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    Chapter 2   
 Chorioamnionitis and Oxidative Stress: 
New Ideas from Experimental Models 

             Boris     W.     Kramer      ,     Suhas     G.     Kallapur    , and     Alan     H.     Jobe   

           Introduction 

 Chorioamnionitis is commonly associated with preterm labor and preterm delivery 
[ 1 ]. Although chorioamnionitis can be diagnosed by clinical criteria [ 2 ] or by micro-
biology [ 3 ], the most accepted defi nition is histologic infl ammation of the amnion/
chorion/decidua [ 4 ]. Fetal infl ammation is diagnosed by the presence of funisitis or 
chorionic vasculitis [ 4 ]. In addition to triggering preterm labor, chorioamnionitis is 
also associated with an increased risk for infl ammatory diseases in the preterm 
infant including bronchopulmonary dysplasia, necrotizing enterocolitis [ 5 ], and 
injury to the white matter of the brain. Infection in chorioamnionitis is largely 
restricted to the amniotic compartment and is not systemically disseminated since 
only 5 % of preterm infants with histologic chorioamnionitis have early onset sepsis 
by organisms recovered in routine cultures [ 6 ]. However, a higher percentage is 
blood culture positive for genital mycoplasma and ureaplasma when selective 
 culture methods are used [ 7 ,  8 ]. Therefore, infl ammatory diseases of different fetal 
organs are thought to be mediated by fetal infl ammatory response syndrome (FIRS) 
induced by chorioamnionitis with colonization of the fetus by bacteria in the amni-
otic fl uid. FIRS is the systemic response of the fetus to chorioamnionitis, generally 
diagnosed clinically as infl ammatory cells in the umbilical cord or increased 
 cytokines/acute phase reactants in the cord blood [ 9 ,  10 ]. 
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 Oxidative stress can both cause and be induced by infl ammation. Therefore, it is 
logical to ask “what is the contribution of oxidative stress to chorioamnionitis- 
induced fetal organ injury?” However, chorioamnionitis is a unique infection and 
infl ammatory disorder: (1) the organisms causing chorioamnionitis have low viru-
lence, e.g., ureaplasma/mycoplasma species [ 11 ]. (2) The FIRS from chorioamnio-
nitis is compartmentalized in experimental models with the most affected organs 
being those that are in contact with the amniotic fl uid – the lung, amnion/chorion, 
gut, and the skin [ 12 – 15 ]. Unlike the cytokine storm associated with adult systemic 
infl ammatory response [ 16 ], FIRS is a low-grade infl ammatory disease [ 17 ]. (3) 
Although chorioamnionitis can occur in term infants, it is most prevalent in preterm 
infants and therefore largely a disease of a developmentally immature host, and (4) 
since the host is a fetus with low ambient intrauterine oxygen tension, the oxidant 
load is much lower than that in post natal life. Not much is known about oxidant 
stress in human fetuses, and therefore this review will focus on data from animal 
models of chorioamnionitis.  

    Animal Models of Chorioamnionitis 

 Most chorioamnionitis in humans is an ascending infection, where the organisms in 
the lower genital area ascend in to the chorio-decidual space or the chorioamnion 
space through the cervix [ 18 ]. Organisms are thought to spread diffusely through 
the chorio-decidual or the chorioamnion plane and then invade the amniotic cavity. 
However, a recent study using molecular microbiologic techniques in human pla-
centae demonstrated that the initial event is a localized chorio-decidual infection, 
which then invades locally into the amniotic cavity and thereby infecting amniotic 
fl uid and the fetus prior to diffuse chorio-decidual infl ammation [ 19 ]. This sequence 
is consistent with experiments in the Rhesus macaque demonstrating that localized 
chorio-decidual infection with live  Group B streptococci  did not trigger preterm 
labor until the amniotic fl uid was colonized [ 20 ]. However, a transient chorio- 
decidual infection induced cytokine production in the amniotic fl uid, which resulted 
in fetal lung infl ammation without overt infection of amniotic fl uid or preterm labor 
[ 21 ]. Therefore, animal models of chorioamnionitis resulting from injection of 
infl ammatory agents or organisms into the amniotic fl uid may reproduce the pathol-
ogy of most cases of chorioamnionitis associated with preterm delivery. Models of 
chorioamnionitis have been described with intrauterine injection of proinfl amma-
tory agonists or live bacteria in the mouse [ 22 ,  23 ] and the rabbit [ 24 – 26 ]. 
Chorioamnionitis can also be induced by intra-amniotic injection in the sheep using 
proinfl ammatory agonists that include IL-1ß [ 27 ], IL-1α [ 27 ], LPS (ligand for 
TLR4) [ 28 ], and live  Ureaplasma parvum  [ 29 ]. In the Rhesus macaque, intra- 
amniotic injections of  Group B streptococci  [ 30 ],  Ureaplasma parvum  [ 31 ], IL-1ß 
[ 32 ,  33 ], or TNF [ 32 ] cause chorioamnionitis. Since most of the data on oxidants in 
chorioamnionitis are described in the preterm sheep model, we will focus on this 
experimental system.  
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    Infl ammation and Oxidants 

 The major endogenous sources of the reactive oxygen species are the reduced 
 nicotinamide adenine dinucleotide phosphate (NADPH) oxidases, mitochondrial 
respiratory chain, enzymatic activation of cytochrome p450, and others [ 34 ]. 
Although the general belief is that reactive oxygen species are invariably harmful, 
they also mediate important biological functions that are adaptive in nature [ 35 ]. 
NADPH oxidases are activated by insulin, platelet-derived growth factors and 
other growth factors, and proinfl ammatory molecules such as TNF, complement 
5a, leukotriene B4, and others [ 34 ]. ROS can regulate the activity of NF-kB, prolyl 
hydroxylases which can in turn modulate the activity of hypoxia-inducible factor 
(HIF)-1α. Thus, ROS can regulate cell proliferation, survival, differentiation, and 
redox homeostasis [ 36 ]. The classic role of ROS in innate immunity is killing of 
microorganisms by phagocytes [ 37 ]. Accordingly, patients with chronic granulo-
matous disease, a disorder characterized by increased susceptibility to infections, 
have mutations in NOX 2 , a subunit of NADPH oxidase, the main source of ROS in 
neutrophils and monocytes [ 38 ]. Further, ROS can also activate the infl ammasome 
NLRP3 leading to production of IL-1ß [ 39 ]. ROS also regulate adaptive immune 
responses via their action in B-cells. Ca 2+  and reactive oxygen intermediates gener-
ated upon B cell receptor activation rapidly engage in a cooperative interaction that 
acts in a feedback manner to amplify the early signal generated and thereby infl u-
ence downstream pathways [ 40 ]. Therefore, ROS effects range from adaptive to 
maladaptive with tissue injury depending on the concentration of these molecules 
and host defense against the ROS. The ROS effects are regulated by suppression of 
pathways leading to ROS production, catabolism of ROS, and repair of ROS-
mediated damage [ 35 ]. To what extent these mechanisms operate in the preterm are 
not understood but constitute an important area of future study.  

    Developmental Aspects of Oxidants/Antioxidants 

 Endogenously produced reactive oxygen species are part of the normal development 
and the homeostasis. The highly toxic superoxide radical O 2  −  is, for example, pro-
duced by NAD(P)H oxidases. The balance between oxidants and antioxidants is 
however essential for the normal development, especially after preterm birth [ 41 ]. 

 The antioxidant system in the fetus is not upregulated until very late in gestation. 
During the last 15 % of gestation, the antioxidant enzyme system is increasingly 
expressed [ 42 ,  43 ]. Nonenzymatic antioxidants also cross the placenta at this late ges-
tation. The enzyme activity of superoxide dismutase (SOD), catalase, and glutathione 
peroxidase (GP) increased with the development of the lungs in rabbit fetuses during 
late gestation. The expression of these enzymes increased in parallel with the surfactant 
synthesis in late gestation [ 44 ]. SOD and catalase are secreted into pulmonary surfac-
tant probably to mediate protection of the lipid layer in the alveolus for gas exchange. 

2 Chorioamnionitis and Oxidative Stress: New Ideas from Experimental Models



42

The function of SOD is to transform the highly toxic superoxide radical O 2  −  into 
hydrogen peroxide (H 2 O 2 ) and water. Hydrogen peroxide is then further converted 
to water by catalase, GP, and glutathione reductase. The enzyme activity increases 
by more than 150 % in the last 15 % of the gestation [ 44 ]. 

 Gas exchange in the placenta is also causing oxidative stress for which SOD, 
catalase, and thioredoxin are locally expressed in gestation-dependent pattern. In 
human placenta, there was a positive association between the detection of mito-
chondrial manganese SOD mRNA and chorioamnionitis [ 45 ]. The functional impli-
cations are unclear. 

 Apparently, evolution does not prepare the fetus for the abrupt transition from 
the low oxygen environment in utero to air breathing with higher oxygen exposure 
and oxidative stress until very late in gestation. The treatment with antenatal mater-
nal glucocorticoids matures the antioxidant enzymes in the preterm fetus which 
may be part of the benefi cial effects of antenatal glucocorticoids [ 46 ,  47 ].  

    Chorioamnionitis and Oxidative Stress 

 There are limited data on oxidative stress to the fetus and the counter-regulatory 
antioxidant enzymes after exposure to chorioamnionitis in the preterm fetus. Intra- 
amniotic (IA) injection of  E. coli  LPS in preterm sheep at about 80 % gestation 
causes chorioamnionitis (Table  2.1 ). The predominant infl ammation is in the fetal 
lung, although modest infl ammation, immune modulation, and injury response is 
also seen in the ileum [ 48 ], skin [ 13 ], brain [ 49 ,  50 ], thymus [ 51 ], and liver [ 52 ]. The 
lung infl ammation is maximally induced 1–2 days after IA LPS exposure with large 
increases in IL-1ß, IL-8, and IL-6 expression and a robust recruitment of neutro-
phils and monocytes to the lung [ 53 ,  54 ].    Compared to controls, protein carbonyls, 
markers of oxidative stress, increased by threefold in the airways of fetuses 7 days 
after exposure to IA LPS but not at 2 days after IA LPS [ 55 ]. Similar increases were 
also noted in myeloperoxidase levels in the airways 7 days after IA LPS [ 55 ]. 
Mirroring the increased oxidants in the lungs, protein carbonyls also increased in 
the plasma of fetuses 7 days after IA LPS but not at 2 days post LPS [ 55 ]. However, 
the increase in plasma protein carbonyls was more modest compared to the lung 
response. Since the maximal infl ammation preceded increases in oxidants, the oxi-
dant stress response appears to be a consequence rather than a cause of infl amma-
tion in this model. It should also be noted that these oxidant stress responses are 
modest compared to increases after postnatal hyperoxia.

   A major mechanism to reduce oxidant damage is the antioxidant enzyme system. 
The major enzymes include superoxide dismutase, catalase, and glutathione peroxi-
dase. In preterm sheep delivered at 125 days gestational age (80 % gestation) after 
7 days exposure to IA LPS, the antioxidant enzyme activity of glutathione peroxi-
dase, catalase, and superoxide dismutase increased in the fetal lung in a dose- 
dependent fashion [ 56 ]. Pulmonary glutathione peroxidase activity increased at 
2 days post IA LPS, whereas superoxide dismutase increased by 4 days, and catalase 
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activity increased by 7 days after IA LPS. The induction of antioxidant enzyme 
 systems in the lung was short-lived since the values declined to near control levels 
15 days after IA LPS [ 56 ]. However, antioxidant enzyme activity did not increase in 
the fetal sheep lung after exposure to IA IL-1 alpha, although the lung infl ammatory 
response is roughly equivalent to LPS responses [ 57 ]. These experiments suggest a 
time-dependent and ligand-dependent antioxidant enzyme induction in the preterm 
sheep in different chorioamnionitis models.  

    Interactive Phenomenon Between Antenatal Infl ammation 
and Postnatal Oxidative Stress 

 Postnatal hyperoxia inhibits alveolar development in the developing neonatal lungs of 
mice [ 58 ]. Antenatal infl ammation in the preterm sheep also inhibits alveolar devel-
opment, although the effects are milder [ 59 ]. Similar changes of inhibited alveolar 
development were also demonstrated in the rats exposed to IA LPS [ 60 ]. Interestingly, 
IA-induced aberrant lung development was reversed after moderate but not severe 
postnatal hyperoxia [ 60 ]. These results demonstrate the complex interactions 
between chorioamnionitis or antenatal infl ammation and injury resulting from post-
natal hyperoxia. In these experiments, the oxidant stress response was not mea-
sured, and therefore it is not clear whether the effects were attributable to oxidative 
lung damage or other mechanisms leading to lung injury. These interactive phenomena 
are reminiscent of other experiments showing adaptive effects of oxygen exposure. 

   Table 2.1    Summary of results in sheep models of chorioamnionitis   

 Chorioamnionitis 
induced by  Organ  Readout  Reference 

 LPS intra-amniotically  Lung  Hydrogen peroxide production in cells 
from fetal airways 

 [ 53 ] 

 Lung  Glutathione peroxidase activity increased 
within 2 days 

 [ 56 ] 

 Catalase activity increased within 4 days 
 Superoxide dismutase activity increased 
within 7 days 
 No sustained effects after 15 days 

 Airways  Protein carbonyls increased after 7 days  [ 55 ] 
 Myeloperoxidase increased after 7 days 

 Lung  No difference in protein carbonyls, 
superoxide dismutase, and peroxiredoxin 1 
after 7 days 

 [ 55 ] 

 Plasma  Protein carbonyl was increased after 7 days  [ 55 ] 
 Interleukin-1 alpha 
intra-amniotically 

 Lung  Superoxide dismutase activity, catalase 
activity, and glutathione peroxidase activity 
did not increase 

 [ 57 ] 
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Adult rats exposed to 95 % oxygen for 7 days had 100 % mortality [ 61 ]. However, if 
the rats were exposed to 95 % oxygen for 2 days followed by 1 day of either exposure 
to room air or 50–75 % oxygen followed by exposure to 95 % oxygen for continued 
periods, the mortality was prevented [ 61 ]. This tolerance to hyperoxia after exposure 
to a sublethal oxygen exposure was attributed to increased pulmonary antioxidant 
enzyme activity [ 61 ]. These experiments demonstrate that infl ammation and oxida-
tive stress responses can either potentiate injury responses or can cause tolerance 
leading to reduced organ injury response. Preterm infants are exposed to multiple 
injurious insults both antenatally and postnatally, and the net result on organ injury 
can be unpredictable based on the animal studies. The magnitude of the effects of 
oxidants from chorioamnionitis to fetal organ injury seems to be much less than that 
following preterm birth and oxygen exposure.     
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