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Abstract
Preterm birth is a public health issue of global significance, which may result in mortality during
the perinatal period or may lead to major health and financial consequences due to lifelong
impacts. Even though several risk factors for preterm birth have been identified, prevention efforts
have failed to halt the increasing rates of preterm birth.

Epidemiological studies have identified air pollution as an emerging potential risk factor for
preterm birth. However, many studies were limited by study design and inadequate exposure
assessment. Due to the ubiquitous nature of ambient air pollution and the potential public health
significance of any role in causing preterm birth, a novel focus investigating possible causal
mechanisms influenced by air pollution is therefore a global health priority. We hypothesize that
air pollution may act together with other biological factors to induce systemic inflammation and
influence the duration of pregnancy. Evaluation and testing of this hypothesis is currently being
conducted in a prospective cohort study in Mexico City and will provide an understanding of the
pathways that mediate the effects of air pollution on preterm birth. The important public health
implication is that crucial steps in this mechanistic pathway can potentially be acted on early in
pregnancy to reduce the risk of preterm birth.
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Introduction
Preterm birth is defined as birth before 37 weeks of pregnancy and it is a very common
occurrence; the prevalence of preterm birth was reported to range from 6.2 to 11.9%
worldwide, but in some places, prevalence is even higher (1). Efforts to provide preventive
or curative interventions have had minimal success. On the contrary, the problem seems to
follow a worryingly increasing trend in several countries(2). Preterm birth is a major
contributor to both perinatal and early neonatal mortality rates, especially in developing
countries. (3, 4). In addition, surviving infants may have long term morbidity, including
disability, which can have a major impact on their families (4). Air pollution has been
identified as a potential risk factor for preterm birth, but research to date has had several
limitations. Nonetheless, the U.S. Institute of Medicine, based on a 2007 review of 21
published studies on air pollution and preterm birth, acknowledged the role of air pollution
in the etiology of preterm birth (2). We hypothesize that air pollution may act together with
other biological factors to induce systemic inflammation and influence the duration of
pregnancy.

Air pollution and preterm birth
Epidemiologic studies evaluating the association between air pollution and preterm delivery
have had varying results for specific pollutants and gestational windows (5–12). In Beijing,
China, an inverse relationship was observed between gestational age, total suspended
particles (TSP) and sulfur dioxide (SO2) concentrations during pregnancy (13). A study
based in Vancouver, British Columbia, Canada, evaluated the gaseous pollutants carbon
monoxide (CO), ozone (O3), nitrogen dioxide (NO2) and SO2finding that only SO2 and CO
exposures during the last month of pregnancy were associated with preterm birth (9). In Los
Angeles, California, evidence for a positive association between preterm delivery and
particulate matter less than 10 microns in aerodynamic diameter (PM10) and CO exposures
during both the first gestational month and late pregnancy was observed, but no association
was seen for NO2 and O3 (8). Subsequent studies in the Los Angeles population found
modification of the pollution-preterm association by neighborhood socio-economic status
(5), and continued associations with preterm delivery for exposures during the first trimester
to particulate matter less than 2.5 microns in aerodynamic diameter (PM2.5) and both early
and late-pregnancy CO exposure, with strengthened associations when exposure
misclassification was reduced by the use of time-activity information from the women under
study (11). By contrast, another study in the state of California found that PM2.5 but not CO
was associated with preterm delivery (14). In the Czech Republic, trimester-specific
exposures to oxides of nitrogen (NOx), SO2and TSP were evaluated; the strongest
associations observed were for first-trimester exposure to NOx and TSP, but little evidence
for a NOx association was seen, and later trimester exposures showed weak associations for
all pollutants (7). Exposures to SO2 early in gestation were related to preterm birth in Labin,
Croatia, but other pollutants were not evaluated (15). A study in Taiwan assessed exposure
on the basis of proximity to a petrochemical plant and found a higher rate of preterm birth
among women living in a more polluted versus less polluted region (16). In Pennsylvania,
PM10 and SO2 in the last 6 weeks of gestation were associated with preterm birth,
controlling for gaseous co-pollutants (17). A study in Inchon, Korea which evaluated CO,
NO2SO2and PM10with exposure estimated using geo-statistical methods accounting for
residential address, found significantly elevated risks of preterm delivery for all four
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pollutants in the first trimester, and for CO and NO2 in the third trimester (12). In Brisbane,
Australia, O3 and PM10 exposures in the first trimester were associated with preterm birth,
whereas NO2 and finer, light-scattering particles were not (18). The biological mechanisms
which have been proposed to be on the pathway between air pollution and preterm delivery
may occur during various points in pregnancy (9). However, the direct casual pathways
mediating this process are not widely understood.

Inflammatory cytokines and preterm birth
Many of the known mediators of normal labor are pro-inflammatory cytokines. As a result,
the instigation of an inflammatory response in the intrauterine space, even without infection,
could provoke labor independent of the gestational age and maturity of the fetus (19), and
cytokines play an important role in this process (20). Furthermore, although normal labor is
accompanied by activation of the inflammatory system, this transitory phenomenon does not
affect the health of the mother or the fetus. Nevertheless, if the inflammatory response
becomes chronic, as in the case of a chorio-decidual infection, this condition may affect the
duration of pregnancy, altering the normal timing and synchronization of the activation of
labor tissular components, including uterine contractility, and/or the integrity of the fetal
membranes and/or the competence of the cervix.

Clinical and experimental studies corroborate that inflammatory mediators, such as the
Interleukin 1-β (IL-1β); Tumor Necrosis Factor-α (TNF-α); interleukin-6 (IL-6) and
interleukin 10 (IL-10), associated with infection or not, can trigger the premature onset of
labor. Intra-amniotic infusion of IL-1β causes uterine contractility in non-human primates
(21) and this cytokine mediates the activation of the myometrium after inoculation of live
bacteria in the choriodecidual space in a non-human primate experimental model (22). IL-1β
is also a key mediator for degradation of the extracellular matrix support in the fetal
membranes (23–26). IL-6 and TNF-α are pro-inflammatory cytokines involved in systemic
inflammation, and evidence for a link between elevated serum levels of IL-6 as well as
TNF-α and increased risk for preterm delivery is available (27–29). High serum
concentrations of IL-10 were inversely associated with preterm delivery (30).

Cellular sources of these cytokines have been traced to local populations inside the
choriodecidual space, just inside the maternal/fetal interface (25, 31), making this site a
potential target for environmental factors such as infection, air pollutants, and other agents
that may trigger inflammation. This virtual microenvironment is enriched with special
subsets of leukocytes that may react with blood-borne compounds appearing at different
times during pregnancy, resulting in the abnormal local and/or systemic triggering of the
signaling network that leads to preterm labor or premature rupture of the membranes
(PROM) (32).

Hypothesis: Inflammation is the pathway linking air pollution and preterm birth
Air pollution is composed of distinct gaseous compounds and particulate matter, which is
comprised of suspended aggregates of transition metal oxides, ammonium nitrate and sulfate
saltsas well as other organic materials. (33). In addition to concentration and size, particle
toxicity is also influenced by composition. On the one hand coarse fraction particles that
range from 2.5 to 10 μm in diameter (PM2.5–10), are released from natural sources and may
include microbiological components(33). When inhaled, PM10 and PM2.5–10 or larger
particles are either removed or are deposited on the ciliated epithelium in the
tracheobronchial region (34). On the other hand fine fraction particles (PM2.5) are mostly
associated with anthropogenic, combustion-related emission sources. These smaller particles
can potentially deposit deep into the lungs and may enter the circulatory system which may
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allow particles to reach the intrauterine compartment or induce systemic inflammation (33,
35).

Inflammation may underlie the air pollution-preterm link and can be a consequence of direct
stimulation of inflammatory cells or mediated by oxidative stress. Ambient pollutants have
been associated with systemic inflammation in several studies and this may include the
intrauterine milieu (36–38). Inhalation of particulate matter can cause an increase in markers
of inflammation, as shown in both in vivo and in vitro studies (33, 39). Although less
information exists about the specific effects of particulate matter components versus its
aggregate, compositional trace elements (40, 41) and transition metals contribute to
cardiopulmonary injury and inflammation in healthy animal models (42). Direct exposures
of cultured cell lines to ambient particles have shown that particle composition is linked to
differential toxicity and ability to provoke proinflammatory responses (43, 44).

Physio-pathological effects associated with particulate exposure both in vivo and in vitro
include inflammatory effects such as airway inflammation, recruitment of monocytes and
macrophages, cytokine release and activation of T-cells and β lymphocytes (43, 45), and
cytotoxic effects including apoptosis, necrosis, genotoxicity, generation of reactive oxygen
species, and thrombosis (33, 46, 47). Particle toxicity occurs when macrophages phagocytize
particles and subsequently present the antigen to helper T-cells. In addition, macrophages
release cytokines that attract other immune cells, producing a generalized inflammatory
response to the inhaled particle and generation of reactive oxygen species. Metals and metal
oxides such as vanadium, nickel, and lead can contribute to particle toxicity. Phagocytosis of
metal oxides, especially vanadium oxide, by alveolar macrophages stimulates the release of
IL-1β. IL-1β in turn induces the release of platelet derived growth factor receptor (PDGF-
Rα), which plays an important role in the proliferation of other cytokine-releasing cells (48).
Particles also induced DNA breakage in vitrosuggesting that transition metals also have a
genotoxic effect (46). A recent study identified two cellular response profiles related to the
main particle emission source (49). Samples from a region in which soil components
predominated resulted in a cell profile characterized by cell toxicity, whereas samples
associated with high temperature combustion sources (i.e., vehicular emissions) resulted in a
proinflammatory profile. Interestingly, larger effects were induced by PM10 than by PM2.5.

Endotoxins (such as lipopolysaccharide) are liberated from the cell walls of gram-negative
bacteria and often are found in suspended particles (43). Endotoxin exposure is associated
with a Th-1 type response and the concurrent release of cytokines such as TNF-α, IFN-γ,
IL-6, IL-8, and IL-12 (50). In Mexico City, concentrations of endotoxin in particles can
range from 11–18 units/milligram of particulate, with the larger fraction of the total
endotoxin being contained within the insoluble fraction of the particles (43). Increased levels
of endotoxins in particulate samples have been shown to be correlated with increased
cellular concentrations of E-selectin in vitro (46). E-selectin, which plays a role in monocyte
adhesion and recruitment, is synthesized and released by endothelial cells in response to
increased cytokine output and is believed to play an important role in airway inflammation.
The coarse particle fraction contains higher concentrations of endotoxin than the fine
fraction and accordingly, in the same study, coarse fraction was more strongly associated
with cytokine release in vitro (44). Thus, particle composition may be a better predictor of
particulate toxicity than size, and endotoxin is an influential particle component in inducing
the inflammatory effects of exposure.

Choriodecidual microenvironment
A complex mix of cells, including decidual cells and leukocyte subsets such as monocytes,
lymphocytes and NK cells, composes the borderline between the pregnant woman and the
fetus. These cells preserve immune tolerance along gestation, but as the end of pregnancy
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approaches, several changes, including the arrival of specific subsets of lymphocytes, are
coincident with the induction of labor (51, 52). This virtual space or choriodecidua
constitutes a microenvironment located both in the placenta and in the fetal membranes and
contains all cellular elements needed for establishing an inflammatory response when
contact with air pollutant constituents, air pollutants triggered systemic inflammation or
other environmental insults is established. Cells in this microenvironment are located in the
proximity of effector tissues of labor including the myometrium, fetal membranes and the
cervix, and can thus modulate the functional responses of these tissues. An intricate network
of signaling, composed of primary signals such as IL-1β and TNF-α, appears to initiate the
sequence of events leading to labor, a sequence resembling the initial phases of
inflammation(25). This initial signaling elicits the secretion of a secondary wave compounds
by local cells, resulting in the production of prostaglandins, oxytocin and matrix
metalloproteinases. This secondary wave mediates the activation of the myometrium,
inducing it to make effective contractions and cause the degradation of extracellular matrix
both in the cervix and fetal membranes, resulting in cervical ripening and rupture of the fetal
membranes.

Other factors during pregnancy may add or potentiate inflammation
We may postulate that any factor contributing to activation of the choriodecidual cells, such
as the above described environmental pollutants, may induce the development of labor. If
this is happening before the normal terminus of pregnancy, it may appear as preterm labor.
The association of inflammation and preterm delivery is complex since several interacting
factors resulting in the elicitation of the inflammatory response may contribute to preterm
labor onset; some of these factors are perhaps acting at different periods of gestation. Here,
we propose that in addition to air pollutants, factors such as local or systemic infections,
oxidative stress, nutritional status, genetic background, and obesity during pregnancy have a
common inflammation-mediated pathway potentially leading to preterm labor. This
perspective enriches our central hypothesis, making the induction of inflammation a central
communicating mechanism between the mentioned factors and the development of preterm
labor. We propose that the total inflammatory response leading to the induction of the
mechanisms of preterm labor results from a combination of factors.

Infection and preterm labor
Systemic, cervico-vaginal and/or intrauterine infections are considered a direct explanation
of preterm birth (53, 54). The patho-physiologic model linking infection and preterm birth
proposes that the pathogenic microorganisms become established in the ecosystem of the
cervix and vagina and can progressively colonize the internal regions of the reproductive
tract (19). Chorio-decidual infections confined to this virtual space can acquire chronic
characteristics, and elicit a local inflammatory response that remains subclinical yet still
affects the intra-uterine environment, influencing the functions of reproductive tissues.

Although air pollution does not directly cause infections, it may increase maternal
susceptibility to infections due to impaired immune function and enhanced inflammation
(55, 56). Alterations in the immune system could alter vaginal flora and promote pathogens
associated with bacterial vaginosis, a risk factor for preterm delivery (57). A range of
infections, from genitourinary and intra-amniotic infections to maternal systemic infections
and periodontal disease, are associated with preterm delivery etiology (58).

Oxidative stress and diet
Oxidative stress may also mediate inflammation and preterm delivery associations (18, 59),
and oxidative stress is a common result of exposure to gaseous and particulate pollutants.
Reactive oxygen species generated within the cell can lead to oxidative stress, apoptosis or
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even necrosis. Oxidative stress can occur due to synergy between nitrogen oxides and
SO2manifested in the adverse effects of NOx metabolites. Reactive sulfur species are
oxidative stressors whose actions on antioxidants and enzymes could affect the embryo in its
earliest phase of growth and development (15, 59). Particulate matter may contribute to
systemic oxidative stress, since combustion-derived particles (41) and/or their transition-
metal constituents (e.g. iron, copper, chromium, and vanadium) may have oxidative
activities (15). In addition, organic compounds in particles may activate inflammatory cells
capable of generating reactive oxygen and nitrogen species (42). Ozone is also a plausible
contributor to oxidative stress; toxicology studies have shown increases in both lipid
peroxidation products and inflammatory cytokines after ozone exposure (60, 61). Controlled
human exposure studies also support an inflammatory response to ozone exposure (62).

Antioxidant vitamins, including vitamins C and E, are a primary line of defense against
oxidative stress. The source of these vitamins is the diet and vitamin supplements and
special recommendations for pregnant women have been established (63). Hence, nutritional
status may play a role in the control of the effects of the inflammatory pathway. Anti-
oxidant vitamins E and C have been proposed as possible preventive agents for PROM and a
clinical trial showed that vitamin C reduces the risk of PROM (64). There is also evidence
that anti-oxidant vitamins reduce impacts of air pollution on lung function and other
parameters that are hypothesized to be influenced by the oxidative stress resulting from
pollution exposure (65, 66). Thus, we consider these vitamins as important potential
modifiers of any association between air pollution/inflammation and preterm delivery.

Genetic background
The genetic profile controlling individual inflammatory response may be relevant to the
inflammatory pathway toward preterm birth. An epidemiology study found that haplotypes
of two pro-inflammatory cytokine polymorphisms were associated with preterm birth in a
North Carolina-based birth cohort (67). Experimental research compared amniochorion
tissues with hyperresponsive alleles of TNF-α and IL-1β to tissues with the more common
alleles, and found that the hyperresponsive allele-carrying tissue secreted higher levels of
cytokine when challenged with increasing doses of bacterial lipopolysaccharide (68). This
implies an over-response to pro-inflammatory factors such as intra-uterine infection that
may contribute to preterm birth in women with these polymorphisms. Similarly, in a case-
control study among African-American women, carriers of the rarer (hyper-responsive)
allele of a TNF-α polymorphism were more likely to have preterm delivery associated with
PROM (69). Thus, hyper-functional polymorphisms in genes related to cytokines may
confer greater capacity to mount an inflammatory response in the face of an infectious
stimulus while simultaneously amplifying other responses. Similarly, the IL-1rα allele 2 (or
an unknown allele strongly associated with it) coding for the antagonist of the IL-1 receptor
has been suggested to have an important role in inflammatory response (70).

Obesity and inflammation
Maternal increased adiposity has been associated with increased risk of antenatal,
intrapartum and postpartum complications. Since rates of obesity are still rising in the
population of fertile women, we may expect an increase in the number of pregnancy-
associated complications, both in the mother and in the babies. Preterm delivery is a serious
concern in pregnancies involving obese women (71). Infants born to mothers with a body
mass index (BMI) >35kg/m2 are at increased risk of premature birth and neonatal death. In
the past decade, the incidence of preterm delivery has risen, closely paralleling the rising
rate of maternal obesity. There is a higher incidence of preterm delivery among obese
women, as well as other obstetrical indications including PROM and preeclampsia (72).
Some of these complications have been linked to the associated inflammation conditioned
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by increased adiposity (73). Adipocytes produce several pro-inflammatory signals that elicit
a general inflammatory response (74) which may eventually harm pregnancy as an additive
or priming effect to other inflammation-inducing factors such as those mentioned
previously. The increased baseline inflammation due to obesity may represent the starting
point for a cascade of adversity, which increases risk for both maternal disease and neonatal
complications.

Consequences of the hypothesis
Preterm birth continues to be a public health priority of global importance. Knowledge of
the mechanisms of this outcome allows us to propose that the inflammatory pathway is a
critical link between air pollution exposure and preterm labor. However, this response is also
influenced and up-regulated by the presence of several other factors, usually present during
pregnancy, involved in the induction/regulation of the inflammatory response. Observation
of a relationship between air pollution exposure and preterm birth, as well as the mediating
inflammatory pathway, may be useful in guiding treatment and prevention efforts in clinical
settings. To evaluate this hypothesis, our research group - an international interdisciplinary
collaboration - is conducting this proposed research in a prospective cohort study of 800
pregnant women in Mexico City (75); the study also has an in vitro component which
evaluates the inflammatory processes of cells directly exposed to particulate matter. Such a
complex study, considering all the potentially interacting factors, has been suggested to be
conducted through an interdisciplinary collaboration among environmental and perinatal
epidemiologists, geographers, obstetrics and gynecology specialists, molecular biologists
and environmental toxicologists. The ongoing research will address many of the identified
gaps in knowledge, including evaluation of various time windows during pregnancy;
inclusion of the full range of monitored air pollutants; use of high-quality, ultra-sound
confirmed gestational age data; examination of biomarkers of biologic response; and
evaluation of particle composition for one component of the project. The practical
implication is that we hope to be able to identify and treat at-risk patients early on during
pregnancy to promote full term pregnancies and, in the long term, reduce preterm birth rates.

Acknowledgments
Support for this work provided by Grant R01 ES016932 from the U.S. National Institute for Environmental Health
Sciences, National Institutes of Health.

REFERENCES
1. W.D. Beck S, Say L, Pilar Betran A, Merialdi M, Harris Requejo J, Rubens C, V.L.P. Menon R. The

worldwide incidence of preterm birth: a systematic review of maternal mortality and morbidity.
Bulletin of the World Health Organization. 2010; 88:1–80.

2. Behrman, RE.; Butler, AS., editors. Preterm Birth: Causes, Consequences, and Prevention. The
National Academies Press; Washington, D.C.: 2007.

3. M.M. Ngoc NT, Abdel-Aleem H, Carroli G, Purwar M, Zavaleta N, Campodonico L, Ali M,
Hofmeyr GJ, Mathai M, Lincetto O, Villar J. Causes of stillbirths and early neonatal deaths: data
from 7993 pregnancies in six developing countries. Bulletin of the World Health Organization.
2006; 84:699–705. [PubMed: 17128339]

4. G.M. Lawn JE, Nunes TM, Rubens CE, Stanton C. the GAPSS Review Group. Global report on
preterm birth and stillbirth (1 of 7): definitions, description of the burden and opportunities to
improve data. BMC Pregnancy and Childbirth. 2010; 10:S1. [PubMed: 20233382]

5. H.K. Ponce NA, Wilhelm M, Ritz B. Preterm birth: the interaction of traffic-related air pollution
with economic hardship in Los Angeles neighborhoods. American Journal of Epidemiology. 2005;
162:140–148. [PubMed: 15972941]

Vadillo-Ortega et al. Page 7

Med Hypotheses. Author manuscript; available in PMC 2015 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



6. W.X. Ding H, Xu X. Acute effects of total suspended particles and sulfur dioxides on preterm
delivery: a community-based cohort study. Archives of Environmental Health. 1995; 50:407–415.
[PubMed: 8572718]

7. Bobak M. Outdoor air pollution, low birth weight and prematurity. Environmental Health
Perspectives. 2000; 108:173–176. [PubMed: 10656859]

8. Y.F. Ritz B, Chapa G, Fruin S. Effect of air pollution on preterm birth among children born in
Southern California between 1989 and 1993. Epidemiology. 2000; 11:502–511. [PubMed:
10955401]

9. K.D. Liu S, Shi Y, Chen Y, Burnett RT. Association between gaseous ambient air pollutants and
adverse pregnancy outcomes in Vancouver, Canada. Environmental Health Perspectives. 2003;
111:1773–1778. [PubMed: 14594630]

10. R.B. Wilhelm M. Local Variations in CO and Particulate Air Pollution and Adverse Birth
Outcomes in Los Angeles County, California, USA. Environmental Health Perspectives. 2005;
113:1212–1221. [PubMed: 16140630]

11. W.M. Ritz B, Hoggatt KJ, Ghosh JKC. Ambient air pollution and preterm birth in the Environment
and Pregnancy Outcomes Study at the University of California, Los Angeles. American Journal of
Epidemiology DOI: 10.1093/aje/kwm181(American Journal of Epidemiology Advance Access
published August 4, 2007). American Journal of Epidemiology. 2007; 166:1045–1052. [PubMed:
17675655]

12. K.B. Leem JH, Shim YK, Pohl HR, Gotway CA, Bullard SM,Rogers JF, Smith M, Tylenda C.
Exposures to air pollutants during pregnancy and preterm delivery. Environmental Health
Perspectives. 2006; 114:905–910. [PubMed: 16759993]

13. D.H. Xu X, Wang X. Acute effects of total suspended particles and sulfur dioxides on preterm
delivery: a community-based cohort study. Archives of Environmental Health. 1995; 50:407–415.
[PubMed: 8572718]

14. W.T. Huynh M, Parker JD, Schoendorf KC. Relationships between air pollution and preterm birth
in California. Paediatric and Perinatal Epidemiology. 2006; 20:454–461. [PubMed: 17052280]

15. M L. First two months of pregnancy--critical time for preterm delivery and low birthweight caused
by adverse effects of coal combustion toxics. Early Human Development. 2004; 80:115–123.
[PubMed: 15500992]

16. C.H. Lin MC, Yu HS, Tsai SS, Cheng BH, Wu TN. Increased risk of preterm delivery in areas
with air pollution from a petroleum refinery plant in Taiwan. Journal of Toxicology and
Environmental Health. 2001; 64:637–644. [PubMed: 11766170]

17. M.P. Sagiv SK, Loomis D, Herring AH, Neas LM, Savitz DA, Poole C. A time-series analysis of
air pollution and preterm birth in Pennsylvania, 1997–2001. Environmental Health Perspectives.
2005; 113:602–606. [PubMed: 15866770]

18. N.A. Hansen C, Williams G, Simpson R. Maternal exposure to low levels of ambient air pollution
and preterm birth in Brisbane, Australia. British Journal of Gynecology and Obstetrics. 2006;
113:935–941.

19. A.C. Romero R, Brekus CA, Morotti R. The role of systemic and intrauterine infection in preterm
parturition. Annals of the New York Academy of Sciences. 1991; 622:355–375. [PubMed:
2064195]

20. R.C. Gravett MG. Nunes T and the GAPPS Review Group, Global report on preterm birth and
stillbirth (2 of 7): discovery science. BMC Pregnancy and Childbirth. 2010; 10:S2. [PubMed:
20233383]

21. G.M. Baggia S, Witkin SS, Haluska GJ, Novy MJ. Interleukin-1 beta intra-amniotic infusion
induces tumor necrosis factor-alpha, prostaglandin production, and preterm contractions in
pregnant rhesus monkeys. Journal of the Society for Gynecologic Investigation. 1996; 3:121–126.
[PubMed: 8796819]

22. S.D. Vadillo-Ortega F, Haluska G, Hernandez-Guerrero C, Guevara Silva R, Gravett M, Novy M.
Identification of matrix metralloproteinase-9 in amniotic fluid and amniochorion in spotaneous
labor and after experimental intrauterine infection or interleukin-1β infusion in pregnant rhesus
monkeys. American Journal of Obstetrics and Gynecology. 2002; 186:128–138. [PubMed:
11810098]

Vadillo-Ortega et al. Page 8

Med Hypotheses. Author manuscript; available in PMC 2015 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



23. M.-L.H. Zaga-Clavellina V, García-Lopez G, Maida-Claros R, Vadillo-Ortega F. Differential
secretion of matrix metalloproteinase-2 and-9 after selective infection with group B streptococci in
human fetal membranes. Journal of the Society for Gynecologic Investigation. 2006; 13:271–279.
[PubMed: 16697943]

24. E.G. Vadillo-Ortega F. Role of matrix metalloproteinases in preterm labor. British Journal of
Gynecology and Obstetrics. 2005; 112:19–22.

25. O.D. Arechavaleta-Velasco F, Parry S, Vadillo-Ortega F. Production of matrix metalloproteinase-9
in lipopolysaccharide-stimulated human amnion occurs through an autocrine and paracrine
proinflammatory cytokine-dependent system. Biology of Reproduction. 2002; 67:1952–1958.
[PubMed: 12444074]

26. M.R. Fortunato SJ, Lombardi SL. MMP/TIMP imbalance in amniotic fluid during PROM: an
indirect support for endogenous pathway to membrane rupture. Journal of Perinatal Medicine.
1999; 27:362–368. [PubMed: 10642956]

27. K.A. Turhan NO, Adam B. Maternal serum interleukin 6 levels in preterm labor: prediction of
admission-to-delivery interval. Journal of Perinatal Medicine. 2000; 28:133–139. [PubMed:
10875099]

28. G.A. Vogel I, Thorsen P, Skogstrand K, Hougaard DM, Curry AH. Early second-trimester
inflammatory markers and short cervical length and the risk of recurrent preterm birth. Journal of
Reproductive immunology. 2007

29. K.J. Coleman MA, McCowan LM, Townend KM, Mitchell MD. Predicting preterm delivery:
comparison of cervicovaginal interleukin (IL)-1beta, IL-6 and IL-8 with fetal fibronectin and
cervical dilatation. European Journal of Obstetrics and gynecology and Reproductive Biology.
2001; 95:154–158. [PubMed: 11301160]

30. I.J. Goldenberg RL, Mercer BM, Meis PJ, Moawad A, Das A, Miodovnik M, VanDorsten PJ,
Caritis SN, Thurnau G, Dombrowski MP. for the Maternal-Fetal Medicine Units Network. The
Preterm Prediction Study: toward a multiple-marker test for spontaneous preterm birth. American
Journal of Obstetrics and Gynecology. 2001; 185:643–651. [PubMed: 11568793]

31. V.-P.L. Gomez-Lopez N, Hernandez-Carbajal A, Godines-Enriquez M,Olson DM, Vadillo-Ortega
F. Specific inflammatory microenvironments in the zones of the fetal membranes at term delivery.
American Journal of Obstetrics and Gynecology. 2011; 205:235, e215–e224.

32. V.-P.L. Gomez-Lopez N, Nessim S, Olson D, Vadillo-Ortega F. Choriodecidua and amnion exhibit
selective leukocyte chemotaxis during term human labor. American Journal of Obstetrics and
Gynecology. 2011; 204:364, e369-316.

33. B.S. Monn C. Cytotoxicity and induction of proinflammatory cytokines from human monocytes
exposed to fine (PM2.5) and coarse particles (PM10-2.5) in outdoor and indoor air. Toxicology
and Applied Pharmacology. 1999; 155:245–252. [PubMed: 10079210]

34. D.-S.D. Nel AE, Li N. The role of particulate pollutants in pulmonary inflammation and asthma:
evidence for the involvement of organic chemicals and oxidative stress. Current Opinion in
Pulmonary Medicine. 2001; 7:20–26. [PubMed: 11140402]

35. D.R. Sioutas C, Singh M. Exposure Assessment for Atmospheric Ultrafine Particles (UFPs) and
Implications in Epidemiologic Research. Environmental Health Perspectives. 2005; 113:947–955.
[PubMed: 16079062]

36. P.C. Panagiotakos DB, Chrysohoou C, Skoumas J, Masoura C, Toutouzas P, et al. Effect of
exposure to secondhand smoke on markers of inflammation: the ATTICA study. American Journal
of Medicine. 2004; 116:145–150. [PubMed: 14749157]

37. F.M. Peters A, Doring A, Immervoll T, Wichmann HE, Hutchinson WL, et al. Particulate air
pollution is associated with an acute phase response in men; results from the MONICA-Augsburg
Study. European Heart Journal. 2001; 22:1198–1204. [PubMed: 11440492]

38. H.M. Pope CA, Long RW, Nielsen KR, Eatough NL, Wilson WE, et al. Ambient particulate air
pollution, heart rate variability, and blood markers of inflammation in a panel of elderly subjects.
Environmental Health Perspectives. 2004; 112:339–345. [PubMed: 14998750]

39. K.C. Ghio AJ, Devlin RB. Concentrated ambient air particles induce mild pulmonary inflammation
in healthy human volunteers. American Journal of Respiratory and critical Care Medicine. 2000;
162:981–988. [PubMed: 10988117]

Vadillo-Ortega et al. Page 9

Med Hypotheses. Author manuscript; available in PMC 2015 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



40. C.R. Saldiva PH, Coull BA, Stearns RC, Lawrence J, Murthy GG, et al. Lung inflammation
induced by concentrated ambient air particles is related to particle composition. American Journal
of Respiratory and Critical Care Medicine. 2002; 165:1610–1617. [PubMed: 12070061]

41. Wittkopp S, Staimer N, Tjoa T, et al. Mitochondrial genetic background modifies the relationship
between traffic-related air pollution exposure and systemic biomarkers of inflammation. PloS One.
2013; 8:e64444. [PubMed: 23717615]

42. M.P. Risom L, Loft S. Oxidative stress-induced DNA damage by particulate air pollution.
Mutation Research. 2005; 592:119–137. [PubMed: 16085126]

43. P.-d.-L.S. Alfaro-Moreno E, Osornio-Vargas AR, Garcia-Cuellar C, Martinez L, Rosas I. Potential
toxic effects associated to metals and endotoxin present in PM10: an ancillary study using
multivariate analysis. Inhalation Toxicology. 2007; 19:49–53. [PubMed: 17886050]

44. B.J. Osornio-Vargas AR, Alfaro-Moreno E, Martinez L, Garcia-Cuellar C, Ponce-de-Leon Rosales
S, Miranda J, Rosas I. Proinflammatory and cytotoxic effects of Mexico City air pollution
particulate matter in vitro are dependent on particle size and composition. Environmental Health
Perspectives. 2003; 111:1289–1293. [PubMed: 12896848]

45. S.J. Rosas Perez I, Alfaro-Moreno E, Baumgardner D, Garcia-Cuellar C, Martin Del Campo JM,
Raga GB, Castillejos M, Colin RD, Osornio Vargas AR. Relations between PM10 composition
and cell toxicity: a multivariate and graphical approach. Chemosphere. 2007; 67:1218–1228.
[PubMed: 17188738]

46. L.-M.R. Alfaro-Moreno E, Montiel-Davalos A, Symonds P, Osornio-Vargas AR, Rosas I, Clifford
Murray J. E-Selectin expression in human endothelial cells exposed to PM10: the role of
endotoxin and insoluble fraction. Environmental Research. 2007; 103:221–228. [PubMed:
16774750]

47. M.E. Gilmour PS, Vickers MA, Ford I, Ludlam CA, Greaves M, Donaldson K, MacNee W. The
procoagulant potential of environmental particles (PM10). Occupational and Environmental
Medicine. 2005; 62:164–171. [PubMed: 15723881]

48. R.A. Bonner JC, Lindroos PM, O'Brien PO, Dreher KL, Rosas I, Alfaro-Moreno E, Osornio-
Vargas AR. Induction of the lung myofibroblast PDGF receptor system by urban ambient particles
from Mexico City. American Journal of Respiratory Cell and Molecular Biology. 1998; 19:672–
680. [PubMed: 9761765]

49. Q.M. Reyna, MA.; Clark, I.; Rojas-Bracho, L.; Zuk, M.; Lopez, T.; Serrano, J.; Rosas, I.; Garcia,
A.; F.G. Osornio-Vargas, AR.; Vazquez, I.; Garcia, C. LASPAU Technical Report. Instituto
Nacional de Ecología; Mexico City: 2010. Toxicological evaluation of PM2.5 and PM10 in the
city of Mexicali and its correlation with soil content: A study to evaluate and direct control
measures.

50. S D. Does inhalation of endotoxin cause asthma? American Journal of Respiratory and Critical
Care Medicine. 2001; 163:305–306. [PubMed: 11179094]

51. L.E. Gomez-Lopez N, Olson D, Estrada G, Vadillo-Ortega F. The role of chemokines in term and
premature rupture of the fetal membranas: a Review. Biology of Reproduction. 2010; 82:809–814.
[PubMed: 20089887]

52. Gomez-Lopez N, Vega-Sanchez R, Castillo-Castrejon M, Romero R, Cubeiro K, Vadillo-Ortega F.
Evidence for a role for the adaptative immune response in human parturition. American Journal of
Reproductive Immunology. 2013; 69:212–230. [PubMed: 23347265]

53. R.R. Gomez R, Edwin SS, David C. Pathogenesis of preterm labor and preterm premature rupture
of membranes associated with intraamniotic infection. Infectious Disease Clinics of North
America. 1997; 11:135–176. [PubMed: 9067790]

54. H.J. Andrews WW, Goldenberg RL. Infection and preterm birth. American Journal of
Perinatology. 2000; 17:357–365. [PubMed: 12141522]

55. D.M. Hertz-Picciotto I, Dejmek J, Selevan SG, Wegienka G, Gomez-Caminero A, Sram RJ. Air
pollution and distributions of lymphocyte immunophenotypes in cord and maternal blood at
delivery. Epidemiology. 2002; 13:172–183. [PubMed: 11880758]

56. D.-S.D. Nel AE, Ng D, Hiura T, Saxon A. Enhancement of allergic inflammation by the interaction
between diesel exhaust particles and the immune system. Journal of Allergy and Clinical
Immunology. 1998; 102:539–554. [PubMed: 9802360]

Vadillo-Ortega et al. Page 10

Med Hypotheses. Author manuscript; available in PMC 2015 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



57. G.A. Minkoff H, Schwarz RH, Feldman J, Cummings M, Crombleholme W, Clark L, Pringle G,
McCormack WM. Risk factors for prematurity and premature rupture of membranes: a prospective
study of the vaginal flora in pregnancy. American Journal of Obstetrics and Gynecology. 1984;
150:965–972. [PubMed: 6391179]

58. B.A. Behrman, RE. Introduction. In: B.A. Behrman, RE., editor. Preterm Birth. Causes,
Consequences, and Prevention. The National Academies Press; Washington, D. C.: 2007. p. 31-52.

59. M.D. Kannan S, Dvonch JT, Krishnakumar A. Exposures to airborne particulate matter and
adverse perinatal outcomes: a biologically plausible mechanistic framework for exploring potential
effect modification by nutrition. Environmental Health Perspectives. 2006; 114:1636–1642.
[PubMed: 17107846]

60. A.J. Hemmingsen A, Zhang S, Mortensen J, Spiteri MA. Early detection of ozone-induced
hydroperoxides in epithelial cells by a novel infrared spectroscopic method. Free Radical
Research. 1999; 31:437–448. [PubMed: 10547188]

61. B.V. Larini A. Effects of ozone on isolated peripheral blood mononuclear cells. Toxicology in
vitro. 2005; 19:55–61. [PubMed: 15582356]

62. K.M. Mudway IS, Frew AJ, MacLeod D, Sandstrom T, Holgate ST, et al. Compromised
concentrations of ascorbate in fluid lining the respiratory tract in human subjects after exposure to
ozone. Occupational and Environmental Medicine. 1999; 56:473–481. [PubMed: 10472319]

63. A.M. Casanueva E, Goldberg S, Pfeffer F, Meza C, Vadillo-Ortega F, Rothenberg S. Bases para
estimar las necesidades de vitamina C en la gestación. Gaceta Medica de Mexico. 2005; 141:273–
277. [PubMed: 16164121]

64. R.C. Casanueva E, Tolentino M, Morales RM, Pfeffer F, Vilchis P, et al. Vitamin C
supplementation to prevent premature rupture of the chorioamniotic membranes: a randomized
trial. American Journal of Clinical Nutrition. 2005; 81:859–863. [PubMed: 15817864]

65. Romieu I. Nutrition and lung health. International Journal of Tuberculosis and Lung Disease. 2005;
9:362–374. [PubMed: 15830741]

66. C.T. Romero R, Espinoza J. Micronutrients and intrauterine infection, preterm birth and the fetal
inflammatory response syndrome. Journal of Nutrition. 2003; 133:1668S–1673S. [PubMed:
12730483]

67. E.H. Engel SA, Savitz DA, Thorp J, Chanock SJ, Olshan AF. Risk of spontaneous preterm birth is
associated with common proinflammatory cytokine polymorphisms. Epidemiology. 2005; 16:469–
477. [PubMed: 15951664]

68. M.-B.F. Hernandez-Guerrero C, Jimenez-Zamudio L, Ahued-Ahued R, Arechavaleta-Velasco F,
Strauss JF 3rd, Vadillo-Ortega F. In-vitro secretion of proinflammatory cytokines by human
amniochorion carrying hyper-responsive gene polymorphisms of tumour necrosis factor-alpha and
interleukin-1beta. Molecular Human Reproduction. 2003; 9:625–629. [PubMed: 12970400]

69. M.-B.F. Roberts AK, Van Deerlin PG, Holder J, Macones GA, Morgan MA, et al. Association of
polymorphism within the promoter of the tumor necrosis factor alpha gene with increased risk of
preterm premature rupture of the fetal membranes. American Journal of Obstetrics and
Gynecology. 1999; 180:1297–1302. [PubMed: 10329893]

70. S.K. Santtila S, Hurme M. Presence of the IL-1RA allele 2 (IL1RN*2) is associated with enhanced
IL-1beta production in vitro. Scandinavian Journal of Immunology. 1998; 47:195–198. [PubMed:
9519856]

71. S.I. Smith G, Pell JP, Crossley JA, Dobbie R. Maternal obesity in early pregnancy and risk of
spontaneous and elective preterm deliveries: A retrospective cohort study. American Journal of
Public Health. 2007; 97:157–162. [PubMed: 17138924]

72. L.B. Siega-Riz AM. The implications of maternal overweight and obesity on the course of
pregancy and birth outcomes. Maternal and Child Health. 2006; 10:s153–s156.

73. M.-A.V. Karastergiou K. The autocrine and paracrine roles of adypokines. Molecular and Celular
Endocrinology. 2010; 318:69–78.

74. D.C. Lago F, Gomez-Reino J, Gualillo O. Adipokines as emerging mediators of immune response
and inflammation. Nature Clinical Practice Reumathology. 2007; 3:716–724.

75. O'Neill M, Osornio-Vargas A, Buxton M, et al. Air pollution, inflammation and preterm birth in
Mexico City:Study design and methods. Science of Total Environment. 2013; 448:79–83.

Vadillo-Ortega et al. Page 11

Med Hypotheses. Author manuscript; available in PMC 2015 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


