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Better understanding of fetal hypoxia-mediated programming of MMPs expression
patterns and remodeling of the developing heart and brain will provide insights

ELSEVIER

in pathophysiology of cardiac and neurological dysfunction in offspring and helps the
development of preventive diagnosis and therapeutic strategies in fetal origins

of cardiovascular and neurological disorders.

Fetal hypoxia and programming of matrix

metalloproteinases
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Fetal hypoxia adversely affects the brain and heart development, yet the
mechanisms responsible remain elusive. Recent studies indicate an
important role of the extracellular matrix in fetal development and tissue
remodeling. The matrix metalloproteinases (MMPs) and their endogenous
inhibitors, tissue inhibitors of metalloproteinases (TIMPs) have been
implicated in a variety of physiological and pathological processes in the
cardiovascular and central nervous systems. This review summarizes
current knowledge of the mechanisms by which fetal hypoxia induces the
imbalance of MMPs, TIMPs and collagen expression patterns, resulting in
growth restriction and aberrant tissue remodeling in the developing heart
and brain. Collectively, this information could lead to the development of
preventive diagnoses and therapeutic strategies in the fetal programming
of cardiovascular and neurological disorders.

Physiological hypoxia (as compared with the arterial partial oxygen pressure in the mother) is a
normal part of fetal life for all vertebrates and has a significant role in vasculogenesis, angiogen-
esis, hematopoiesis and chondrogenesis during fetal development [1]. The partial oxygen tension
of a developing embryo is <10 mmHg, which is regarded as being hypoxic compared with normal
tissue with an oxygen tension of 20-40 mmHg [2]. This suggests that the fetus is persistently
hypoxic during organ formation, growth and maturation, and that fetal tissues have a lower
threshold at which they reach a state of oxygen insufficiency [3]. Although the restricted oxygen
supply is essential for intrauterine growth, excessive or severe hypoxia might compromise normal
development and can adversely affect the fetus in various ways [4]. Pathophysiological hypoxia
during pregnancy causes a redistribution of fetal blood flow to facilitate oxygen delivery to the
vital organs, such as the brain and heart [5]; the occurrence of cardiac remodeling modifies the
structure, function and gene expression in the fetal heart to compensate for the hypoxic stress.
Cardiac hypertrophy and fibrosis are the major processes during the heart remodeling in the
adaptive response to fetal hypoxia. Hypertrophy owing to the cardiomyocyte enlargement and
hyperplasia might occur as a result of an increased myocardial workload [6-11]. Fibrosis is
characterized by a disproportionate accumulation of fibrillar collagen, which stiffens the ven-
tricles and causes the loss of compliance and the impairment of contraction and relaxation [12].
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Schematic mechanisms of hypoxia-induced collagen deposition. Hypoxia stimulates the production of collagens via oxidative stress or transforming growth factor
beta (TGF-B) signaling pathway (in blue). Oxidative stress can also activate TGF-B, which might induce the expression of pro-fibrogenic genes, including those
encoding collagens. Matrix metalloproteinases (MMPs) and the endogenous tissue inhibitors of metalloproteinases (TIMPs) can be regulated at transcriptional
levels through epigenetic mechanisms (i.e. DNA methylation and histone modification) in response to hypoxia. In addition, hypoxia activates several

transcriptional factors (e.g. nuclear factor-kappaB [NF-kB], activating protein 1 [AP-1], signal transducers and activators of transcription-1 [STAT] and TGF-) that
subsequently bind to some of the key transcriptional binding sites, regulating MMP gene expression (in orange). The MMPs digest collagens and reduce collagen
deposition; as an autoregulation, collagens bind to their discoidin domain receptor (DDR) to upregulate MMPs levels. In addition to the inhibitory effect on MMPs,

TIMPs also have a key role in cell proliferation and cell death.

The adaptive alteration of the fetal heart might not change the
basal cardiovascular function but might cause heightened vulner-
ability to ischemic injury in adulthood [13-15]. Fetal hypoxia also
increases the risk of heart failure and other cardiovascular disease
in later postnatal life [16]. In addition to the adverse effect on heart
development, numerous studies have demonstrated that fetal
hypoxia is one of the major causes of neurodevelopmental impair-
ment and neurological deficits in the offspring [17-22].

Recent studies indicate that the timely breakdown of extracel-
lular matrix (ECM) is crucial for normal fetal development [23].
ECM is a complicated microenvironment that includes a range of
matrix proteins, signaling molecules, proteases and cell types
involved in the tissue remodeling process [24]. Various factors
that participate in the cardiac and cerebral remodeling have been
revealed and matrix metalloproteinases (MMPs) are one of the
most significant mediators in ECM turnover. MMPs are a family of
zinc-dependent proteases. Together with tissue inhibitors of
metalloproteinases (TIMPs), they have been implicated in a variety
of physiological and pathological processes in the cardiovascular
and central nervous systems, including the modulation of fibrillar
collagen structure and deposition, and the regulation of cell
proliferation and cell death. MMPs can be regulated at the

transcriptional level and their activities can be inhibited by their
endogenous inhibitors, the TIMPs.

In this review, we summarize current studies of the mechanisms
by which hypoxia alters fetal cardiac and cerebral morphology,
reprograms the related protein expression patterns, and leads to
abnormal cell proliferation and cell death. We focus particularly
on studies of how fetal hypoxia induces the imbalance of MMPs,
TIMPs and collagens, resulting in growth restriction and aberrant
tissue remodeling in the developing heart and brain (Fig. 1).

Fetal hypoxia and abnormal heart and brain
development

Large epidemiological and animal studies have indicated that
intrauterine growth restriction with low birth weight results in
an increased incidence of perinatal morbidity and mortality, and
increases the risk of neurological deficits and cardiovascular dis-
ease later in adult life [25-28]. In humans, fetal hypoxia is one of
the major causes of intrauterine growth restriction [29]. The fetus
can experience prolonged hypoxia under various conditions, such
as pregnancy at high altitude, pregnancy with cigarette smoke,
drug abuse, anemia, pulmonary disease and hypertension [7].
Maternal hypoxia or insufficient delivery of oxygen to the fetus
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contributes to remarkable pathophysiological changes in fetal
tissue remodeling. However, little is known about the fetal adap-
tive mechanisms involved and potential therapeutic approaches.
Elucidating the various molecular mechanisms underlying the
structure and functional changes in cardiac and cerebral growth
is an area of ongoing research.

Fetal hypoxia and cardiac remodeling

Many studies have demonstrated that hypoxia results in a decrease
in fetal body weight, but an increase in the heart:body weight ratio
[30-34]. During fetal hypoxia, there is a redistribution of fetal
cardiac output from the periphery to essential organs such as the
brain and heart. This is induced by carotid chemoreflex and
sustained by the local vasodilators nitric oxide and adenosine in
the essential circulation and the peripheral vasoconstriction fac-
tors, catecholamines and neuropeptide Y [31]. This causes the
retarded growth of nonessential organs and tissues, but maintains
growth of the heart and brain. Nevertheless, fetal hypoxia causes
apoptotic cell death in the heart and increases the number and size
of binucleated cardiomyocytes [30]. In normal fetal heart devel-
opment, cardiomyocytes first undergo hyperplasia before midges-
tation. In rats, the cardiomyocytes become binucleated and
terminally differentiated in the first two weeks after birth [35].
The binucleated cardiomyocytes are no longer capable of prolif-
eration and division. Fetal hypoxia interrupts the proliferation of
myocytes prematurely and cardiomyocytes undergo hypertrophic
growth to compensate for the reduced number of myocytes. In
fact, the enlargement of the fetal heart following hypoxia has been
demonstrated [30].

Although the mechanism of cardiac hypertrophy resulting from
chronic hypoxia has not been well established, a study using long-
term intermittent hypoxia has demonstrated that tumor necrosis
factor-alpha (TNF-«), insulin-like growth factor II (IGF-II), phos-
phorylated p38 mitogen-activated protein kinase (p38 MAPK),
signal transducers and activators of transcription-1 (STAT)-1 and
STAT-3 are involved in 4-week hypoxia-induced hypertrophic
myocardium and increased interstitial space [36]. In addition,
interleukin-6 (IL-6), mitogen-activated protein kinase 5 (MEKS)
and extracellular signal-regulated kinase 5 (ERKS) are activated
with 8-week-hypoxia exposure [36], suggesting that a pro-inflam-
matory cytokine pathway is involved in cardiac hypertrophy
triggered by long-term hypoxia. Studies of chronic anemic fetal
sheep have illustrated increases in biventricular cardiac output and
myocardial blood flow accompanied by fetal heart hypertrophy
[37,38]. This is not unexpected because there is an association
between prenatal hypoxia and the development of primary pul-
monary hypertension in the offspring [39]. In this case, increased
capillary blood supply and ventricular work are required to main-
tain cardiac function, and increasing myocardial vessel growth
might be an adaptation to anemia-hypoxia insult.

It has been shown in fetal lambs that anemia and/or hypoxia
increase hypoxia inducible factor 1 (HIF-1) and vascular endothe-
lial growth factor (VEGF) and cause capillary coronary vascular
growth [38,40]. Additionally, HIF-1 also induces the transcription
of glycolytic enzymes to maintain myocardial use of peripherally
generated lactate as an energy substrate in the hypoxic condition
[38]. Thereby, cardiac hypertrophy with angiogenesis stimulated
by the pro-inflammatory cytokines, HIF-1 and VEGF, has an

essential role in the adaptive mechanisms in response to chronic
hypoxia. Interestingly, hypoxia during the early fetal develop-
ment stage resulted in myocardial thinning in a rat model, which
is different from the increased heart:body weight ratio or hyper-
trophy that occurred with hypoxia at late gestation [1]. This
finding implies that the distinct duration and gestational periods
of hypoxia might determine the nature and severity of abnormal
heart development.

In addition to cardiomyocyte hypertrophy, alteration of ECM
components, particularly interstitial collagens in the heart, is seen
in cardiac remodeling caused by hypoxia. Type I (85% of cardiac
interstitium) and type III (11% of cardiac interstitium) collagens
are the major collagens in the connective tissue network of the
vertebrate heart and form several distinct organized layers in the
heart walls to provide rigidity and elasticity [41,42]. Human fetal
heart expresses collagen III before collagen I during the second
trimester and collagen III forms a major component of the col-
lagen network in the fetal heart [43]. After birth, the ratios of total
collagen to total protein as well as that of collagens I to III are high
in neonatal hearts and they gradually decrease with age, which
explains the relatively rigid and less compliant heart in the neo-
nate as compared with that in the adult [44]. The ECM network of
the heart is formed by a complex three-dimensional arrangement
of glycoproteins and proteoglycans and is closely linked to cardiac
function [45]. This elastic and stress-tolerant network is responsive
to multiple pathophysiological signals, for example, myocardial
hypoxia that stimulates the synthesis of collagens [45,46].

Generally, ECM turnover during development under both nor-
moxic and hypoxic conditions is tightly controlled by coordinated
degradation and synthesis of collagens and other ECM compo-
nents. Excessive amounts of collagens released from cardiac fibro-
blasts might contribute to ventricular stiffness and impairment of
diastolic filling after cardiac insults [47]. A study by Xu et al.
confirmed that fetal hypoxia significantly enhances beta and/or
alpha myosin heavy chain (MHC) isoform ratio and collagens I
and III accumulation, yet reduces MMP-2 activity in the left
ventricular of adult rat offspring; this suggests that impaired fetal
development leads to dysregulated collagen deposition in the
heart and alters the susceptibility of the heart to ischemia and/
or reperfusion injury [32]. Fetal hypoxia alters the expression
patterns of many genes, including the 70-kd heat shock protein
(HSP70), endothelial nitric oxide synthase (eNOS), beta2-adrenor-
eceptor, protein kinase C epsilon isozyme and type 2 angiotensin I
(AT2) receptors in the heart, and causes left ventricular remodeling
[13,14,32,48-50]. In vitro studies of cultured cardiac fibroblasts
have revealed that angiotensin II directly stimulates collagen
synthesis and the expression of ECM proteins via type 1 angio-
tensin II (AT1) receptors, and indirectly stimulates collagen
deposition via induction of transforming growth factor beta
(TGF-B), endothelin 1 (ET-1), IL-6 and osteopontin [12]. Addition-
ally, a study using knockout mice reported that angiotensin II
failed to promote fibrosis in TGF-B1-deficient mice [51]. The
sustained activation of TGF-f in mice overexpressing TGF-B can
induce ventricular fibrosis in the heart [52]. Interestingly,
collagen I in mouse cardiomyocytes was enhanced after hypoxia
reoxygenation, and the release of reactive oxygen species
(ROS) appeared to induce the genes for collagen [53]. The over-
expression of TGF-B1 can block ROS and therefore inhibit collagen
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accumulation, implying an antifibrotic role for TGF-g1 [53]. Col-
lectively, TGF-B1 might act as both a pro- and anti-fibrotic factor
upon various stimuli and upon short-term or long-term stimuli.
The primary effect of TGF-B1 in the fetal and neonatal heart
following chronic hypoxia remains unclear. More studies demon-
strating the direct effect of hypoxia on abnormal development of
fetal and neonatal heart are therefore warranted.

Fetal hypoxia and brain development

Fetal hypoxia is also linked to brain growth retardation and neu-
rological deficits during development. Evidence indicating the
detrimental effects of in utero hypoxia on the fetal brain is also well
documented. The reduced fetal cerebral oxygenation could result
from a decrease in fetal cerebral perfusion owing to a failure of
cerebral-hypoxic vasodilatation, cardiac decompensation or peri-
natal stroke [54]. Low brain oxygenation in fetuses is associated with
abnormal neurovascular development and an increased risk of brain
injury, such as cerebral palsy or periventricular leukomalacia (PVL)
innewborns [55,56]. It has been shown that 2 h of transient hypoxia
(9% oxygen) during late pregnancy reduced the level of brain-
derived neurotrophic factor (BDNF) in the fetal brain, probably in
relation to the impaired morphology of the hippocampus and
cerebellum during development [57]. Hypoxia did not stimulate
inflammation or cell death, but delayed neuronal migration by
diminishing the proteins involved in the migration, such as Reelin,
Disabled1 and amyloid precursor protein, in the fetal brain [19].

Hypoxia might regulate cell proliferation by altering the fetal cer-
ebella gene expression, which is evidenced by a trend of upregula-
tion in cell cycle-related genes seen 2 h after fetal hypoxia, followed
by downregulation 24 h or 20 days after hypoxia [18]. In addition,
key proteins in the gamma-aminobutyric acid (GABA) pathway
were immediate repressed by transient hypoxia in the fetal cerebral
cortex, which might result in an increased susceptibility to seizures
and epilepsy in the offspring [17]. It is possible that hypoxia-induced
fetal programming in the brain development is responsible for the
increased vulnerability to cerebral insults in adulthood [58]. Mean-
while, GABA has a trophic effect during early brain development,
and hypoxia might alter the function of GABAergic transmission
during this period, thus compromising the development of neuro-
nal wiring, plasticity of the neuronal network, and affecting the
neural organization [58].

Interestingly, chronic fetal hypoxia appears to regulate brain
tissue remodeling by a similar pathway. In a guinea pig model, the
enhancement of oxidative stress and apoptosis caused by chronic
fetal hypoxia is mediated by inflammatory cytokines activation in
the fetal brain [59]; this finding is also supported by our own study
that downregulation of TIMPs by chronic hypoxia might partici-
pate in increased apoptosis in the neonatal rat brain [22]. Taken
together, insufficient oxygen alters fetal brain growth, resulting in
abnormalities in fetal and neonatal cerebral structure. This
abnormality probably involves a sustained reduction in neuronal
proliferation and increased cell death.

Fibrillar
collagens
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Matrix metalloproteinases (MMPs) and their substrates in myocardium. Collagenases (MMP-1, -8 and -13) have high substrate specificity for fibrillar collagens (e.g.
collagens |, Il and Ill) and extracellular matrix (ECM) proteins (proteoglycans, perlican, aggrecan, versican, etc.). Stromelysins (MMP-3 and -7) can digest ECM
proteins and basement membrane proteins (e.g. collagen IV and fibronectin). Additionally, MMP-7 also degrades fibrillar collagens. The substrates for gelatinases
(MMP-2 and -9) include gelatins, basement membrane proteins and ECM proteins. Membrane-type (MT) MMPs breakdown basement membrane components,
fibrillar collagens and ECM proteins.
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The role of MMPs and TIMPs in hypoxia-induced
abnormal heart and brain development

The MMP family includes at least 25 members [60], which are
generally classified into several classes according to their specific
substrates: collagenases (MMP-1, -8, -13 and -18) are capable of
degrading insoluble fibrillar collagens, especially collagens I and
III; gelatinases (MMP-2 and -9) can digest gelatins as well as
collagen IV in the basement membranes; membrane type 1-6
MMPs (MT1-MT6 MMPs) can digest collagens and activate other
MMPs; stromelysins (MMP-3, -10 and -11) are active against some
ECM components; and a heterogeneous group that includes MMP-
7, -12, -20, -26 and -28 (Fig. 2) [61,62]. An important control of
MMP activity is through a group of specific MMP endogenous
inhibitors, the TIMPs. There are four TIMPs identified so far,
termed TIMP-1, -2, -3 and -4; these can bind noncovalently with
high efficiency to active MMPs in a 1:1 molar ratio, therefore
preventing access of the MMP catalytic domains to their substrates
[24]. The most studied are TIMP-1 and TIMP-2, which bind MMP-9
and MMP-2 with a high affinity, respectively [63]. TIMP-3 was first
proposed by Yang and Hawkes in 1992, and can bind directly to
ECM proteins [24,64]. TIMP-4, as a recently identified member of
TIMP family, was first discovered in the human heart in 1996, and
has a high binding affinity to proMMP-2 [65,66].

Hypoxia in the regulation of MMP protein expression patterns

Prenatal hypoxia induces abnormal heart growth and mental retar-
dation in fetuses and offspring, and the alteration of MMPs has a
crucial role in tissue remodeling in both the heart and brain. It has
been reported that fetal hypoxia results in an overall tendency
towards increased MMP-2 and -9 during fetal and neonatal periods.
Given that MMP-2 and MMP-9 are the predominant MMPs in the
cardiac ventricle, studies in fetal guinea pig hearts focused on both
MMPs and showed that fetal hypoxia enhanced their mRNA levels,
and upregulated the protein expression of MMP-9 but not MMP-2,
although the MMP-2 activity was increased [67]. Our studies indi-
cated that fetal hypoxia increased the MMP-2 and MMP-9 activity in
the brain on postnatal days O and 4 neonatal rats, whereas no
differences were seen afterwards [22]. Although the mechanisms
of MMP upregulation by chronic prenatal hypoxia are not fully
understood, it is known that MMPs can be regulated by transcrip-
tion, pro-enzymatic activation and endogenous inhibition. MMPs
are mainly regulated at the transcriptional level with relatively low
basal levels during normal development [68]. Hypoxia might acti-
vate several transcriptional factors that subsequently bind to some
of the key transcriptional binding sites, enhancing or repressing
MMP gene expression. The activating protein 1 (AP-1) site, nuclear
factor kappa B (NF-kB) site and STAT site are involved primarily in
the regulation of MMP genes [68]. Increases in MMP-2 synthesis
were found in a culture of rat cardiac fibroblasts exposed to 1%
oxygen for 24 h, and a functional AP-1 site mediated MMP-2 tran-
scription through the binding of distinctive Fral-JunB and FosB-JunB
heterodimers [69]. In vitro studies have shown a rapid activation in
the binding of DNA to AP-1 during hypoxia, and AP-1 synthesis was
enhanced to activate many AP-1 and AP-1 family-controlled genes
[70] that possibly include various MMP genes. The study also
suggested that the activation of NF-«xB by hypoxia reoxygenation
is slow, which implies that NF-kB is indirectly activated and
probably relies on other gene products newly induced by

hypoxia-inducible factors [70]. Chen et al. reported that the expres-
sion of MMP-1 in cardiac fibroblast is increased, accompanied by
elevated ROS and NF-«B after the onset of hypoxia, and continues to
be upregulated during prolonged hypoxia [71]. Given that the
generation of ROS from hypoxia is believed to activate a range of
intracellular signaling pathways, including NF-«B [72], this finding
implies that oxidative stress is associated with hypoxia-triggered
upregulation of MMP, potentially through the NF-«B binding site.
Although hypoxia might activate STAT protein by various pathways
[73], it is unclear whether STAT proteins can bind directly to the
transcriptional regulatory region of MMP genes [74]; thus, the role
of the STAT pathway in the upregulation of MMP transcription
induced by hypoxia remains elusive.

MMPs are also regulated by Smad family proteins that repress or
enhance TGF-B-mediated gene expression, implicating a dual role
for TGF-B in modulating MMP genes in tissue remodeling and
cancer [68]. It has been demonstrated in an in vitro study that
hypoxia increased TGF-B expression [53], and TGF-B has been
shown to inhibit MMP-1 after ischemic reperfusion in the heart
[75]. Although TGF- is implicated in regulating MMP expression,
whether hypoxia-mediated TGF- regulates MMPs at the transcrip-
tional level remains to be elucidated. Moreover, how chronic fetal
hypoxia transcriptionally regulates MMPs during tissue remodel-
ing requires more investigation.

Imbalance of MMPs and TIMPs and aberrant tissue remodeling
Not only does the alteration of MMPs affect fetal and neonatal tissue
growth and remodeling in the hypoxic condition, but the dynamic
changes of MMPs and TIMPs together also contribute to aberrant
remodeling in the developing fetus. Given that a wide range of
neurovascular matrix and cell-surface proteins are the substrates for
MMP-2 and -9, they have been extensively investigated in the brain
[76,77]. MMP-2 and -9 are released mainly from astrocytes [63].
Studies in humans reported that serum levels of MMP-9 on the day
of birth were significantly increased in perinatal asphyxiated neo-
nates followed by a subsequent increase in serum TIMP-1 levels and
a decrease in serum MMP-9 on the day after birth, suggesting that
TIMP-1 increases in response to MMP-9 and it, in turn, suppresses
MMP-9 [78]. The study also showed that the serum MMP-9:TIMP-1
ratio in asphyxiated neonates with neurological sequelae is signifi-
cantly higher than in those without sequelae [78], indicating that
the imbalance of MMP-9 and TIMP-1 is linked to prenatal hypoxia-
induced neurological deficits during brain development. Further
studies demonstrated that chronic maternal hypoxia alters the
TIMP-1:MMP-9 and TIMP-2:MMP-2 ratios by suppressing TIMP
expression, resulting in reduced cell proliferation and increased cell
death in the neonatal brain [22]. Ryu et al. explored the influence of
chronic hypoxia on the developmental expression profile of addi-
tional MMPs and TIMPs in the mouse lung [79]. Prolonged neonatal
hypoxiaresulted in an arrestin alveolarization, elevated MMP-2 and
lowered TIMP-2 levels, whereas no significant changes were found
in MMP-9, MT1-MMP, TIMP-1 and TIMP-3 [79]. This study con-
firmed that chronic hypoxia breaks the delicate balance of proteo-
lytic and anti-proteolytic forces during lung development, which
accounts for several pulmonary pathologies, including pulmonary
fibrosis. The TIMP-1:MMP-1 ratio was also remarkably increased in
patients with severe left ventricular hypertrophy, showing that the
interaction of TIMP-1 with another MMP besides MMP-9 also has a
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significant role in the pathophysiological remodeling [80]. The
disruption of fine dynamics of MMP-TIMPs by acute hypoxia is
also supported by studies using a neonatal hypoxic ischemia (HI)
model. Activation of MMP-9 was followed by the delayed elevation
of TIMP-1, and the mismatch of MMP-9-TIMP-1 elevation and the
increased MMP-9:TIMP-1 ratio might be responsible for the blood
brain barrier (BBB) breakdown that occurs after hypoxic injury in
developing brain [81]. The temporal profiles of MMP-2-TIMP-2 were
notaltered dramatically after HI, distinct to the findings in the brain
after chronic hypoxia. This discrepancy implies that MMP-2 and
TIMP-2 are not fully responsible for hypoxia-induced brain remo-
deling. In addition, changes in the MMP:TIMP ratio might have
different roles in acute and prolonged tissue remodeling after
hypoxia. In the rapid response to hypoxia, MMPs are released by
early gene expression and cause the BBB breakdown and cell death,
whereas in the prolonged phase after hypoxia, MMPs and TIMPs
might participate in neurogenesis and angiogenesis to recover from
the brain injury by different pathways.

Role of MMPs in fibrillar collagen deposition

The primary effect of MMPs, which was first discovered by Gross
and colleagues in 1962, is to digest a wide range of collagens [82];
therefore, MMPs are key regulators of ECM homeostasis. Collagen
degradation is a major step in tissue remodeling, and MMP-1, -13
and MT1-MMP are the primary enzymes that digest fibrillar col-
lagen [83]. Generally, MMPs cleave the native triple helix of
collagen at a Gly-Leu or Gly-Ile site, leading to an unstable con-
formation at body temperature and further degradation by non-
specific proteases [62]. Enhanced cardiac fibrosis attributes to
excessive synthesis of fibrillar collagen (mainly type I) and a
reduced degradation of collagens, causing ventricular stiffening
and impaired diastolic filling. The reduced digesting of collagens
does not necessarily result from the low levels of MMPs; in fact,
increased collagens can activate its discoidin domain receptor
(DDR) and therefore upregulate MMP-1 expression [84]. In the
heart, DDR2 is primarily expressed on cardiac fibroblasts, which
appear to be the major source of ECM components and MMPs
[47,85]. The role of DDR2 in fibroblast proliferation and migration
has been demonstrated by primary cell culture from DDR2-knock-
out mice, and the reduced growth of fibroblast from DDR2-null
mice is probably the result of the reduced expression of MMP-2
[86]. An in vitro study of DDR1-null smooth muscle cells also
indicated a decreased proliferative and migratory response and
the involvement of both MMP-2 and MMP-9 expression [87]. It has
been reported that DDR2 expression is observed during early
cardiac development under normal conditions, whereas hypoxia,
as well as other pathologies, might regulate DDR1 and DDR2
expression by a variety of pathways [88-90]. Studies carried out
by Hu and colleagues proposed that hypoxia-reoxygenation
increases the signals for collagen I and MMDPs, and the elevated
levels of MMPs are the result of an autoregulatory response to
collagen I signal in cardiac fibroblasts [53]. However, how MMPs
are autoregulated by collagen I was not determined in the study.
Taken together, in addition to the inadequate inhibition by TIMPs
[91], collagen receptors DDR1 and DDR2 might have an essential
role in hypoxia-induced adverse tissue remodeling and might
serve as an adaptive mechanism for the upregulation of MMPs
by collagens after chronic hypoxia.

In brain tissue, collagens are generally rare and exist principally at
the meninges, the basement membranes and the sensory end organs
[92]. Increasing amounts of data have shown that collagens have an
activerole during the development of the nervous system, including
axon guidance and synaptogenesis in the establishment of the
architecture of the brain [92]. DDR1 was found to be expressed
prenatally in neurons of the proliferative areas, and yet was not
detectable postnatally during brain development in mouse [93].
Whether MMPs can be regulated by collagens and whether DDR
participates in the regulation of MMPs in the fetal brain are not fully
understood at present; it is also necessary to determine further the
role of DDR in fetal hypoxia-promoted brain remodeling.

Role of TIMPs in cell proliferation and cell death

TIMPs are linked to MMP-independent mechanisms, such as cell
proliferation and apoptosis, in addition to their inhibitory effect
on specific MMPs in hypoxia-induced tissue development. In some
non-expressing MMP cell lines, TIMP-1 promotes cell prolifera-
tion, as measured by DNA content [94]. The reductive alkylated
TIMP-1 and -2 have no MMP inhibitory activity, but both sig-
nificantly enhance cell proliferation. Moreover, the activity is not
seen with the complex of proMMP2-TIMP-2 or proMMP9-TIMP-1
[95]. These studies demonstrate that the cell-proliferating activity
of TIMPs is independent of their inhibition of MMP activity. The
cell-proliferation activity might be the result of a TIMP-1 sequence
that is homologous with human granulocyte-macrophage colony-
stimulating factor, whereas TIMP-2 seems to be devoid of such a
sequence [94]. However, subsequent studies demonstrated that
the cell surface receptor might be present for TIMP-2 for its cell-
proliferating action [95]. The anti-apoptotic effect of TIMP-1 has
also been confirmed in tissue remodeling, and TIMP-1 levels
suppressed by fetal hypoxia associates with a significant increase
in cell death in the CAl hippocampal area after birth [22]. The
MAPK pathway and cAMP-protein kinase A (PKA) pathway might
be related to TIMP growth-promoting activity [96]. More details of
the regulation between chronic hypoxia and TIMPs in the tissue
remodeling process need to be determined. By contrast, TIMP-3
has been shown to inhibit several MMPs and to be expressed at
high levels in cardiac tissue. It is unique within in the TIMP family,
because it binds firmly to ECM and has pro-apoptotic effects [97].
The direct binding to ECM might stabilize the MMP-TIMP com-
plex within the interstitial space [24]. The gene encoding TIMP-3
has no TATA sequence, but contains many Sp1 binding sites in its
promoter region, which suggests a potential epigenetic modifica-
tion through DNA methylation. TIMP-3 can inhibit neonatal
cardiomyocyte proliferation possibly by the epidermal growth
factor receptor (EGFR)/c-Jun NH2-terminal kinase (JNK)-SP-1-
p27 signaling pathway [98]. TIMP-3 therefore appears to have a
detrimental effect on cardiac remodeling after insults and,
together with other TIMPs, it might comprehensively modulate
cardiac or cerebral tissue remodeling in response to fetal hypoxia.

Epigenetic mechanisms of hypoxia-induced abnormal
tissue remodeling

Several MMPs have shown intransient expression upon external
stimuli and, therefore, are generally considered to be inducible
genes. Although the mechanisms underlying different stimuli in
inducing MMPs expression are not fully understood and are
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complex, increasingly amounts of new data have demonstrated
that tumor and peri-tumor cells in cancer can constitutively
express MMPs at high levels, suggesting that epigenetic modifica-
tion is involved in MMP regulation [68]. Epigenetic modification,
including the methylation of cytosine in CpG dinucleotides and
the post-translational modification of histone, is crucial to normal
mammalian development and differentiation, and enables an
organism to respond to the environment by changing gene expres-
sion patterns [13,99-101]. Animal studies have suggested that
abnormal DNA methylation is related to many morphological
and functional deficits and has the capacity to act as an epigenetic
mutation [102-104]. Patterson et al. clearly demonstrated that
maternal chronic hypoxia can alter protein kinase c epsilon (PKCeg)
gene promoter DNA methylation patterns, resulting in downre-
gulation of PKCe protein and mRNA in the fetal heart and heigh-
tened heart ischemic vulnerability in adult male offspring [13].
Other than hypoxia, maternal cocaine and fetal nicotine exposure
in rat models also resulted in PKCe gene repression in the fetal
heart; these studies have therefore shown a link between maternal
chronic insults and reprogramming of certain genes in the fetal
heart and the resulting alteration of their expression patterns in
adult life [105,106].

DNA methylation and MMP and TIMP gene expression

Although the exact epigenetic mechanisms involved in hypoxia-
induced MMP and TIMP reprogramming have not yet been estab-
lished, several possible mechanisms have been elucidated by
recent studies. Given that methylation of CpG islands in the
promoter region of genes is generally an efficient mechanism of
repressing transcription, it is plausible that hypoxia changes
methylation patterns of certain cis-elements in MMP gene pro-
moter regions, leading to promoter hypo- or hypermethylation
and, therefore, enhancement or inhibition of MMP gene expres-
sion. An example of the epigenetic control of MT1-MMP, MMP-2
and MMP-3 is seen in cancer cells. It has been shown that the MT1-
MMP and MMP-2 promoter regions are hypermethylated in MCF-7
cells that express low levels of MT1-MMP and MMP-2; in addition,
the lack of two crucial DNA methyltransferases, Dmt-1 and
Dmt3b, increases MMP-3 expression in a colon cancer cell line,
suggesting that epigenetic mechanisms silence the synthesis of
these MMPs [107,108]. The low levels of methylation of the MMP-
9 promoter have been shown to favor the constitutive expression
of MMP-9. Notably, methylation at the Spl binding site can
significantly affect MMP-9 transcription, as the core binding site
for Sp1, 5-GGGCGG, contains a potentially methylatable CpCpG
site. Using bisulfite genomic mapping of the MMP-9 to analyze the
status of MMP-9 promoter methylation, Chicoine et al. showed
that the heavily methylated promoter, particularly at Spl sites,
suppresses MMP-9 gene transcription and expression. Meanwhile,
the treatment of 5-aza-2'-deoxycytidine, a DNA demethylating
agent, triggers MMP-9 expression in non-MMP-9-expressing cells
[109]. Interestingly, Spl has been shown to be insensitive to
methylated CpG, whereas two consecutive cytosines at CpCpG
were required for the inhibition of Sp1 binding. Another study
confirmed that aberrant methylation of the outer cytosine CpCpG
blocked Sp1 binding, thus acting in a similar way to a mutation
at the Sp1 site; this could further induce CpG methylation of the
rest of the island [110]. Therefore, Spl binding is crucial for

maintaining CpG islands in an unmethylated state and might
be involved in regulating the appropriate expression of MMP-9
and other MMPs that harbor Sp1 sites.

Other than MMPs, CpG islands have been found in TIMP-1,
TIMP-2, TIMP-3 and TIMP-4 promoters. The DNA methylation
status of the TIMP-2 gene promoter in several cancer cell lines has
been determined; in particular, a 1.35-kb-long CpG island located
at —0.5 to —0.85 kb region from the transcription start site was
found to not be heavily methylated, whereas a 0.5-kb-long CpG
island located in the —1.7 to —1.2 region was hypermethylated,
which implies that the ratio of these two CpG islands has a pivotal
role in the epigenetic regulation of TIMP-2 and that this regulation
is different from that of MMPs in cancer cell lines [107]. By
contrast, hypoxia has been shown to induce the hypomethylation
of genomic DNA in human fibroblasts (40% reduction of 5-mC) as
well as cell lines originally derived from primary tumors; this was
the first study to demonstrate that 5-mC levels might be changed
along with hypoxia [111]. This finding suggests an epigenetic
mechanism that could explain our own data that chronic hypoxia
significantly increased MMP-2 and -9 expression and reduced
TIMP-1 and -2 expression in developing brain in neonatal rats
[22]. To date, the kinetics of alteration in MMP and TIMP promoter
methylation by chronic hypoxia and whether such change is tissue
specific are not clear and deserve further investigation. Determin-
ing the binding sites at MMP and TIMP promoter regions that
undergo methylation or demethylation after hypoxia and how the
changes in methylation patterns affect the interaction with tran-
scription factors in regulating the gene activities are questions that
remain.

Histone modification, and MMP and TIMP gene expression

In addition to DNA methylation, histone modifications might
contribute to the reprogramming of MMP and TIMP gene expres-
sion patterns. Histone modifications include histone methylation
and acetylation or deacetylation, which inhibit or facilitate the
access of transcription factors and other transcriptional machinery
to the promoter regions. The acetylation level of histones is
mediated by histone acetylase (HAT) and histone deacetylase
(HDAC) [103]. An effect of chromatin remodeling on the control
of MMP and TIMP expression has been reported for some MMP and
TIMP genes. It has been shown that inhibition of DNA methyla-
tion alone induces demethylation of the MT1-MMP promoter, yet
does not increase its expression [107]. The levels of histone mod-
ification in MT1-MMP and MMP-2 promoter regions have been
further determined by looking at the epigenetic marks H3K27me3,
H3K4me2 and H3K4me3; H3K27me3 modification is increased in
transcriptionally silent MMP genes in MCF-7 cells. Because
H3K27me3 reflects the inactive genomic loci, these findings sug-
gest that histone methylation, along with DNA methylation, are
required to silence MMP-2 and MT1-MMP transcription in MCF-7
cells [107]. A microarray-based epigenetic profile of MMP-related
genes revealed high levels of H3ac and H3K4me2 and low levels of
H3K27me3 in the TIMP-1 gene promoter, which is related to the
active status of TIMP-1 gene transcription in U251 and MCF-7
cells. Similar findings have been demonstrated downstream of the
transcription initiation site of the TIMP-3 gene in MCEF-7 cells,
which is also associated with the transcriptional activity. Con-
versely, the repressive H3K27me3 mark is increased in the same
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region, which is associated with downregulation of TIMP-3 in
U251 cells [112]. HDAC and HAT are essential for the modulation
of chromatin remodeling, because they are able to remove or add
acetyl groups to histone and, consequently, cause gene repression
and heterochromatin or unpacking of DNA from nucleosome that
are necessary for transcription [68].

Recently, a role of HDAC4, a member of the class Ila HDAC
superfamily, was uncovered in MMP gene silencing during tissue
fibrosis. It was demonstrated that impaired histone acetylation
occurs at the MMP promoters during transdifferentiation in
hepatic stellate cells, and HDAC4 is found to accumulate corre-
spondingly with histone deacetylation and MMP repression.
Given that aberrant expression of HDAC4 in normal hepatic
stellate cells can repress MMP genes, the study clearly demon-
strated that the silencing of MMP genes is epigenetically mediated
by HDAC4 upregulation in liver fibrosis [113]. This study pro-
posed a recruitment of HAT activity upon stimulation of injury
signals, which might enable the upregulation of MMPs, such as
MMP-9 and MMP-13, by various external stimuli. In addition,
other studies have suggested that class Ila HDAC has an anti-
hypertrophic effect in cardiocytes, perhaps by inhibiting cardiac-
specific transcription factors in the heart [114]. Further studies by
Jeon and Lee indicate that HDAC levels are increased in several
cancer tissues and become elevated after hypoxia [115]. Taken
together, itis possible that stress such as hypoxia or injury triggers
heart remodeling, including hypertrophy, fibrosis and apoptosis,
via HAT- and HDAC-mediated epigenetic regulation of MMPs
transcription and expression. Undoubtedly, MMPs and TIMPs
have a key role in the maintenance of normal heart and brain
development, and reprogramming of their expression patterns
induced by hypoxia is likely to have a crucial role in heart and
brain tissue remodeling in an adaptive response to epigenetic
effectors.

Possible interventions in fetal hypoxia-induced
abnormal development

Antifibrotic therapies might be useful in attenuating ventricle
wall stiffening and improving cardiac function of the diseased
heart. A study by Zeisberg and colleagues demonstrated that
cardiac fibrosis is linked to the occurrence of fibroblasts that
originate from endothelial cells, termed ‘endothelial-mesench-
ymal transition’ [116]. Administration of recombinant human
bone morphogenic protein-7 (thBMP-7) can effectively inhibit
endothelial-mesenchymal transition and the progression of
cardiac fibrosis in animal models [116], suggesting that inter-
vening in this transition is a potential treatment for heart
fibrosis. In this study, TGF-B1 was used to induce fibrosis in
endothelial cell culture, which was confirmed by Sakata’s study
using TGF-B-overexpressing mice, which showed that sustained
activation of TGF-B induced ventricular fibrosis in the heart
[52]. Based on the fact that TGF-B is implicated in collagen
production seen after hypoxia [117], these findings suggest
another possible intervention, in that inhibition of TGF-8 might
blunt the process of fibrosis. Another study reported that angio-
tensin II fails to promote fibrosis in TGF-p1-deficient mice [51],
indicating that targeting TGF-B1 could have a central role in
antifibrotic therapies. It is known that hypoxia enhances the
synthesis of collagen through oxidative stress [53]; therefore,

the use of antioxidants might be a potential treatment for
fibrosis.

Taken together, targeting for effectively normalizing collagen
levels in cardiac tissue remodeling might be a promising
approach to inhibiting cardiac fibrosis. In the fetal heart, it
appears that hypoxia enhances MMP levels, indicating that
the degradation of collagens is facilitated, but this fails to catch
up with increased synthesis. In this case, pharmacological
manipulation of MMPs in the heart seems to be irrelevant
compared with collagens. By contrast, because collagen is not
the major type of protein in the ECM of the brain, targeting
MMPs might be more beneficial for neuroprotection in this
organ. Studies have shown that MMPs levels in the immature
brain are increased after prenatal hypoxia or neonatal hypoxic-
ischemia [22,81]. MMPs are the major mediators involved in the
disruption of the BBB after stroke [118], and MMP inhibitors
have been suggested to have a neuroprotective effect after ische-
mia insults in different animal models [81,119,120]. Although
TIMP-1 is believed to be an endogenous inhibitor of MMPs, and
the overexpression of TIMPs is neuroprotective in both in vivo
and in vitro studies [121], TIMPs have not been reported to be
appropriate for pharmacological approach, owing to their short
half life in vivo [122].

Concluding remarks

To date, the fundamental mechanisms of prenatal hypoxia in
cardiac and cerebral development are still not fully understood.
The reprogramming of the expression patterns of MMP and
ECM proteins has been clearly shown to link to fetal hypoxia
and to have a central role in normal growth and tissue remodel-
ing in the immature heart and brain. Collagens are a major type
of protein in the ECM, and their synthesis can be enhanced by
fetal hypoxia. Meanwhile, the alteration of MMPs and TIMPs
might be initiated to compensate for the accumulation and
deposition of collagens; however, the interruption of the fine
balance between MMPs and TIMPs after hypoxia might even-
tually decompensate and impair the fetal heart and brain mor-
phology and function. In addition, TIMPs might have an
important role in MMP-independent pathways, such as cell
proliferation and cell death, suggesting that TIMPs per se reg-
ulate fetal development. Growth abnormalities following fetal
hypoxic insult might not appear until exposure to a secondary
insult in the offspring, and fetal programming of certain genes is
believed to contribute to the heightened susceptibility to chal-
lenges later in life. The epigenetic modification is likely to be
involved in reprogramming of MMPs and TIMPs that predispose
offspring to heart disease and brain injury. Understanding the
precise mechanisms by which hypoxia epigenetically modifies
these gene expression patterns is important and deserves further
attention. Given that ECM and related proteins are the key
mediators in tissue remodeling after fetal hypoxia, possible
interventions might be to target collagens and MMPs to restore
normal morphology and function. Furthermore, whether, and
to what extent, the alteration of the expression patterns of
MMPs and TIMPs in the fetus persist long term into adulthood
require further investigation, and identifying the underlying
mechanisms could provide useful insights into future clinical
therapeutic approaches.
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