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Introduction
Successful implantation is an outcome between two genetically 

dissimilar tissues that often depends on synchronization between 
the developmental stages of the embryo and the molecular events 
that are induced by paracrine and autocrine regulators [1]. 
The process of implantation begins six to seven days following 
fertilization [2,3] and consists basically of three stages [4]. 

Stage1: Apposition: It is the first stage denoting the initial, 
still unstable, adhesion of the blastocyst to the uterine wall.  Micro 
protrusions from the apical uterine epithelium surface also known 
as Pino pods, inter-digitate with the microvilli on the apical surface 
of the multinucleated syncytiotrophoblast [5]. 

Stage2: Adhesion: During this process establishment of an 
increased physical interaction is established between the blastocyst 
and the uterine epithelium. 

Stage 3: Invasion: Perhaps one of the most crucial process 
that aims to anchor the developing embryo into the uterine 
environment beginning with the penetration of the multinucleated  

 
syncytiotrophoblasts through the uterine endometrium followed 
by invasion of the cytotrophoblasts upto the inner third of the 
myometrium and terminating with remodeling of the maternal 
spiral arteries [6]. 

While floating villi remains bathed in maternal blood, villous 
cytotrophoblast cells originating at the tip of the anchoring villi 
proliferate outwards from the underlying basement membrane to 
form trophoblast cell columns from which cells migrate into the 
decidua (interstitial trophoblast cells) and invade the maternal 
spiral arteries and (endovascular trophoblast cells). The latter 
allows the trophoblasts to be in direct contact with the maternal 
blood establishing the uteroplacental circulation [7]. Trophoblast 
invasion and migration is probably controlled by components of 
the trophoblast itself and maternal microenvironment, through 
molecular and cellular interactions. For successful invasion to 
occur, extra villous emerging out from the trophoblast cell column 
trophoblast must perform a range of functions; transformation 
of the maternal spiral arteries, tolerate hypoxia, proliferate and 
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die by apoptosis (programmed cell death), differentiate, adhere 
to and digest the extracellular matrix, move and interact with the 
maternal immune system [8]. Each of these functions has multiple 
overlapping control systems so that trophoblast invasion is a finely 
controlled balance of competing mechanisms.

Trophoblast cells are unique to display pseudo malignant 
properties by virtue of which they can invade the maternal uterus 
and invade into the surrounding tissue.  This capability is widely 
associated with tumors, and, indeed, the invasive behavior of 
both is rather similar. The sticking difference is that trophoblast 
cell invasion is temporally and locally controlled in contrast to 
unlimited and uncontrolled tumor invasion. It initiates immediately 
after embryo implantation into the endometrium. Like invasive 
tumors, trophoblasts remodel the ECM by secretion of matrix 
degrading proteases, such as matrix metalloproteinases (MMP), 
uPA (Urokinase type plasminogen activator), cathepsins etc. which 
efficiently degrades the extracellular matrix and the surrounding 
tissue. Thereby, these proteases prepare and allow true invasion of 
trophoblasts. The invasive capacities of trophoblasts are positively 
and negatively regulated by numerous cytokines including IL1beta, 
TGFbeta 1 as well as several cell and ECM proteins [9,10], LIF 
[11] hepatocyte growth factor, granulocyte macrophage-colony 
stimulating factor and others. These cytokines interact via specific 
cell surface receptors with the trophoblast cells, in which they 
activate diverse intracellular signaling cascades like  MAPK [12], 
Janus kinase/signal transducers [13], PI3 kinase [14] and activators 
of transcription (STAT) pathway [15,16]. Especially phosphorylated 
STAT3 enhances invasiveness of tumors and trophoblast cells, 
where it is mainly activated by LIF [17]. The balance between 
different intracellular molecules seems to be a key regulator of 
tumor and trophoblast invasion [18,19].

CO as Signaling Molecule

Apart from cytokines, new evidence shows that gaseous 
molecules like NO and CO might also play an important role in 
trophoblast invasion. Nitric oxide (NO) is a multifunctional signaling 
molecule and might play a role in human reproduction [20]. NO is 
generated from L-arginine by the catalytic action of the enzyme, 
nitric oxide synthase (NOS) [21]. In recent years, enthusiasm has 
emerged for a possible role of CO as bonafide signaling molecular.  
Heme oxygenase-1 (HO-1) catalyzes the first and rate-limiting step 
in heme catabolism toward biliverdin, carbon monoxide (CO), and 
free iron [22]. HO-1 represents the stress-responsive HO isoform 
and is encoded by the Hmox1 gene. As shown in vitro and in vivo 
studies, HO-1 is cytoprotective and exerts anti-inflammatory 
effects, while regulating cell proliferation [23-26] prevents tissue 
injury; but also, modulates innate and adaptive immune responses 
[27]. Thus, HO-1 is a central player in suppressing the pathogenesis 
of immune-mediated inflammatory diseases [28]. The exogenous 
application of CO by inhalation can restore the cytoprotective effects 
HO-1 [29,30-32]. Hence, CO mediates, to a large extent, the salutary 
effects of HO-1. However, other products of heme catabolism such as 
iron and biliverdin, might act in a similar manner. Heme oxygenase’s 
exist primarily in two forms, one constitutive (HO-2) and inducible 
(HO-1) isoforms. While HO-2 has distinct tissue localization, being 
predominantly expressed in testes, brain, and the endothelium, 
HO-1 is upregulated in all tissues examined following several kinds 
of stress stimuli, including oxidative stress, which is an underlying 
factor in different pathological states [33]. In addition to CO, heme 
catabolism generates ferrous iron (Fe2+) and biliverdin, an aqueous 
tetrapyrrolic pigment that is then reduced to bilirubin by biliverdin 
reductase [34] (Figure 1).

Figure 1: Pathways showing synthesis of Carbon Monoxide (CO) in vivo in humans.

Trophoblast Invasion: Role of MMPs

MMP (Matrix metallo protease) are the family of proteases that 
includes over 20 zinc-dependent enzymes   sharimng common 
functional domains. These enzymes were initially characterized 

by their extensive ability to degrade extracellular matrix proteins 
including collagens, laminin, fibronectin, vitronectin, aggrecan and 
proteoglycans [35]. Recent studies further demonstrate that MMPs 
cleave many other types of peptides and proteins independent of 
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proteolytic activity [36]. MMPs and their natural tissue inhibitors 
TIMPs are crucial in coordinated breakdown and remodeling of 
the extracellular matrix (ECM) in physiological and pathological 
situations. Placenta formation during pregnancy involves the 
participation of MMPs/TIMPs system that plays important roles 
in regulating the extravillous cytotrophoblast (EVTs) invasion. 
Interstitial trophoblast originating from trophoblast cell column that 
finally remodel maternal endometrium. Matrix metalloproteinases 
(MMPs), play a crucial role in matrix proteolysis and remodeling 
of the basement membrane. Secretion of MMPs, is involved in the 
normal invasion process as well as in the invasive character of 
tumor cells and metastasis formation [37,38]. 

MMPs are a family of zinc and calcium-dependent proteolytic 
enzymes, which should be activated by prodomain proteolytic 
cleavage, or the alteration of its structure [39].  Both pro-MMPs 
and active MMPs may be inhibited by metalloproteinase tissue 
inhibitors (TIMPs) that are secreted by MMPs [40]. Thus, the 
invasive character of cells is determined by the protease/inhibitor 
ratio [41]. Analyses of MMP and TIMP secretion and activity 
in trophoblast and trophoblast-derived cells point out the role 
of gelatinase-A (MMP-9) and gelatinase-B (MMP-2) in the high 
invasive capacity of first trimester trophoblasts and support the 
role of   metalloproteinases   2   and   9   during pregnancy [42,43]. 
However, MMP expression patterns may be different between 
normal trophoblasts   and   choriocarcinoma   cells [44] and   may   
vary   between   early   and   late trophoblasts [45,46].

Regulation of MMPs 

Accumulating data from various studies strongly suggest 

that MMPs are tightly regulated, starting from the level of gene 
expression all the way to zymogen activation and endogenous 
inhibition, with each level controlled by multiple factors. Several 
recent findings indicate that cell-ECM and cell-cell interactions 
contribute an additional layer of regulation at all levels, and 
thus matrix and basement membrane offer secondary levels of 
regulation. The tissue inhibitors of metalloproteinases or TIMPs 
consist of a small family of four homologous and low molecular 
weight proteins and were found to suppress MMP activity by 
complexing in a definite molar stoichiometry thereby preventing 
extracellular matrix turnover during tissue remodeling. TIMP 
concentrations generally far exceed the concentration of MMPs in 
tissue and extracellular fluids, thereby limiting their proteolytic 
activity to focal pericellular sites [47,48]. TIMPs are originally 
known to inhibit the MMP activities. TIMP is downregulated or 
repressed in a variety of cancer. Epigenetic modification and 
promoter hypermethylation are believed to be responsible for TIMP 
silencing. Besides orchestrating invasion, MMPs also regulates 
additional events that supports tumor survival and metastasis 
like tumor promotion, angiogenesis and the establishment and 
growth of metastatic lesions in distant organ sites. The signaling 
pathways that lead to activation of MMPs are not clearly know and 
are believed to be multifactorial. Multiple hormones, cytokines and 
growth factors can induce MMP expression [49-52] although the 
tissue specificity of the diverse family members is mainly achieved 
by the combination of different transcriptional control mechanisms 
[53,54]. The integration of multiple signaling pathways, coupled 
with the cooperation between several cis-regulatory elements 
found at the MMP promoters facilitates the strict spatiotemporal 
control of MMP transcriptional activity. 

TF binding at MMP2 (Figure 2) and MMP9 (Figure 3)

Figure 2: Upstream and downstream regulators of MMP-2 (72kDa gelatinase) gene as revealed from ENCODE.
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Figure 3: Upstream and downstream regulators of MMP9 (92kDa gelatinase) gene as revealed from ENCODE.

Involvement of CO

CO seems to regulate vascular processes such as vessel tone, 
smooth muscle proliferation and platelet aggregation. Much of these 
effects of CO depend on the activation of guanylate cyclase system 
by direct binding to the heme moiety of the enzyme, stimulating 
the production of cyclic 3’:5’-guanosine monophosphate [55]. CO 

also exerts novel anti-inflammatory and anti-apoptotic effects 
dependent through involvement of the p38 mitogen activated 
protein kinase (MAPK)-signaling pathway. One target of CO appears 
to be the L-type Ca2+ channel [56,57]; CO inhibits recombinant and 
native forms of this cardiac channel via mitochondria-derived ROS, 
which also contributes to the protective effects of CO.

Figure 4: CO signaling.

CO and NO Signaling

Figure 4 CO is shown to activate calcium dependent potassium 
channels as well as MAPK pathways with special focus on p38 
family of MAPK [58]. This is mostly in response to stress and 
inflammation. CO signaling is also associated with apoptosis, 
proliferation and invasion as well as activation of several heat 
shock proteins like HSP70, 90 and caveolin [58,59]. Evidence also 
suggest a cross talk between CO signaling and NFkb activation 

[60,61]. Our in-silico analysis showed several of these effectors to 
be potentially recruited to upstream elements of MMPs. It is thus 
quite conceivable that upstream CO signaling cumulating to MMPs 
activation or repression.

CO and Preeclampsia 

Preeclampsia (PE) is a serious condition of pregnancy which 
presents as proteinuria and hypertension (HTN) [62] and is 
associated with underlying maternal vascular dysfunction [62,63]. 
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There is no known cure other than delivery of the feto-placental 
unit. PE is thought to originate in the placenta, as a result of 
impaired implantation, leading to poor placental perfusion and 
hypoxia [64]. The resulting ischemia increases placental apoptosis 
and subsequent shedding of placental debris [65,66].

Conclusion

Carbon monoxide (CO) is generated as an industrial and house 
hold pollutant during incomplete combustion of carbon-containing 
compounds. It is believed to be toxic with acute and chronic 
serious complications. In addition to exogenous sources, CO is 
also produced endogenously by the activity of heme oxygenase’s 
(HOs) system and the physiological significance of HO-derived 
CO has only recently elucidated. CO exerts a multitude of effect 
like vasoactive, anti-proliferative, anti-oxidant, anti-inflammatory 
and anti-apoptotic effects and contributes substantially to the 
important role of the inducible isoform HO-1 as a mediator of tissue 
protection and host defense. Further CO signaling was found to be 
integrated with MAPK, NFkB and with other effectors that in turn 
can influence MMP production and function. It is thus reasonable 
to conclude that a dysregulated HMOX axis can perturb MMPs and 
therefore trophoblastic invasion. Thus, a component of CO signaling 
can undoubtedly contribute to pathogenesis of eclampsia. It needs 
further research to decipher if CO acts alone or in conjugation 
with NO due to the overlap between these pathways. In addition 
to its effect on MMPs, CO through its capacity to engage NFkb 
pathway could also orchestrate the immune microenvironment of 
the placenta thereby regulating the feto-maternal cross talks and 
recognition, perturbation of which contributes to pregnancy failure 
and fetal loss. CO is thus emerging as a pleiotropic modulator in 
feto-maternal biology with clinical.
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