue-specific differential methylation across seven human normal tissues. Left panels indicate the methylation levels of probe
sets selected as tissue-specific hypomethylation (A) and as tissue-specific hypermethylation (B) among seven human tissues. Each row represents a CpG locus
(250 for each tissue) and each column represents a tissue sample. The color scale bar at the left side shows the percentage of the methylation level (0—100%).
The percentages of the LCG, ICG and HCG in a given probe set are represented at the right side.

specific manner. In contrast, tissue-specific hypermethylated
genes are suppressed among all tissues. These results indicate
that hypomethylation in the CpG-poor promoters identified
here underlie tissue-specific expression in a given cell type.
Local epigenetic modification and recruitment of transcrip-
tion factors are a fundamental part of the system for appropriate
transcriptional regulation (21). We performed enrichment
analysis of 746 recognition motifs for transcription factors to
examine the relationship between cis-regulatory elements of
promoters and tissue-specific hypomethylation. As shown in
Figure 4, some matrices are significantly enriched (Z-score >
8.0) in the hypomethylated regions. In oral-mucosa-specific
hypomethylated regions, the binding motifs of p53 family
genes are highly enriched. p63, the master regulator of keratino-
cyte differentiation, has similar DNA-binding domains to p53
and half of p63-bound regions in the squamous cell carcinoma
cell line have p53 consensus motifs (22). In liver-specific hypo-
methylated regions, the matrices for the C4 zinc finger domain
ofthe PPAR family (PPARA, PPARG and RXRs) and the NR2F
family (HNF4A) are enriched compared with the background
sequences. In the blood set, the matrices for the ETS domain
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of ETS factors (ETSI, ETS2, ELF2, ELK1) and the Runt
domain of AML factors (RUNX1) are enriched. Similarly,
MyoD-binding motifs are enriched in skeletal muscle-specific
hypomethylated regions. In contrast, we could not find signifi-
cant enrichment of transcription factor-binding motifs in tissue-
specific hypermethylated regions (data not shown). Although
the molecular mechanism of de novo hypermethylation and
hypomethylation remains unknown, it is suggested that selec-
tive binding of transcription factors are at least significantly
associated with regional hypomethylation during terminal
differentiation.

Dynamic changes of CpG-poor promoter methylation
during in vitro differentiation and cellular reprogramming

Although tissue-specific hypomethylation in CpG-poor pro-
moters are closely related to gene specification for the tissue
phenotype, when and how these variable methylation statuses
are established remain unknown. To elucidate the methylation
changes during cellular differentiation, we performed cluster-
ing analysis of human somatic tissue and normal cells
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Table 1. GO analysis of tissue-specific hypomethylation

Tissue GO term (biological process) No. of P-value
genes
Brain Nervous system development 28 4.22E — 05
Multicellular organismal 50 4.33E — 04
development
Developmental process 53 4.64E — 04
Oral mucosa Ectoderm development 20 4.89E — 14
Epidermis development 18 2.19E — 12
Tissue development 24 2.72E — 07
Colon Defense response 31 3.68E — 11
Response to stress 49 3.42E — 09
Response to stimulus 71 7.31E =07
Liver Acute inflammatory response 20 9.00E — 19
Response to wounding 34 7.22E — 16
Response to external stimulus 43 3.72E — 15
Blood Immune system process 55 6.86E — 24
Immune response 42 2.53E — 19
Defense response 33 2.62E — 13
Skeletal Muscle contraction 19 6.02E — 14 |
muscle Muscle system process 19 2.70E — 13
Striated muscle contraction 9 2.64E — 08
Testis Reproductive process in a 16 1.82E — 04
multicellular organism
Multicellular organism 16 1.82E — 04
reproduction
Gamete generation 14 2.40E — 04

including human ES cells, iPS cells and primary fibroblast
cells using tissue-specific hypomethylation sites (Fig. 5). The
heatmap shows distinct methylation patterns between the plur-
ipotent cells and somatic tissues composed of the terminally
differentiated cells. Seven human ES cell lines and two iPS
cell lines show similar methylation patterns. Intriguingly,
most genes representing specific hypomethylation in differen-
tiated cells are densely methylated in both ES cells and iPS
cells, raising the possibility that the default state of low CpG
promoters in the embryonic stage is totally methylated and
erasure of methylation may occur during terminal differen-
tiation in a cell-type-specific manner.

We next compared the methylation status of the adult
human liver and the fetal liver. Liver-specific hypomethylated
genes are heavily methylated in KhES3, a human ES cell line,
but are hypomethylated in the adult liver tissue (Fig. 6B and
C). In the fetal liver, the methylation level of these genes
shows a mild decrease in these regions. Bisulfite sequencing
also revealed the partial hypomethylation of IT/H3 and
APOAI promoters (Supplementary Material, Fig S8A and B).

To further analyze the demethylation dynamics during
hepatic differentiation, we analyzed methylation during
in vitro differentiation toward hepatic lineages (23). On day
7, the cells began to express an endoderm marker, SOX17
(Fig. 6A). AFP expression was detected on day 13 and ALB
expression was detected on day 21. The methylation status
of liver-specific hypomethylated genes showed a slight
decrease during hepatic differentiation (Fig. 6B and C).
Indeed, bisulfite sequencing of the APOAI promoter region
demonstrated that CpG sites in this promoter region are fully
hypermethylated in KhES3 and gradually become demethy-
lated during in vitro differentiation (Supplementary Material,
Fig. S8B). Demethylated regions are observed only in the

vicinity of APOAI TSSs at day 21 of differentiation, and
spread over 1 kb beyond the 4POAI TSS in adult liver
tissues. Sparse non-CpG methylation is observed in KhES3
and lost at day 21 of differentiation and also in adult liver
tissues. This demethylation in non-CpG sites in KhES3 is
also observed in the promoter region of CD6 in adult blood
and of STMN4 in the adult brain (Supplementary Material,
Fig. S9).

We then analyzed further the methylation status over the
entire APOAI gene locus to determine the extent of demethy-
lation events (Fig. 6D). Demethylation starts from the vicinity
of APOAI TSSs at day 13 and extends to 200 bp around the
TSS on day 21. Hypomethylated regions in human liver
tissues spread over the APOAI region, from TSSs to the
CpG island of the 3’ end and the further downstream region,
suggesting the correlation of extensive demethylation with
the stable expression of specific gene sets and cell fate deter-
mination.

Epigenetic reprogramming using defined factors enables
terminally differentiated cells to gain pluripotency (24).
Re-expression of pluripotency genes associated with these
promoters, which are methylated in differentiated somatic
cells, is important for iPS cell generation (25). The heatmap
shows that the four human primary fibroblast cell lines
(IMR90, MRC-9, KMS-6 and TIG-103) share specific hypo-
methylation. After cellular reprogramming into iPS cells, the
IMR90 cells show restoration of methylation in these
fibroblast-specific hypomethylated sites (Fig. 5). These
results suggest that regaining promoter methylation in tissue-
specific hypomethylated genes, as well as erasure of methyl-
ation in pluripotency genes, is important for this process.

DISCUSSION

In this study, we analyzed inclusive gene sets for tissue-
specific hypomethylation and hypermethylation among
human normal tissues. Of note, the former gene subsets are
remarkably associated with cellular functions characterizing
the tissue phenotypes. Although we have examined the
limited sites of promoter regions, we reveal here that these
hypomethylated genes display tissue-specific patterns of
gene expression and specific enrichment of transcription
factor recognition motifs in their promoters. This indicates
the methylation changes in these regulatory regions might
have functional roles in spatiotemporal transcriptional
control. Furthermore, the hypomethylation panel showed an
unexpected dense methylation pattern in pluripotent stem
cells and regional hypomethylation in differentiated cells,
suggesting this type of tDMRs might be a consequence of
methylation erasure or a dilution process.

To date, the exploration of tDMRs was performed on the
premise that stepwise addition of promoter methylation con-
tributes to cell fate determination during early embryogenesis
(26,27). Tt has been widely accepted that the genomic DNA of
the embryo, which has pluripotency to differentiate into mul-
tiple lineages, is initially unmethylated and subsequent
accumulations of hypermethylation in CpG island promoters
are important for lineage restriction by reinforcing transcrip-
tional repression of the unnecessary genes (28). Although
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Figure 3. The gene expression level of tissue-specific differentially methylated genes. Shown box plots (from 25th percentile to the 75th percentile with heavy
lines at the median) represent average gene expression levels (the log scale of the GeneChip score) of tissue-specific hypomethylated genes (A) and tissue-
specific hypermethylated genes (B), for each tissue. The dotted lines extend above and below the box to show the first and ninth deciles. Black and white
boxes below the bar graphs represent hypermethylation and hypomethylation of the given tissue, respectively.

this concept was true for some validated examples, it cannot
adequately explain the global control of gene expression. In
fact, consistent with the previous studies (6,10), we observed
that most CpG island promoters are invariably unmethylated
among normal tissues. In contrast with tissue-specific hyper-
methylation in CpG island promoters, tissue-specific hypo-
methylation in CpG-poor promoters has been underestimated
so far and is significantly associated with the tissue phenotype.
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These observations raise a new question about the molecu-
lar mechanism of tissue-specific hypomethylation established
during terminal differentiation. Promoter demethylation in
the differentiated cells is an old concept (29,30), but it has
been forgotten while mammalian DNA demethylase was yet
to be discovered. Now, two types of mechanisms for DNA
demethylation, namely active demethylation and passive
demethylation, are widely accepted for mammals (31,32).
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Figure 5. Hierarchical clustering analysis of human somatic tissues and normal cells. The dendrogram in the upper panel was obtained on the basis of the repre-
sentative gene sets of tissue-specific hypomethylation using average linkage correlation. Each row represents a CpG locus (250 tissue-specific hypomethylation
for each) and each column represents a sample. The colored boxes above the dendrogram indicate the nature of the samples; human somatic tissues (blue), human
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(0-100%).

such as imprinting control regions and centromeric and peri-
centromeric heterochromatin (35). Although recent reports
suggested the ten-eleven translocation (TET) family proteins,

Active demethylation is observed in the paternal genome of an
embryo during the first few days (33,34). In this process,
demethylation occurs globally except for the limited foci
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entiation markers in ES cells and differentiated cells (B) Global comparison among undifferentiated ES cells and differentiated cells, human fetal liver, adult
liver and HepG?2 cells. Liver-specific hypomethylated genes are indicated as red dots, overlapping with the others (blue). (C) Examples of gradually demethy-
lated genes during in vitro differentiation into hepatic lineages. The bar graphs show the methylation levels of the genes that show gradual demethylation (~20%
decrease) in day 21 of in vitro differentiation. (D) The liver-specific hypomethylated region around the APOAI gene. In the upper panel of the UCSC browser,
nine black boxes indicate the position of PCR amplicons in a MassARRAY analysis. The methylation levels around the APOAI gene among ES cells and adult

liver tissues are shown in the lower panel.

TET1, TET2 and TET3, are candidate proteins responsible
for the erasure process through an oxidative demethylation
pathway (32,36), further investigations are needed. The unex-
pected dynamics of DNA methylation during cellular differen-
tiation might give us an important clue to elucidate the
mechanism of cell fate determination during embryogenesis.

An alternative explanation for the tissue-specific demethyla-
tion seen in CpG-poor promoters is passive demethylation,
which is usually observed in asymmetric cell division or
highly proliferating cells like cancer cells. Inhibiting mainten-
ance of cytosine methylation of the template strand could
result in dilution of methylation in differentiated daughter
cells. According to this scenario, transcription factor-related
inhibition of DNA methyltransferase at the timing of cell div-
ision might be necessary because the developmental hypo-
methylation we observed here occurs not in a genome-wide
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manner but in a regional manner. Indeed, the enrichment of
transcription factor-binding motifs is seen at the demethylated
regions in a tissue-specific manner. Recently, it was shown
that mitotically retained transcription factors are associated
with the asymmetric cell division in some contexts (37,38).
If sustained binding of transcription factors inhibits propa-
gation of DNA methylation into the newly synthesized
strand, transcription factor-driven demethylation will be inher-
ited in proliferating cells. In our study, we examined in vitro
differentiation in a series of promoters and found that a
wave of demethylation develops from the TSS of 4POAI
and JTTH3 promoters. Once the binding of transcription
factors at demethylated regions induces gene expression in
the tissue progenitor cells, sustained induction in response to
appropriate extrinsic stimuli may result in loss of propagation
of DNA methylation marks. in the promoter regions for
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long-lasting maintenance of a transcriptionally active state.
Subsequently, in this model, chromatin conformation
changes in terminally differentiated cells would expand the
demethylated regions and contribute to the establishment of
stable and highly efficient expression of specific gene subsets.

Growing evidence suggests that forced induction of master
regulator genes has the potential to change the fate of
lineage-restricted cells, even in terminally differentiated cells
(39-41). We identified restoration of methylation during
reprogramming into iPS cells. The feasibility of cell repro-
gramming suggests that differentiated cells still have much
more plasticity in the epigenetic status including DNA methyl-
ation than we had expected. Further analysis of methylation
changes might provide novel insight into mechanisms that
will generate a transcriptional repertoire for variable cell
lineages and give us useful clues to control cell fate fixation,
which might be applicable for regenerative medicine.

MATERIALS AND METHODS
Genomic DNA from human normal tissues

Frozen tissues of the brain, lung, liver and kidney were obtained
from surgical specimens. Patients undergoing surgical resection
at the Tokyo University General Hospital provided tissue after
obtaining informed consent. Buccal swabs of oral mucosa, per-
ipheral blood and placental tissue were from healthy volunteers.
This study was certified by the Ethics Committee of Tokyo Uni-
versity. Genomic DNA from these clinical samples was
extracted using the QIAamp DNA Mini Kit (QIAGEN).
Genomic DNA of further individuals was purchased from Bio-
Chain (details are listed in Supplementary Material, Table S1).
For the methylation-negative control, totally unmethylated
genomic DNA was synthesized by a whole-genome amplifica-
tion system, GenomiPhi (GE healthcare). For a positive
control, fully methylated genomic DNA was generated by
Sss.I CpG methylase (New England Biolabs) treatment of
lymphocyte DNA.

Human ES cell lines

Human ES cell lines, KhES1, KhES2, KhES3, KhES4, were
established and maintained as described previously (42).
Human ES cell lines (H1, H9) and human iPS cell lines
[iPSOIMR90)-1 and iPS(IMR90)-4] were obtained from
WiCell Research Institute. HES3 cell line was obtained from
ES Cell International.

Briefly, undifferentiated human ES cells were maintained
on a feeder layer of MEF in DMEM/F12 (Sigma) sup-
plemented with 20% KSR, 1-Glu, NEAA and B-ME under
3% CO,. To passage ES cells, ES cell colonies were detached
from the feeder layer by treatment with 0.25% trypsin and
0.1 mg/ml of collagenase IV in PBS containing 20% KSR
and 1 mm of CaCl, at 37°C for 5 min, followed by the
addition of culture medium. ES cell clumps were disaggre-
gated into smaller pieces by gentle pipetting.

An in vitro differentiation experiment was performed
following the reported method, with some modification (43).
Briefly, KhES3 cells were cultured in differentiation medium
[RPMI supplemented with human recombinant activin A
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(100 ng/ml) and defined FBS]. FBS concentrations were 0%
for the first 24 h, 0.2% for the second 48 h and 2.0% for sub-
sequent days of differentiation. Media were replaced every 2
days with fresh differentiation medium supplemented with
growth factors. ES cells were cultured in differentiation
medium (DMEM supplemented with 10% KSR, Dex and
HGF) for up to 30 days.

Methylation profiling

Methylation status was analyzed using HumanMethylation27
BeadChip (Illumina). Genomic DNA for methylation profiling
was quantified using the Quant-iT dsDNA BR Assay Kit (Invi-
trogen). Five hundred nanograms of genomic DNA was
bisulfite-converted using an EZ DNA Methylation Kit
(Zymo Research). The converted DNA was amplified, frag-
mented and hybridized to a BeadChip according to the manu-
facturer’s instructions. The raw signal intensity for both
methylated (M) and unmethylated (U) DNA was measured
using a BeadArray Scanner (Illumina). The methylation
level of the each individual CpG is obtained using the
formula M)/(M)+(U)+100 by the GenomeStudio (Illumina).

Quantitative methylation analysis using the MassARRAY
system

Bisulfite treatment of genomic DNA was performed using an
EZ Methylation Kit (Zymo Research). Primer sequences are
given in Supplementary Material, Table S4. This system uti-
lizes MALDI-TOF mass spectrometry in combination with
RNA base-specific cleavage (MassCLEAVE). A detectable
pattern is analyzed for the methylation status. Mass spectra
were acquired using a MassARRAY Compact MADLI-TOF
(Sequenom) and spectra’s methylation ratios were generated
using Epityper software v1.0 (Sequenom).

Bisulfite sequencing

Bisulfite sequencing analysis was performed as described pre-
viously (44). Bisulfite treatment of genomic DNA was per-
formed using an EZ Methylation Kit (Zymo Research). All
primer sequences and melting temperatures for the polymerase
chain reaction (PCR) are given in Supplementary Material,
Table S4. PCR amplicons were subcloned into the pGEM-T
vector (Promega). Clones were sequenced using PRISM3100
Sequencer (Applied Biosystems).

RNA extraction and gene expression microarray analysis

Genome-wide analysis of mRNA expression levels using
U133plus2.0 human expression array® (Affymetrix) was
done essentially as described previously (45). Briefly, total
RNA was isolated using TRIzol reagent (Invitrogen), accord-
ing to the manufacturer’s instructions. One microgram of RNA
was used for the generation of double-stranded cDNA with the
SuperScript Double-Stranded ¢cDNA Synthesis Kit (Invitro-
gen) according to the manufacturer’s protocol. Double-
stranded cDNAs were hybridized to the microarray.
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Reverse transcription—polymerase chain reaction analysis

RNA extraction and reverse transcription—polymerase chain
reaction (RT—PCR) were done as described (46). Total RNA
was extracted using TRI Reagent (Sigma-Aldrich) or the
RNeasy micro-kit (Qiagen) and then treated with DNase
(Sigma-Aldrich). Three micrograms of RNA was reverse-
transcribed using Moloney Murine Leukemia Virus reverse
transcriptase  (Toyobo, Japan) and oligo(dT) primers
(Toyobo). The primer sequences are shown in Supplementary
Material, Table S4. The PCR conditions for each cycle were as
follows: denaturation at 96°C for 30 s, annealing at 60°C for
2's and extension at 72°C for 45 s. RT—-PCR products were
separated by 5% non-denaturing polyacrylamide gel electro-
phoresis, stained with SYBR Green I (Molecular Probes),
and visualized using a Gel Logic 200 Imaging System
(Kodak).

Definition of probe classes and promoter classes

We classified 27 578 probes into three categories: HCG, ICG
and LCG. Each probe position was defined with respect to
the position of a given CpG site. We determined the GC
content and the ratio of observed versus expected CpG dinu-
cleotides in a surrounding 500 bp window. The CpG ratio
was calculated using the following formula: (number of
CpGs x number of bp) (number of Cs x number of Gs).
Three categories of probes were determined as follows: (i)
HCGs (8098 probes) covering a 500 bp area with a CpG
ratio above 0.75 and GC content above 55%; (ii) LCGs
(8374 probes) excluded from a 500 bp area with a CpG ratio
above 0.48; and (iii) ICGs (11 106 probes) that could not be
categorized as either HCGs or LCGs.

Clustering analysis

To analyze the similarity of the methylation levels among
human somatic tissues, ES cells and iPS cells, we used the
data set of tissue-specific hypomethylation selected in
Figure 2A for the cluster analysis. We applied a hierarchical
clustering algorithm using the uncentered correlation coeffi-
cient as the measure of similarity and average linkage cluster-
ing (47) and visualized the dendrogram and the heatmap using
TreeView (48).

GO functional annotation analysis

GO functional annotations for differentially hypomethylated
and hypermethylated gene sets were performed using the
Database for Annotation, Visualization and Integrated Discov-
ery (DAVID) Bioinformatic Resources v6.7 (http://niaid.abec.
nciferf.gov/ home.jsp). The lists of 250 gene symbols that
show specific hypermethylation or hypermethylation for each
tissue were submitted and DAVID default population back-
ground (Homo sapiens) was chosen to detect significantly
over-represented GO  biological processes (GOTERM
BP-FAT). P-values were calculated by a modified Fisher’s
exact test and adjusted for multiple hypotheses testing using
Bonferroni correction. The three GO terms with the most

significant P-value and the number of genes involved in the
term were listed for each tissue.

Enrichment analysis of transcription factor-binding motifs

To determine over-represented transcription factor-binding
sites in tissue-specific hypomethylated and hypermethylated
regions, sequences around the probe within a 500 bp
window were screened for the presence of binding sites
using Genomatix RegionMiner (http://www.genomatix.de,
matrix library version 7.1). The number of binding site
motifs was determined and over-representation over the back-
ground of random mammalian promoter sequences was calcu-
lated as the Z-score. Transcription factor families with a
Z-score greater than 8.0 were considered highly significant.
The Z-scores of these representative TF modules are visual-
ized in the heatmap using TreeView (48).

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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Sanada S, Komuro I, Kitakaze M. Pathophysiology of myocardial reperfusion
injury: preconditioning, postconditioning, and translational aspects of protective
measures. Am J Physiol Heart Circ Physiol 301: H1723-H1741, 2011. First
published August 19, 2011; doi:10.1152/ajpheart.00553.2011.—Heart diseases due
to myocardial ischemia, such as myocardial infarction or ischemic heart failure, are
major causes of death in developed countries, and their number is unfortunately still
growing. Preliminary exploration into the pathophysiology of ischemia-reperfusion
injury, together with the accumulation of clinical evidence, led to the discovery of
ischemic preconditioning, which has been the main hypothesis for over three
decades for how ischemia-reperfusion injury can be attenuated. The subcellular
pathophysiological mechanism of ischemia-reperfusion injury and preconditioning-
induced cardioprotection is not well understood, but extensive research into
components, including autacoids, ion channels, receptors, subcellular signaling
cascades, and mitochondrial modulators, as well as strategies for modulating these
components, has made evolutional progress. Owing to the accumulation of both
basic and clinical evidence, the idea of ischemic postconditioning with a cardio-
protective potential has been discovered and established, making it possible to
apply this knowledge in the clinical setting after ischemia-reperfusion insult.
Another a great outcome has been the launch of translational studies that apply
basic findings for manipulating ischemia-reperfusion injury into practical clinical
treatments against ischemic heart diseases. In this review, we discuss the current
findings regarding the fundamental pathophysiological mechanisms of ischemia-
reperfusion injury, the associated protective mechanisms of ischemic pre- and
postconditioning, and the potential seeds for molecular, pharmacological, or me-
chanical treatments against ischemia-reperfusion injury, as well as subsequent
adverse outcomes by modulation of subcellular signaling mechanisms (especially
mitochondrial function). We also review emerging translational clinical trials and
the subsistent clinical comorbidities that need to be overcome to make these trials
applicable in clinical medicine. '

calcium overload; reactive oxygen species; mitochondria; transition pore; comor-

bidities; clinical trials

WHAT DO WE KNOW ABOUT ischemia-reperfusion injury? Because
the morbidity and mortality due to ischemic heart diseases have
come to the fore in developed countries and are still increasing,
it is critically important, both scientifically and socially, to
know how cardioprotection is achieved in ischemic myocar-
dium. In fact, in the clinical setting, the application of coronary
thrombolysis or immediate percutaneous coronary intervention
for faster recanalization has been shown to dramatically im-
prove the outcomes of patients with acute or chronic myocar-
dial ischemia due to impaired coronary blood supply. This
finding is founded on the premise that a shorter period of index
ischemia causes less damage (212).

However, even if the ischemic period is short or limited, the
functional recovery of a reperfused heart is often less success-
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ful than expected due to “reperfusion injury” (188), and we still
do not have a definitive intervention to eliminate reperfusion-
induced myocardial damage. Therefore, it is important to fully
understand the mechanisms of ischemia-reperfusion injuries
and to consider cardioprotective strategies.

Dynamic Sequence of Ischemia-Reperfusion Injury

ATP depletion as the original hypothesis. To maintain cel-
lular homeostasis, the intracellular use of both ATP and high-
energy phosphates is critically important. Cellular energy me-
tabolism depends on acetyl-CoA, which is generated through
aerobic/anaerobic glycolysis or $-oxidation of free fatty acids
and is then metabolized through the tricarboxylic acid cycle,
which supplies ATP. Cardiomyocytes are rich in mitochondria
because the highest continuous amount of ATP is consumed
within the myocardium, and this demand for ATP can only be
met by aerobic metabolism. When hearts are exposed to
ischemia, coronary arterioles and resistant vessels significantly
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dilate to increase coronary blood flow up to three to five times
above basal levels and to supply as much oxygen as possible
and maintain aerobic needs. However, because of the lack of
anaerobic metabolic pathways, the absence of a supply of
oxygen leads to the depletion of intramyocardial ATP in a short
period of time, making the myocardium very susceptible to
ischemia.

Initial studies on ischemic myocardium revealed that con-
tractile arrest generally occurs within several minutes of index
ischemia, followed by cellular bulging and rupture of intracel-
lular microstructures starting 15 to 30 min later (4). This
discovery led to the ATP depletion hypothesis as a central
cause of cell death because a 90% decrease in ATP results in
irreversible structural changes in the myocardium (4). There-
fore, supplementation of ATP in the myocardium was initially
proposed as an effective therapy for the prevention of ischemic
myocardial death.

However, a complete depletion of ATP within the myocar-
dium takes ~40-60 min, whereas the intracellular inorganic
phosphate level promptly increases just after the onset of
ischemia (120), suggesting the rapid exhaustion of intracellular
high-energy phosphate. Therefore, it was then thought that a
change in the intracellular pH was a trigger for this lethal
cascade.

Decreasing pH and counterbalancing Ca®* accumulation.
Anaerobic glycolysis prevails in ischemic myocardium, caus-
ing a rapid decrease in the intracellular pH and deactivation of
troponin C sensitivity to phosphofructokinase and Ca®™.
Within several minutes, this decrease results in contractile
arrest and cellular bulging. To buffer this decrease in pH,
excessive H™ is excreted by accelerated Na™/H™ exchange,
which in turn causes substantial Na™ inflow (152). Meanwhile,
intracellular ATP depletion gradually inactivates ATPases, such as
the Na*/K™ ATPase, ATP-dependent Ca’?" reuptake, and
active Ca®>" excretion, resulting in Ca®* overload. These re-
sults have also been confirmed in vivo (121). These changes
are also accompanied by a subsequent activation of intracellu-
lar proteases, such as calpain, which causes a fragile cellular
structure, hypercontracture, which leads to contraction band
necrosis, and the initiation of apoptotic cascades (Fig. 1) and
mitochondrial transition pore opening, which will be discussed
later. Each of these factors can occur within minutes, but they

Fig. 1. lon exchanges during ischemia: /) excretion of H*
due to pH lowering, 2) deactivation due to loss of ATP, and
3) reduction of Na*/Ca?* exchange due to lowered extra-
cellular pH and intracellular accumulation of Na*.
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proceed gradually because a low intracellular pH slows or
inhibits all of them (76). This idea agrees with the observation
that reoxygenation within 5 min avoids irreversible cellular
damage, whereas index ischemia for more than 15 min grad-
ually affects intracellular structures (123).

Rapid normalization of pH and overload of Ca®* and
reactive oxygen species upon reperfusion. Prompt reperfusion
or reoxygenation will bring about a rapid restoration of sub-
strates essential for the generation of ATP, such as glucose or
free fatty acids, an instantaneous increase in the oxygen supply,
and prompt normalization of the extracellular pH by pericel-
lular washout. Indeed, all of these factors are crucial for the
prevention of further ischemic cellular injury and for restora-
tion of cellular homeostasis; however, they can also concur-
rently cause reperfusion injury (188). Rapid normalization of
the extracellular pH will instantly create an extreme H* gra-
dient across the plasma membrane that triggers a robust
Na*/H™ exchange and a massive Na* influx. This unphysio-
logical gradient can instantly trigger the passive, inverted
action of the surface Na*/Ca** exchanger, called “reverse
mode,” which absorbs Na™ accumulation via excretion but, in
turn, allows intracellular Ca®* overload (179) (Fig. 2). Mean-
while, rapid normalization of intracellular pH disinhibits a low
pH-derived inhibition of the Ca?*-dependent protease calpain,
hypercontracture, and the mitochondrial permeability transi-
tion all at once and promptly accelerates myocardial damage in
the early stages of reperfusion (76). This also occurs when,
upon reoxygenation, ectopic xanthine oxidase is activated by
Ca?*-sensitive proteases (89) and the intramitochondrial respi-
ratory chain. This activation causes a sudden recovery of
aerobic metabolism and results in an overload of reactive
oxygen species (ROS), mainly superoxide. Physiologically,
superoxide becomes hydrogen peroxide via superoxide dismu-
tase (SOD) (53), which is then inactivated by catalase and
becomes H,O and O,. However, robust ROS generation be-
yond this catalytic process generates excessive hydroxyl radi-
cals, which are very unstable but have a high potential to
damage cellular structures, enzymes, or channel proteins on the
cellular membrane (200). These events, together with activa-
tion of inflammatory cascades and facilitation of bioactive
autacoids, such as cytokines or catecholamines, make cells
more susceptible to death (Fig. 3) or myocardial contractile
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dysfunction (183) immediately after the onset of reperfusion.
Furthermore, impaired intracellular Ca** and ROS regulation
can propagate to adjacent cells through gap Junctlons to further
spread injury (159). Finally, after 30—60 min of reperfusmn a
gradual recovery of Ca* excretion and ATP-dependent Ca?
reuptake in sarcoplasmic reticulum takes place, and the cells
return to homeostasis. This ischemia-reperfusion process
makes the intracellular Ca?" concentration dual peaked (120),
with one peak occurring at 15-60 min after the onset of index
ischemia and the other peak occurring within 30 min of
reperfusion.

Various modes of death and their regulation under
ischemia-reperfusion. Dunng the above sequence of events, Ca”
overload and excessive ROS generation can trigger multiple
modes of cell death, such as necrosis and apoptosis (168).
Myocardial necrotic changes generally include cellular swell-
ing as an initial change, followed by rupture of cellular mem-
branes, degradation of intracellular proteins or structures in-
duced by Ca®*-dependent proteases such as calpain (89),
Ca®*-induced hypercontracture [which induces mechanical

Anaerobic ! rapid fall-down of

/ Intracellular pH \

Phosphofructokinase inactivation and

Reduced Ca2+ sensitivity of Tropenin C Reperfusion

Rapid Bulging
(asystole) Aerobic : prompt recovery of
o Intracellular pH ~.
Robust ROS generation
‘ Activation of inflammatory cascades

Direct injury on Subcellular signal activation

DNA or proteins

N i

Disruption of cell structure

Apoptosis
Cytokine Release

= Death

H1725

Fig. 2. lon exchanges at reperfusion: /) robust excretion of
H* due to prompt recovery of extracellular pH, 2) “reverse
mode” excretion of accumulated Na* and Ca®* influx in
turn, and 3) reexcretion of Ca®* followed by recovery of
ATP synthesis.

rupture of muscle fibers (159)], and direct cleavage of DNA by
free radicals originating from excessive ROS. Necrotic changes often
require focal recruitment of inflammatory cells for subsequent
scavenging activity.

Apoptosis is usually tnggered by intracellular Ca®* over-
load, which induces the processing of procaspase-8 into active
caspase-8 and the activation of Bax, which lead to the release
of the apoptosis-inducing factor, Smac, and cytochrome-c from
mitochondria. Apoptosis-inducing factor translocates into the
nucleus and facilitates nonspecific DNA fragmentation. Smac
inactivates X chromosome-linked inhibitor of apoptosis pro-
tein, which inhibits caspase-3, and cytochrome-c forms an
apoptosome complex with procaspase-9 and apoptotic pro-
tease-activating factor-1, which activates caspase-9. Together,
these cascades ultimately contribute to irreversible cellular
dysfunction. Ca*>* accumulation (57) and ROS induction (175)
are also crucial for opening the pore that enables trafficking of
nonspecific, small molecules across mitochondrial membranes.
Subsequently, H* influx into mitochondria and a decrease in
the mitochondrial membrane potential result in mitochondrial

Changes in transmembrane
ion transportation

“Reverse Mode” in
ion transportation

Fig. 3. Putative cascades of cell death due to ischemia-
reperfusion injury. ROS, reactive ocygen species.
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swelling and apoptotic changes (66). Histological findings of
apoptosis include nuclear chromatin condensation, making
cells nonfunctional, followed by cellular shrinking and frag-
mentation, usually independently of the inflammatory reaction,
and subsequent phagocytotic clearance (7).

Necrosis prevails within the ischemic myocardium and its
adjacent regions, whereas apoptosis predominantly occurs
in the ischemic border and in nonischemic regions (202),
reflecting the differences in the focal magnitude of anoxia,
ROS accumulation, neurohormonal activation, and mechan-
ical stress. Recent reports propose that necrotic cell death
prevails when the intramitochondrial Ca®* level becomes
extremely low or completely lost (14). Similarly, the intra-
cellular ATP level might also serve as a “molecular switch,”
with high levels resulting in apoptosis and low levels re-
sulting in necrosis (105).

Adaptation and therapeutic targets for ischemia-reperfusion
injury. Because the prompt recovery of intracellular pH and
reoxygenation enhances Ca>* overload or ROS generation and
promotes reperfusion injury as described above in Rapid nor-
malization of pH and overload of Ca®* and reactive oxygen
species upon reperfusion and Various modes of death and their
regulation under ischemia-reperfusion, it has long been pro-
posed that the transient acidosis during early reperfusion (97)
as well as acidic or staged reperfusion procedures (67) buffer
the Ca®* or ROS overload upon reperfusion. They can lead to
a smaller infarct size or preservation of myocardial function
(96, 97) by inhibiting Na*/Ca?* exchange and Ca?* overload
(91) or by directly disrupting proapoptotic signals (229), all of
which might be important therapeutic targets of cardioprotec-
tion. Accordingly, some of the membrane ion channels, such as
the Na*/H™ exchanger (228), the Na*/K* ATPase (59), and
the Ca®"-activated K* channel (185), are possible candidates
for cardioprotection due to preconditioning because of their
ability to directly inhibit intracellular Ca®>* accumulation.

Another key therapeutic target might be excessive ROS
production or prolonged catecholamine release. When myocar-
dial ischemia occurs, presynaptic vesicles release norepineph-
rine via the accumulation of Na™ and subsequent activation of
reverse uptake-1 (180), which facilitates norepinephrine re-
lease. Norepinephrine activates both a-adrenoceptors that
cause vasoconstriction and B-adrenoceptors that increase myo-
cardial oxygen consumption. Both of these may make the cells
more susceptive to ischemic damage. Indeed, many reports
show that the blockade of the B-adrenoceptor will protect the
myocardium from prolonged ischemia-reperfusion. However,
possible pharmacological mechanisms other than hemody-
namic benefits are under discussion (9, 180, 238).

On the other hand, there are a number of adaptive responses
to the various kinds of stresses induced by ischemia-reperfu-
sion, i.e., Ca®>" overload, ROS accumulation, neurohormonal
stimuli, focal mechanical strain, and endoplasmic reticulum
stress from excessive production of unfolded or misfolded
proteins. Autophagy, the lysosomal bulk digestion pathway of
intracellular structural proteins, contributes to physiological
turnover as well as pathological removal of intracellular pro-
teins as a housekeeping system. The process of autophagy
begins by recruiting Atg-5, -12, and -16 to the intracellular
lipid bilayer. These proteins are then polymerized by LC-3 to
form the autophagosome. The autophagosome sequesters pro-
teins targeted for destruction and then fuses with the protease-

ISCHEMIA-REPERFUSION AND PROTECTION BY PRE- AND POSTCONDITIONING

rich lysosome, resulting in digestion of its contents. Mitochon-
dria also have an adaptive system involving dynamic fusion
and “fission” with each other (222). A shift toward fusion
favors the generation of interconnected mitochondria that form
large networks and are beneficial in metabolically active cells
against the dissipation of energy. Alternatively, a shift toward
fission produces numerous mitochondrial fragments as mor-
phologically and functionally distinct small spheres or short
rods with an increased distribution and surface area, which is
usually beneficial in quiescent cells (222). Therefore, the fa-
cilitation of autophagy (69) and mitochondrial fusion (141)
might also protect against ischemia-reperfusion injury by
maintaining intracellular homeostasis. In addition, the block-
ade of cell-to-cell connections, such as gap junctions, by
modulating connexin-43 (136) could also protect the myocar-
dium by blocking the propagation of cellular damage to neigh-
boring cells (159) or by modulating mitochondrial ATP-sensi-
tive K™ (Karp) channel opening (164).

Discovery of Preconditioning

Before the concept of ischemic preconditioning arose, car-
diologists observed that patients with severe, unstable angina
or acute myocardial infarction and who had experienced at
least one episode of prodromal angina often exhibited less
chest pain, less variation in the ST segment of ECGs, less
cardiac dysfunction, or even smaller myocardial infarct size.
This was despite a paradoxical increase in the total period of
time suffered from ischemia, and they called this the “cardiac
warm-up phenomenon” (80). In 1986, Murry et al. (134)
confirmed “preconditioning with ischemia™ using an in vivo
canine model and defined it as a phenomenon where brief
periods of ischemia accompanied by reperfusion just before
sustained ischemia exert /) a delay in ATP depletion, 2) a
reduction in oxygen consumption, 3) a retention of intracellular
structure, and 4) a delay or reduction of cellular necrosis due to
ATP expiration, finally resulting in delayed progression or
reduction of infarct size, despite an increase in the total
ischemic period. This is now recognized as a narrow definition
of ischemic preconditioning. The concept of cardioprotection
due to preconditioning currently prevails and has been ex-
panded on to include not only acute irreversible injuries, such
as necrosis and apoptosis, but also chronic disorders, such as
myocardial hibernation or remodeling, although it appears to
be irrelevant to acute myocardial contractile dysfunction, such
as stunning (98).

Critical Dual Time Window: Early and Late Phases

The original report on preconditioning (134) also mentioned
that the strength of protection by ischemic preconditioning
critically depends on the duration from the end of precondi-
tioning ischemia to the onset of index ischemia. Later, the
existence of dual periods for this duration was reported (123).
The first period is more than several seconds and <3 h and the
second one, associated with the increased expression of car-
dioprotective heat shock proteins (HSPs) (123), is 24-72 h.
These are now widely recognized as “early and late phase”
preconditioning. The two phases appear to involve different
types of reactions; the former involves reactions that are
completed in a short period of time, such as activation of ion
channels, phosphorylation/activation of existing enzymes, or
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rapid turnover/translocation of substances, whereas the latter
involves more time-consuming reactions, such as genomic
modulation and expression of channel proteins, receptor pro-
teins, enzymes, molecular chaperon proteins, or immunotrans-
mitters.

Although these two phases differ in timing, they share some
common triggers, mediators, and effectors. Finally, myocardial
injury at the time of reperfusion might be a major target of both
types of preconditioning as well as postconditioning; this will
be discussed later (64).

Factors Underlying the Mechanisms of Preconditioning

G protein-coupled receptor agonists: adenosine, a- and
B-adrenoceptor activation, and others. Downey and colleagues
(109) opened the door to the investigation on mechanisms of
preconditioning with a report showing that protection by isch-
emic preconditioning was abolished by the inhibition of the
adenosine receptor before sustained ischemia in vivo. This
suggested that adenosine was a trigger of ischemic precondi-
tioning. However, they later reported a conflicting result in
vitro that preischemic treatment with either adenosine or se-
lective adenosine-A; receptor agonist, 2-chloro-N°-cyclopen-
tyladenosine, exerted minimal protection (49), implying that
adenosine is not a candidate for pharmacological precondition-
ing. This inconsistency was highlighted by later reports from
other groups showing successful pharmacological precondi-
tioning with selective adenosine-A; receptor agonists, 2-chloro-
NC-cyclopentyladenosine or R-phenylisopropyladenosine, in
early phase (130, 233) and late phase (91) infarct limitations in
vivo, strongly suggesting the inclusion of adenosine receptor
activation in ischemic preconditioning.

Later reports proposed o (68, 214)- and B (193, 209)-
adrenoceptor activation as a putative trigger of ischemic pre-
conditioning, based on the findings that receptor blockade
abrogated ischemic preconditioning-induced cardioprotection.
However, there were contradictory findings. Downey and col-
leagues reported that neither specific catecholamine receptor
antagonists (207) nor depletion of intramyocardial catechol-
amine storage and release (8) blocked ischemic precondition-
ing, whereas exogenous catecholamine or adrenoceptor ago-
nists did precondition the heart (207, 214). Vatner and col-
leagues also reported a similar observation that cardiac
denervation did not block early phase but did blunt late-phase
ischemic preconditioning via aj-adrenoceptor signaling (102).
In search of effective receptor subtypes, Tsuchida et al. showed
the direct involvement of ajp-adrenoceptor in ischemic pre-
conditioning (214), but studies using transgenic mice support
cardioprotection by a, rather than by a1 (160). On the other
hand, the B;-adrenoceptor is reported to confer cardioprotec-
tion in ischemic preconditioning (209), whereas preischemic
Bi-activation could be an alternative (193).

Indeed, reasons for such contradictions between the receptor
blockade of ischemic preconditioning and pharmacological
preconditioning with receptor agonists, or the inconsistency of
positive or negative cardioprotection among the reports, are not
fully understood. One reason for these differences may be due
to the experimental models used; however, we should consider
other reasons.

First, a feasible explanation is that there are multiple, par-
allel mechanisms induced by preconditioning ischemia, all of
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which can exert cardioprotection by themselves or in harmony.
Accordingly, adenosine-dependent and o;-adrenoceptor mech-
anisms might reflect this relationship (12, 214).

Second, pharmacological interventions do not necessarily
mimic ischemic preconditioning accurately because of the
half-life of mimetic agents; the majority of the agents might act
for a longer period of time than the brief period of time
required for preconditioning ischemia. Because the increased
endogenous adenosine production induced by ischemic precon-
ditioning confers cardioprotection in both preconditioning and
reperfusion periods (95) and because adenosine-A; receptor
activation around the onset of reperfusion also protects the
myocardium (111), the preischemic administration of agents
might still be effective beyond the sustained ischemic period.

Third, a critical time window for the involvement of the
respective receptor activation is considered. For example, sus-
tained transgenic activation of aj,-adrenoceptor did not elicit
cardioprotection (160), whereas temporal blockade during the
preconditioning period protected the myocardium (68, 214).
Also, Bi-adrenoceptor activation is reported to be beneficial
during the preconditioning period but deleterious after reper-
fusion (193).

Finally, some reports do not support the contribution of
adenosine in ischemic preconditioning-induced cardioprotec-
tion, because they failed to show that preconditioning-induced
cardioprotection resulted in an increase in the intramyocardial
level of adenosine. One possible reason for this failure might
be due to how the level of adenosine was measured and the
extremely short biological half-life of adenosine. We have also
experienced this inconsistency when collecting samples with-
out the prompt usage of a stop solution containing EDTA,
adenosine deaminase inhibitors, and dipyridamole. Therefore,
this may be due to the prompt intracellular uptake or ultrarapid
degradation of adenosine under physiological conditions. Ac-
cordingly, this idea might be further supported by the obser-
vation that the loss of cardioprotection by the addition of
exogenous adenosine was restored by extending its biological
half-life by either a coadministration with dipyridamole to
delay clearance through intracellular uptake (11) or a sustained
targeting release using a liposomal envelope (201).

Further pharmacological analyses revealed the importance
of other G protein-coupled receptor (GPCR) members, opioid
receptors (22, 181), and bradykinin-B; receptors (52, 101) in
pharmacological and ischemic preconditioning-induced car-
dioprotection in both the early (181) and late (22) phases of
ischemic preconditioning. For example, the contribution of
each opioid receptor (3-, k-, and p-subtypes) has been reported
in direct (107), remote, (144) or secondary protection of
cardiac myocytes by acting on the central nervous system
(106). However, the protection in the clinical setting still
remains controversial (206, 219). As is summarized in Fig. 4,
top left, various endogenous as well as exogenous stimulants
cause their respective cardioprotective effects via the activation
of unique or combined GPCR subtypes.

Downstream’ of GPCR: PKC, PKA cascades, and more.
GPCRs couple to G proteins, consisting of a Ga- and a
GpBvy-subunit, and the overall properties of each GPCR upon
activation are generally defined by Ga-subtypes, such as G;,
G;, and Gq. G and G positively and negatively modulate,
respectively, cAMP production, whereas Gq activates phospho-
lipase C and leads to PKC activation (Fig. 4).
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forded by preconditioning and postcondi-
tioning, either by brief ischemia(s) or by
pharmacological agents. NCX, Na*/Ca®*
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AMPK, 5'-AMP-activated kinase; NOS, ni-
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Many reports have shown that ischemic preconditioning
activates PKC (93, 237) and that PKC blockade abrogates
infarct limitation induced by ischemic preconditioning (194,
237). In addition, repeated ischemic preconditioning instantly
increases intramyocardial cAMP levels; moreover, either tran-
sient B-adrenoceptor stimulation (110) or intramyocardial

. pharmacological cAMP accumulation (167) mimics the car-
dioprotective behavior of preconditioning, and PKA inhibition
significantly and substantially reduced the preconditioning-
induced cardioprotection (167). Among PKC subtypes, PKC-3
inhibition or PKC-€ activation have been reported to be rele-
vant to preconditioning-induced cardioprotection (186) in hu-
man myocardium, whereas we have previously reported the
importance of Ca?"-dependent, classic PKC in animal models
(236).

As a possible downstream effector, we have previously
reported that PKC directly activates ecto-5'-nucleotidase, lo-
cated on the cell membrane (92), suggesting that adenosine
could benefit the myocardium as not only a trigger but also a
mediator of ischemic preconditioning (94). This has been
supported by reports from other groups (95, 196). Recent
reports also revealed that adenosine is an endogenous bioactive
substance with multiple cardiovascular effects, including a

negative inotropic effect, a negative contractile effect, and

promotion of coronary blood flow and anti-platelet activity
(90), as well as inhibition of apoptosis (158) and enhancement
of autophagy (233). However, the role of elevated intramyo-
cardial cAMP levels and PKA activation in cardioprotection of
ischemic preconditioning has been reported (110), but they
were both shown to be independent of PKC (117, 170, 176).
Instead, mitochondrial ion channel (176) or p38 MAPK acti-
vation (170) was reported as a putative downstream mecha-
nism in vivo. The reason for transient activation of p38 MAPK
by PKA can be explained by PKA phosphorylation of the
catalytic site of protein tyrosine phosphatase and inhibition of
the dephosphorylation of p38 MAPK, leading to physiological
augmentation of p38 MAPK activity (178). We also reported

that Rho kinase plays an important role downstream of PKA
during sustained ischemia to confer cardioprotection (167).
Other reports support the involvement of SOD induction (48).

Taken together, while adenosine or ap-adrenoceptor stim-
ulation could activate PKC (68) and while Bz-adrenoceptor or
some unknown mechanism could activate PKA and cAMP
response element-binding protein (119) following ischemic
preconditioning, both mechanisms might independently but
synergistically mediate preconditioning in response to various
stimuli, including brief periods of ischemia (168). This might
include a switch in second messenger signaling; cardioprotec-
tion that was induced by PKA activation through B,-adreno-
ceptor stimulation was observed together with a switch of the
second messenger from G; to G; (209). Also, a,-adrenoceptor
stimulation resulted in PKC activation that was mediated by
Gi, not Gy (68). Furthermore, a recent report (87) regarding
heat-induced preconditioning intriguingly proposes p38 MAPK ac-
tivation as a common cardioprotective mechanism in the PKC
and PKA pathways.

p38 MAPK, ERK, and phosphatidylinositol 3-kinase/Akt
cascades. The first report supporting the role of p38 MAPK
activation during indexed ischemia in preconditioning-induced
cardioprotection (221) was followed by opposing reports, in
vivo (113) and in vitro (115), suggesting that p38 MAPK
activation during prolonged ischemia could promote ischemic
damage. In fact, continuous hypoxia causes biphasic activation
of p38 MAPK in rat neonatal cardiomyocytes (115), with a
transient peak within 30 min, followed by continuous activa-
tion after 4 h, leading to the hypothesis that p38 MAPK
activation might have diverse effects; transient activation is
protective, whereas continuous activation is harmful. We ob-
served in vivo (171) that brief preconditioning ischemia causes
transient but robust activation of p38 MAPK, followed by
inactivation of p38 MAPK during sustained ischemia. The
inbibition of p38 MAPK during the preconditioning period
substantially blunted infarct limitation by ischemic precondi-
tioning, implying a major role for p38 MAPK activation before
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index ischemia in preconditioning-induced cardioprotection.
However, Marber and colleagues (177) have shown in vitro a
p38 MAPK subtype specificity in cardioprotection and that
ischemic preconditioning reversed p38 MAPKa activation
during index ischemia, whereas p38 MAPKP was inhibited
during index ischemia in the presence and absence of ischemic
preconditioning. They have also shown that TGF-B-activated
kinase-1-binding protein-1 might be important in this subtype-
specific action of p38 MAPKa (205). While we also docu-
mented partial cardioprotection by nonspecific pharmacologi-
cal p38 MAPK inhibition during index ischemia in the above
study (171), the critical role of MAPKs during sustained
ischemia in preconditioning-induced cardioprotection remains
obscure (17).

As downstream effectors, p38 MAPK and phosphatidylino-
sitol 3-kinase (PI3K) induce expression, membrane transpor-
tation, and activation of glucose transporter-4, which facilitates
glucose uptake (191), partly regulated by 5'-AMP-activated
kinase (138). Furthermore, MAPK-activated protein kinase-2
and HSP27 are also activated in the preconditioned myocar-
dium at the onset of sustained ischemia (171). HSP27 binds to
the z-bands of myofibrils and prevents ischemic myofilament
degradation and the interaction of apoptotic protease-activating
factor-1 with procaspase-9 by binding to cytochrome-c and
reducing apoptotic changes (24). Interestingly, MAPK-acti-
vated protein kinase-2 also potentially activates Akt, another
possible antagonist of apoptotic signals (157).

By contrast, the pharmacological and ischemic precondition-
ing-induced activation of ERK, another component of MAPKs,
also plays an important role in cardioprotection. Initial findings
showed that the inhibition of ERK during preconditioning and
after reperfusion blunted the infarct limitation of ischemic
preconditioning (196). Later reports indicated limited or en-
hanced MAPK contribution to cardioprotection during sus-
tained ischemia (17) or after reperfusion (155), respectively,
supporting the protective role of postischemic ERK activation
in preconditioning-induced cardioprotection. Intriguingly, a
counteracting effect of Rho-kinase activation at reperfusion is
raised as a putative mechanism downstream of ERK (241). We
have also observed this in vivo downstream of preischemic p38
MAPK activation (167). The cross talk between p38 MAPK
and ERK in preconditioning-induced cardioprotection might
be an important issue for further analysis.

PI3K and Akt, which are activated by ischemic precondi-
tioning, are denoted as “reperfusion injury salvage kinase
(RISK) pathways” (63), a set of signals together with ERK that
confer cardioprotection against ischemia-reperfusion. They are
also reported to induce nitric oxide (NO) production upon both
ischemic preconditioning (211) and reperfusion (21); addition-
ally, they are reported to protect the myocardium. We will
discuss this later.

Finally, the cascades shown above are summarized in Fig. 4,
right.

NO and cGMP pathways. NO is reported as a major factor
that primarily provides cardioprotection (20). Unlike adeno-
sine, NO can activate guanylate cyclase to use cGMP as a
second messenger while exerting similar cardiovascular ef-
fects. The sources of NO can be both endogenous and exoge-
nous. Although it still remains somewhat controversial (137),
endogenous NO generated by either activated endothelial NO
synthase (NOS) or upregulated inducible NOS can confer
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cardioprotection both immediately and long after the triggering
signal, respectively (20). This supports the idea that NO works
as both a signal mediator and an effector (90, 109), both
immediately after ischemic insult and at later time points.

Recently, numerous reports revealed that the cardioprotec-
tive properties of NO are partly induced by vasodilation he-
modynamic effects or anti-inflammatory effects (142), which
are generally cGMP dependent (33) and similar to adenosine
(168). However, they also include direct cGMP-independent
effects: the inhibition of GSK-3B (30), which might cause the
aforementioned cardioprotection as well as the inhibition of
mitochondrial permeability transition pore (mPTP) (143) and
the opening of the mitochondrial Katp channel, which are both
dependent on (25) and are independent of (30) cGMP-mediated
signaling. It is likely that the direct effects of NO largely target
mitochondria. NO might also protect the myocardium by
preventing mitochondrial fission (35, 141), opening mitochon-
drial Karp channel, and inhibiting mPTP to maintain energy
metabolism against ischemic energy disturbances. We will
discuss these issues in detail later.

While NO confers many aspects of cardioprotection as
described above, the induction of NO synthesis colocalizes
with the site of Ca®>* and ROS in action. NO could act as a
double-edged sword when simultaneously exposed to exces-
sive oxidative stress, resulting in both the uncoupling and
generation of further oxidative/nitrosative stress (142).

Karp channels. The Kap channel, usually an octamer [4
inward rectifier K* channel (Kir) family and 4 sulfonylurea
receptor (SUR) subunits] on the membrane modulated by Mg
and ATP (190), was first identified by cardiovascular physiol-
ogy studies as a relaxing and negative inotropic factor (234).

Katp channels, which are inward rectifiers (190), can raise a
depolarization threshold and reduce the excitation of either
vascular smooth muscle or cardiomyocytes, resulting in intra-
cellular Ca®* unloading and reduced metabolic demand (190,
234). However, Inoue et al. (75) also found ATP-sensitive
inward rectifier activity on the inner mitochondrial membrane,
suggesting the existence of “mitochondrial Katp channels” in
contrast to “sarcolemmal Karp channels.” Cardioprotection
derived from both subtypes has been previously reported (172).
The concept of the mitochondrial Karp channel as a final
effector of cardioprotection involves the stabilization of the
mitochondrial inner membrane and the prevention of mem-
brane uncoupling (57), which provides similar benefits with the
inhibition of mPTP due to preconditioning (32). For example,
d-opioid receptor signaling might also contribute to precondi-
tioning with Katp channels as a putative downstream mecha-
nism, but it is also reported to be involved in GSK-38 inhibi-
tion (53) or mitochondrial PTP-induced cardioprotection (32).
Accordingly, pharmacological Katp opening prevents not only
ischemic damages but also cardiac remodeling due to chronic
nonischemic stimuli (169), suggesting that this may be a
putative therapeutic strategy.

GSK-38 and mPTP. In search of the downstream cascades
of PI3K, Tong et al. (210) reported on the involvement of
GSK-3 inhibition in the cardioprotection of ischemic precon-
ditioning. The emerging importance of this kinase, which is
inactivated through phosphorylation by PI3K, is supported by
its multiple roles as a critical downstream mediator of ischemic
or pharmacological preconditioning that are induced by opioids
(53) or mitochondrial Karp channel openers (32). This kinase
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subsequently confers either triggered or immediate cardiopro-
tection and serves as a downstream effector of the Wnt/
Frizzled pathway-induced cardioprotection (16). These roles
implicate this developmental signal in cardioprotection af-
forded by preconditioning. It has also been reported to target
the mammalian target of rapamycin, one of the major common
downstream effectors of the PI3K/Akt pathways (217).

However, mitochondrial protection against ischemia-reper-
fusion is necessary to ensure cellular respiration and aerobic
ATP generation and to inhibit the release of cytotoxic agents
such as ROS and proapoptotic factors (such as cytochrome-c)
from mitochondria upon myocardial stress (57). There were
two great breakthroughs in the understanding of mitochondrial
protection: the discovery of the mitochondrial Kayp activity as
described above in Ka7p channels and the discovery of mPTP
(56, 57).

The mitochondrial outer membrane contains a pore protein
called the voltage-dependent anion channel (VDAC) that lets
nonspecific small substances of less than ~5 kDa into the
intermembrane space and cytosol, whereas the inner membrane
is less permeable and may let only molecules such as H;O, O,
CO,, or NH; go through. Therefore, the mechanism that
induces mitochondrial release of larger molecules, such as
cytochrome-c under stress, was not well understood. Origi-
nally, VDAC was considered to be a crucial component of this
canal but was ruled out later because the intrinsic apoptotic
pathway was also induced in VDAC knockout mice (13).
Currently, Halestrap et al. (56) propose that mPTP is composed
of adenine nucleotide translocase, mitochondrial phosphate
carrier, and their regulator cyclophilin-D. Ca®* overload (57)
or ROS (175) is crucial to open the pore that enables small
molecules to pass between the mitochondrial matrix and cyto-
sol, allowing for an H* influx into mitochondria. This cancels
the membrane potential across the mitochondrial membrane
and results in mitochondrial swelling and subsequent apoptotic
changes (66). '

Cyclosporine A binds to cyclophilin D, located on the
mitochondrial inner membrane, and inhibits mPTP opening by
causing its dissociation from mPTP and thereby facilitating
pore opening induced by Ca?* and ROS (27, 57). Ischemic
preconditioning is also reported to prevent, upon ischemia-
reperfusion, the mPTP opening downstream of GSK-3(3 (84) or
PKC-€ (15), possibly through the modulation of cyclophilin D
(62). Finally, these models conform well to the idea that both
necrotic (128) and apoptotic (32, 238) cell death occurs upon
ischemia-reperfusion injury, and both are reduced by ischemic
preconditioning (70).

Further investigation of the intersectional relationship be-
tween the RISK/survival and Wnt/developmental pathways, as
well as mPTP (a putative contributing mechanism), in cardio-
protection is necessary.

Ca?* and free radicals. Importantly, it is widely recognized
that both Ca®* and ROS serve as signaling mediators under
physiological conditions, while the dose, time period, and
location are critical (43). It is well known that intracellular
Ca?* overload or induction of ROS causes cellular damage
because of ischemia-reperfusion injury, especially when it is
prolonged or intense. Moreover, as described above in NO and
c¢GMP pathways, even a typically beneficial signal such as NO
could cause deleterious effects when colocalized with exces-
sive oxidative stress (142). However, short or transient expo-

ISCHEMIA-REPERFUSION AND PROTECTION BY PRE- AND POSTCONDITIONING

sure to them is reported to be beneficial because of their ability
to trigger ischemic preconditioning (139, 198) and postcondi-
tioning (29). In preconditioning mechanisms, intracellular
Ca®* is required to activate classical PKC, an important
component for triggering the preconditioning signal (139).
Also, the Ca?*-activated K™ channel protects the myocardium
when it is activated at the time of reperfusion (176, 185).
Furthermore, Ca®* is indispensable for myocardial twitching
(142) and for the generation of ROS from mitochondria (43)
within physiological range. On the other hand, ROS can
reciprocally modulate intracellular Ca®>* homeostasis (43), and
the transient increase in ROS through the increase in NO levels
can trigger both early (24, 137) and late (198) phases of
ischemic preconditioning. However, the role of ROS as a final
effector of cardioprotection is rather controversial, especially
in postconditioning, as discussed in the next section.

We finally summarized these mitochondria-oriented protec-
tive mechanisms in Fig. 4, bottom left.

Cardioprotection Afforded by Postconditioning

Postconditioning, defined as brief periods of ischemia alter-
nating with brief periods of reflow applied at the onset of
reperfusion following sustained ischemia (143), has recently
been shown to have potential as a novel cardioprotective
intervention against ischemia-reperfusion injury (197, 218).
Ischemic postconditioning results in cardioprotection similar to
preconditioning and provides a variety of crucial clues to
cardioprotective mechanisms that can be directly applied in the
clinic (28). In contrast to preconditioning, cardioprotection
from postconditioning requires the instant sequence starting
from triggers, through mediators and leading to effectors. The
question as to whether cardioprotection from preconditioning
and postconditioning use different mechanisms is currently
under discussion (143), together with supportive (230) or
negative (242) reports for additional cardioprotection from
preconditioning beyond concomitant ischemic postcondition-
ing.

Critical conditions for ischemia and reperfusion/reoxygen-
ation in postconditioning. Because the prompt recovery of
intracellular pH and reoxygenation upon reperfusion causes
Ca?* overload or excessive ROS generation and enhanced
reperfusion injury, reduction of the levels of intracellular Ca®*
or ROS is one of the critical strategies for preventing reperfu-
sion injuries. The initial successful attempts to reduce these
levels were done using acidic (97) or staged (67) reperfusion,
which can temper the promptness of pH recovery and reoxy-
genation upon reperfusion. On the other hand, recent studies
have proposed that postconditioning can also elicit cardiopro-
tection; however, it might instead induce the chances of re-
peated overshooting of intracellular Ca?>* and ROS levels at
the time of reperfusion when preventive action has to take
place. Accordingly, the latest reports have revealed that the
benefits of postconditioning require the following conditions to
be optimal: the duration of the index ischemia (118), the
duration between the onset of reperfusion and the first brief
ischemia, the duration and number of ischemias, and the
duration of the interspersed reperfusion (143). First, postcon-
ditioning reduced the infarct size after index ischemia longer
than 45 min in vivo, whereas it adversely impaired injury after
index ischemia shorter than 30 min (118), possibly because the
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