
Vol.:(0123456789)1 3

Clinical Reviews in Allergy & Immunology 
https://doi.org/10.1007/s12016-021-08907-9

Role of Inflammaging on the Reproductive Function and Pregnancy

Alice Zavatta1,3 · Francesca Parisi1 · Chiara Mandò2 · Chiara Scaccabarozzi3 · Valeria M. Savasi2,3 · Irene Cetin1,2 

Accepted: 28 September 2021 
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2021

Abstract
During female lifetime and pregnancy, inflammation and cellular senescence are implicated in physiological processes, from 
ovulation and menstruation, to placental homeostasis and delivery. Several lifestyles, nutritional, and environmental insults, 
as well as long-lasting pregestational inflammatory diseases may lead to detrimental effects in promoting and sustaining a 
chronic excessive inflammatory response and inflammaging, which finally contribute to the decay of fertility and pregnancy 
outcome, with a negative effect on placental function, fetal development, and future health risk profile in the offspring. 
Maladaptation to pregnancy and obstetric disease may in turn increase maternal inflammaging in a feedback loop, speeding 
up aging processes and outbreak of chronic diseases. Maternal inflammaging may also impact, through transgenerational 
effects, on future adult health. Hence, efficacious interventions should be implemented by physicians and healthcare profes-
sionals involved in prevention activities to reduce the modifiable factors contributing to the inflammaging process in order 
to improve public health.
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Introduction

Inflammaging can negatively predispose the woman to 
reproductive dysfunction and obstetrical diseases during 
pregnancy. On the other hand, pregnancy itself can boost 
the onset of latent chronic pathologies finally exacerbated 
by maternal adaptations to pregnancy (Fig. 1).

Inflammaging encompasses the concept of a feedback 
loop between two triggering factors, namely inflammation 
and aging [1], leading to a range of short- and long-term 
effects both on the woman during the pre-conceptional and 
gestational period, and on the fetus [2–4]. In particular, 
inflammaging leads to an accelerated decline of ovarian and 
uterine functions, maternal maladaptive processes, and pla-
cental dysfunction during pregnancy, resulting in a disrupted 

intra uterine environment for the developing fetus [5–8]. 
Such a proinflammatory chronic status may also induce epi-
genetic modification and metabolic reprogramming both in  
the fetus and the placenta, making the offspring more sus-
ceptible to future non-communicable diseases [8, 9].

The present review aims to (1) examine the impact of 
inflammaging on fertility and pregnancy outcomes, by 
focusing both on maternal and fetal effects, and, in turn, (2) 
explore possible impacts of pregnancy on maternal inflam-
maging itself, hypothesizing pregnancy as a potential trig-
ger of inflammaging. Moreover, the present work aims to 
highlight the role of both inflammaging and pregnancy on 
chronic, age-related diseases, where the former acts as a first 
hit and the latter as a potential second hit.

Etiological Factors

Long-term exposure to inflammatory triggers and stressors, 
such as infections, chemical irritation, and several lifestyle 
and nutritional habits, with the contribution of systemic dys-
regulation and prolonged insults induced by aging, synergi-
cally magnify the inflammatory status and level of inflam-
maging during the reproductive period and pregnancy [10] 
(Fig. 2). The source of inflammaging represents a complex 
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network of many cofactors affecting this condition to vary-
ing degrees (Table 1).

Obesity

Obesity plays a pivotal role in the pathogenesis of inflam-
maging, since the massive expansion of the adipose tissue, 
as a highly active endocrine organ, affects immune cell 
profile, deranges inflammatory cytokines production, and 
finally impairs metabolic function [11]. Such a metabolic 

dependent pro inflammatory background, the so-called 
meta-inflammation, in turn, influences the metabolism itself 
leading to increased oxidative stress and insulin resistance 
[12]. More specifically, obesity alters immune cell profile 
in visceral adipose tissue by increasing local macrophages, 
neutrophils, T cells, B cells and mast cells, and reducing 
T-helper cells, regulatory T cells and eosinophils [13]. The 
loss of anti-inflammatory mediators leads to macrophage 
pro inflammatory response, resulting in high expression of  
Interleukin-6 (IL-6), tumor necrosis factor-� (TNF-� ),  
interferon-� (IFN-�) , and endogenous toll-like receptor (TLR)  
ligands [14]. Macrophage infiltration in the adipose tissue 
is determinant to the dysregulated and vicious circle of sys-
temic inflammatory cytokines production, insulin resist-
ance, oxidative stress, endothelial dysfunction, and further 
increase of obesity [13].

Diet and Microbiome

Metabolic and microbial factors cooperate in developing a 
state of metabolic endotoxemia, described as a condition 
of two- to three-fold increased level of bacterial endotoxin 
Lipopolysaccharides (LPS) [15], which activates TLR-4 and 
then upregulates the proinflammatory cytokine expressions 
[16]. Gastrointestinal (GI) microbiota represents the main 
source of endotoxin and in turn diet is the primary modula-
tor of the GI microbiota. In fact, diet rich in saturated fat 
enhances endotoxemia and inflammation both increasing the 
Gram-negative microbiome component and directly activat-
ing TLR-4 receptors [15, 17]. Moreover, high-fat diet boosts 

Fig. 1  Inflammaging effects on pregnancy, mother and offspring: On 
the left etiological factors contributing to the pathogenesis of inflam-
maging; on the right effects of inflammaging on pregnancy, maternal, 

and offspring outcomes and potential feedback loop of pregnancy 
effects on inflammaging and chronic age-related diseases onset; FGR 
fetal growth restriction, GDM gestational diabetes mellitus

Fig. 2  Inflammaging as a synergic result of the interaction among 
many co-factors
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liver, adipose, and skeletal muscle expression of proinflam-
matory cytokines with a consequential metabolic dysfunc-
tion such as insulin resistance and dyslipidemia.

On the contrary, Mediterranean diet which is higher in 
fiber decreases endotoxemia levels by lowering the Gram-
negative bacteria prevalence and improving microbial rich-
ness both in taxonomy and gene expression [18].

Environment

Further environmental factors can also affect inflammag-
ing. Among them, smoking, alcohol and drug abuse, psy-
chological stress, sedentary life, and endocrine disruptors. 
The latter are environmental contaminants interfering with 
hormone systems that can be carried by the atmosphere (for 
example, clorurate), or by food and drinks (for example, 
Bisphenol-A, and Ftalate). These environmental factors can 
act through alterations in cell metabolism and epigenetic 
modifications, with effects on the reproductive capacity, fetal 
development and long term effects on both the mother and 
offspring [19–25].

Comorbidities

Several chronic comorbidities, including cardiovascu-
lar, metabolic, neoplastic, and autoimmune diseases, are 
strongly associated with inflammaging in a self-feeding 
vicious cycle where inflammaging may increase the risk of 
developing diseases and the disease itself exasperates the 
underlying age-related inflammation and immunosenes-
cence. Inflammaging may also play a role in contributing to 
severe hyperinflammatory state and cytokine storm in case 
of superimposed infections, as in case of sepsis in elderly or 
SARS-CoV-2 infection [26].

Chronic infective inflammatory disease including peri-
odontal disease are known to dysregulate the antioxidant 
reactivity and increase a proinflammatory cytokine expres-
sion [27]. Moreover, a strong interaction has been described 
between periodontal disease and obesity in the exacerbation 
of the maternal systemic inflammatory status [28].

Inflammaging as a Cumulative Effect 
of Inflammation and Aging on Fertility 
and Pregnancy Outcomes

Inflammaging is associated with a modulation of the innate 
and acquired immune system gradually occurring in the 
aging process [1]. The assessment of inflammatory media-
tors (C-reactive protein (CRP), IL-6, TNF-α,) in the absence 
of acute infections is a useful marker in order to evaluate 
the rate of progression of inflammaging [29]. Such a persis-
tent low-grade inflammatory environment becomes harmful 

over time, increasing vulnerability and dysfunctional pro-
cesses which are the basis of several chronic and age-related 
diseases.

During female lifetime, inflammation is involved in sev-
eral functional processes starting from fertility to pregnancy 
and finally arriving to menopause. In non-pregnant women, 
inflammation is implicated in ovulation and menstrual cycle, 
while during conception it is effective and functional for 
proper implantation, decidualization and pregnancy main-
tenance [30].

On the other hand, aging consists in a complex biological 
process influenced by the interaction of multiple intrinsic 
and extrinsic factors, which leads to natural degeneration of 
structures, function decline, and progressive loss of adapt-
ability and resilience.

Aging is additionally associated with progressive modi-
fications in the immune reactivity, the so-called immunose-
nescence. It consists in a decreased activity of macrophages 
and neutrophils with a concomitant increased production 
of pro-inflammatory cytokines [31]. Overall, these changes 
lead to a decline in the antibacterial defense and increased 
risk of viral infections such as influenza [32]. Immunosenes-
cence plays a key role in the process of inflammaging, since 
aging and inflammation impact on each other in a vicious 
circle. First of all, chronic low-grade inflammatory status 
triggered by a persistent long-term exposure to antigens may 
have both a direct effect on cells, with a chronic insult con-
curring in the degenerative process of elderly, and an indi-
rect effect, by means of chronic and latent infection which 
can periodically reactivate and lead to an immune response 
against infected cells. Moreover, chronic infection is able 
to escape immune response, induces DNA mutations, and 
enhances cellular degenerative process [33].

Conversely, aging promotes inflammation through epi-
genetic modification of genes involved in the inflammation 
process such as loss of methylation of TNF promoter which 
leads to an increased expression and production of the pro-
inflammatory cytokines [34].

Telomeres shortening is recognized as a marker of cel-
lular aging, providing a protective function for genomic 
integrity [35]. In fact, when telomere length becomes criti-
cally short, the cell arrests its proliferation and undergoes 
the process of cellular senescence and apoptosis [36]. Oxi-
dative stress and oncogenic mutations, both increasing in 
the elderly due to the higher production of reactive oxygen 
species and the progressive loss of ability to DNA repair, 
play a pivotal role in the telomeres shortening and senes-
cence process [37]. Likewise, telomeres loss enhances cells 
susceptibility to oxidative damage [38] and altogether they 
stimulate a proinflammatory response, by activating tran-
scription and expression of nuclear factor-κ gene binding 
(NF-κB), cytokines (TNF-α, IL-6, and IFN-γ), growth fac-
tors, and matrix metalloproteinases, resulting in a chronic 
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inflammation [39]. Such a proinflammatory reaction trig-
gered by senescent cells has been described as senescence-
associated secretory phenotype (SASP) [40] and it is known 
to foster age-related and degenerative pathologies [41].

Effects of Inflammaging on Fertility

Fertility declines as women age: females are born with a 
non-renewable oocyte pool, which progressively reduces, 
leading to loss of fertility, cycle irregularity, and, eventually, 
menopause. This is a natural process since the continuous 
activation of primordial follicles leads to the depletion of 
the follicular ovarian reserve. There are many factors that 
contribute to accelerate the ovarian aging. Many of them 
are still not known.

Shortened telomeres and senescent cells impact on aging 
of several organs and may additionally lead to premature 
aging of the ovaries. Animal models demonstrated that tel-
omerase deficiency reduce mice eggs chance of getting fer-
tilized and progress through the blastocyst phase, with an 
increment in pregnancy loss [42, 43]. In humans, compro-
mised telomerase function plays a crucial role in infertility, 
indeed low telomerase activity and short telomeres have been 
observed in the granulosa cells of women with poor ovarian 
reserve [44]. Moreover, telomeres length in cumulus cells, 
which are specialized granulosa cells, correlates with oocyte 
quality and chance for embryo development and it can be 
used as a biomarker for selective embryo transfer [45].

Inflammaging may play a relevant role in ovarian senes-
cence [46]. In fact, it may have a role also in premature 
ovarian insufficiency (POI), in which inflammation may be 
one of the causes [2]. To date, available data is still limited. 
In mice, it has been observed that ovarian aging is associ-
ated with a pro-inflammatory microenvironment [47]. Gene 
transcribing for inflammatory cytokines are upregulated in 
older ovaries. Specifically, TNF-α, IL-6, IL-10, and IL-18 
show significative higher levels [48]. Moreover, it has been 
shown that nucleotide-binding domain (NOD)-like recep-
tor protein 3 (NLRP3) inflammasome, which is considered 
to be a major factor of inflammaging, has an increased 
age-associated expression in mice ovaries [47]. In human 
studies, it has been observed that inflammatory cytokines 
and chemokines levels were higher in patients with POI 
than other women [2]. In addition to age-associated pro-
inflammatory status, modification in immune cells has 
been described in mice aging ovary. Gene expression of 
colony-stimulating factor 1 (CSF-1) and CSF-2, involved 
in the proliferation and maturation of macrophages and 
granulocytes respectively, is significatively increased in 
18-month-old mice compared to 2- and 6-month-old ones 
[2], suggesting a modification into ovary-resident innate 
immunity. Generally, macrophage is the most abundant type 
of immune cell, playing an important role in the ovarian 

tissue organization. Through the reproductive cycle, the 
ovary undergoes constant cycles of extracellular matrix 
(ECM) deposition, remodeling and wound healing [49]. In 
aging ovaries, fibrosis in the ovarian stroma increases. The 
mechanisms by which it occurs is still unknown. On the 
one hand, it may be associated with an imbalance between 
collagen deposition and matrix metalloproteinase (MMP)-
associated remodeling [49]. On the other hand, it has been 
shown an increased M2 macrophage activation, while M1 
polarization declines progressively. Interestingly, mac-
rophage shift has been observed also in mouse retinal tis-
sue. M2 macrophages activated by IL-4 and IL-13 produce 
proline, which is a critical building block of collagen. Thus, 
it can contribute to increase ovarian fibrosis [48]. Moreover, 
it has been described the presence of multinucleated mac-
rophage giant cells, which express the α-smooth muscle 
actin marker, typical of fibroblast activation [49].

Ovarian aging is accompanied by other immune changes. 
The elevation of IL-4 and IL-13 not only leads to M2 activa-
tion but also to the elevation of eosinophil recruitment [48]. 
Moreover, it has been shown that B cells are increased in 
senescent ovaries. They are known to produce CSF-2, which 
may rebound the pro-inflammatory environment.  CD4+ T 
cells infiltration in ovarian tissue increases with age, while 
 CD8+ cell population does not seem to change [47].

In light of the fact that cytokine production and fibrosis 
may reduce ovarian reserve and function, it will be impor-
tant to better understand the mechanisms of inflammaging 
on ovarian tissue, which may lead to a premature impairment 
of female fertility. The age-associated reduction of fertility 
is thought to be a combined effect of both the depletion of 
ovarian reserve and the reduced sensitivity of gonadotropin-
releasing hormone, which leads to a deregulation of estrogen 
signaling. Since macrophages expression of estrogen recep-
tors are influenced by estrogen signaling, it is likely that 
these alterations at a certain point of reproductive age con-
tribute to alter macrophages functions in ovaries, facilitating 
the creation of fibrosis and a pro-inflammatory status [48].

Further studies will be useful to determine and describe 
the pathogenetic pathway involved in ovarian senescence.

Limited data is available about effect of inflammaging 
on uterus and fallopian tubes. In bovine models, it has been 
observed that oviduct epithelial cells (OECs) undergo age-
dependent changes, which comprehend mainly the crea-
tion of a pro-inflammatory microenvironment. Aged OECs 
secrete higher levels of IL-1β, which stimulates fallopian 
tubes senescence. In contrast, ECM components in fallo-
pian tubes diminish, so it may impair the function of bovine 
oviduct [4].

Less is known about the aging impact on the uterus. In 
bovine models, endometrial cells of older animals showed 
spontaneously higher levels of inflammatory signaling, IFN 
signaling, and DNA damage [50].
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In addition, cellular senescence affects uterine function, 
by altering decidualization and impairing the uterine role of 
supporting pregnancy and embryos development until full 
term [4]. Studies on mice showed how telomerase deficiency 
was associated with reduced myometrial thickness, atrophic 
smooth muscle cells, and lower uterine size [42]. Further-
more, persistently elevated levels of senescent cells in the 
uterus were associated with downregulated expression of 
antioxidant enzymes such as tissue-specific Trp53 [51], and 
thus demonstrated the involvement of oxidative stress in the 
process of senescence and its negative influence on uterine 
environment required for a successful pregnancy.

In summary, fertility is progressively reduced by age and 
negatively influenced by levels of inflammation (Fig. 3).

In Vitro Fertilization

High-grade chronic systemic inflammatory response has been 
shown to negatively impact on in vitro fertilization (IVF) suc-
cess and embryo implantation [52, 53]. Several studies com-
pared gene expression and transcriptomic profile of follicular 
cells and endometrial fluid of women who successfully got 
pregnant with those who failed IVF, aiming to understand the 
reason of IVF failure and to determine non-invasive molecu-
lar biomarkers of implantation success [54–57].

High pro-inflammatory mediator expression (e.g., 
chemokine C-C motif ligand 3 (CCL3), chemokine C-X-C 
motif ligand 8 (CXCL8) or IL8, CXCL2, IL1B, and CCL4) 
has been found both in follicular cells and endometrial sam-
ples, suggesting that a sustained pro-inflammatory response 
together with the downregulation of anti-inflammatory 
mediators may represent the key factor limiting IVF suc-
cess and performance [52, 58]. Moreover, overexpression 
of pro-inflammatory mediators in ovarian tissue could also 
promote vascular endothelial growth factor (VEGF) tran-
scription, as well as ovarian renin–angiotensin system acti-
vation [59, 60].

High concentrations of these mediators lead to increased 
vascular permeability and may trigger hemodynamic and 
endocrine disorders, finally resulting in the onset of the ovar-
ian hyperstimulation syndrome [52, 54–58]. Many studies 
investigate the value of serum CRP concentration as a surro-
gate marker of chronic low-grade inflammation in predicting 
IVF success and adverse outcomes.

Available data support the association between high 
serum CRP values before embryo implantation and ART 
failure [53, 61]. However, many of the reported studies did 
not adjust for confounding factors, including age [62], thus 
erasing concerns about the real effect of inflammaging on 
reproductive performance [53, 61–67].

Fig. 3  Effects of Inflammaging on fertility. Fertility spontaneously 
declines as women age. However, higher levels of inflammation lead 
to a faster reduction of the ovarian reserve, as well as are associated 

with poor quality embryos and inadequate endometrial receptivity in 
In-Vitro Fertilization (IVF) treatments. Reduction of risk factors has a 
positive impact on inflammation and, in turn, on female fertility
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Effects of Inflammaging on Pregnancy Outcomes 
and Fetal Programming

Once pregnancy is established, the modulation of the mater-
nal immune system is crucial to the embryo development 
and pregnancy maintenance [68]. Despite the historical idea 
that maternal systemic immune suppression is essential for 
fetal acceptance, a more complex feto–maternal immune 
interaction has been recently described, with both intrau-
terine and systemic inflammation as pivotal components of 
healthy pregnancies [11]. In this scenario, several pregesta-
tional maternal stressors (i.e., obesity, chronic comorbidi-
ties, advanced maternal age, malnutrition, smoking) have 
been associated with maladaptive changes in pregnancy and 
obstetric complications with disrupted intrauterine environ-
ment and fetal development. The common denominator of 
these stressors may be partially attributed to the excessive 
(prolonged or high-grade) pregestational inflammation, 
resulting in aberrant upregulation of systemic and placen-
tal inflammatory mediators, local and systemic oxidative 
stress, and increased short- and long-term morbidity for both 
mother and offspring [69].

In detail, both inflammation and premature aging have 
been related to placental dysfunction, leading to pregnancy 
pathologies and adverse pregnancy outcomes, with short- 
and long-term consequences in the offspring [6, 70–72]. 
Inflammation can generate oxidative stress and vice versa, 
in a negative vicious cycle leading to alterations in cell 
metabolism. In turn, oxidative stress and inflammation play 
a key role in cell aging, precipitating in cell senescence, 
mitochondrial dysfunction, and premature aging of the pla-
centa. These conditions have been related to placental insuf-
ficiency [6, 73].

Maternal malnutrition, in terms of both nutrients excess 
and deficiency, has been reported as one of the most impact-
ing factors on placental altered function and bioenergetics 
[70, 71, 74–76]. Indeed, it generates a lipotoxic intrauterine 
environment increasing inflammation, oxidative stress and 
cell senescence [76, 77].

The inflammatory response also plays a decisive role 
during labor enhancing myometrial contraction and cervi-
cal ripening [78, 79]. In addition, the gradual process of 
physiological senescence has a relevant role in the dynamic 
of delivery. The progressive loss of telomeres and the con-
comitant increase of cellular senescence inflammatory 
reaction which includes rising of p38, p53, p21, IL-1b, 
IL-6, IL-8, and senescence-associated beta-galactosidase 
in the decidua and fetal membranes take part in the com-
plex phenomenon of labor onset [80]. However, excessive 
inflammation and its predisposing factors may accelerate 
the telomeres consumption and exacerbate SASP, with a 
consequent increase of oxidative stress damage and exac-
erbation of hypoxia, which turns to further deteriorate 

placental function and intrauterine environment [81, 82]. 
Therefore, such a systemic inflammatory response along 
with premature and accelerated aging of placenta and fetal 
membranes may induce pregnancy complications including 
recurrent pregnancy loss [83, 84], preeclampsia, fetal growth 
restriction (FGR), gestational diabetes mellitus (GDM), 
preterm birth, and premature preterm pre-labor rupture of 
membrane[85–89].

Many studies have investigated the association of recur-
rent pregnancy loss (RPL) with immune dysfunction and 
inflammatory imbalance. Chronic inflammatory response 
may play an important role in the pathogenesis of mis-
carriage and implantation failure [90]. Many studies have 
reported high level of pro-inflammatory cytokines and 
chemokines, such as IL-6 [91], IL-8 [92], IL-10 [93], IL-18 
[94], and TNF-α [95], in blood and decidua of women with 
RPL. Chronic inflammation triggers Th1 polarization of 
immune cells and downregulation of Th2 response weaken-
ing the maternal immune tolerance to embryo implantation 
and increasing the risk of miscarriage [96]. Impaired regula-
tory T cells (Treg) function, together with low prevalence 
of natural killer (NK) and dendritic cells (DC) have been 
widely observed in the decidua of women with RPL [90, 97]. 
As a result of innate immune dysfunction, chronic senescent 
cells accumulate in the decidua leading to SASP response 
has deleterious effects on implantation [84].

Previous studies on placentas of pregnancies complicated 
by preeclampsia, FGR, GDM, and preterm delivery have 
demonstrated high telomere shortening, low telomerase 
activity, mitochondrial dysfunctions, raised DNA oxida-
tion, and elevated expression of senescence markers includ-
ing p53, p16, and p21 [70–72, 76, 89, 98–100]. Significant 
increased expression of cytokines has been found in preg-
nant women with SARS-CoV-2 infection [101] and recent 
findings reported a strong association between COVID-19 
during pregnancy and preeclampsia [102].

All these detrimental events contribute to create an unfa-
vorable intrauterine environment and predispose the fetus 
to future adult-onset diseases [103]. Several conditions 
during pregnancy may contribute to the telomeres short-
ening, including maternal stress, smoking, malnutrition, 
nutritional, and sleeping disorders [20, 104–106]. On the 
contrary, micronutrient intakes and in particular folate has 
been studied as a protective factor as directly proportional 
to fetal telomere length [107].

Effects of Pregnancy on Inflammaging

Pregnancy as a Potential Trigger for Inflammaging

Inflammaging can affect the course and outcome of 
pregnancy. On the other hand, pregnancy itself might 
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result in a triggering condition predisposing to enhanced 
inflammaging.

Adaptation to Pregnancy

During pregnancy, numerous physiological changes in 
maternal organism occur, in order to create a finely balanced 
system allowing to achieve a successful pregnancy in terms 
of fetal development and maternal survival. Hemodynamic 
modifications lead to a reduction of peripheric vascular 
resistance, as well as to increased blood volume and car-
diac output. Moreover, pregnancy generates structural and 
functional changes in the cardiovascular system, such as 
increased left ventricular mass and aortic compliance [108]. 
A great number of studies have demonstrated the critical 
function of these changes for the physiological course of 
gestation and the association between suboptimal adapta-
tions and obstetrical complications, such as preeclampsia 
and FGR [109–111].

Aging leads as well to multisystemic structural and func-
tional alterations which tend to conflict with the suitable 
gestational adaptations. In fact, biological aging manifesta-
tions include an increased arterial stiffness and sympathetic 
nervous system activity with a loss of vascular compliance, 
antioxidant activity, and vascular endothelial cell function 
[112, 113]. All these conditions make the woman more sus-
ceptible to obstetric complications and may further impact 
on future offspring health by injuring intrauterine full geneti-
cally defined development.

Pregnancy as a Stress Test on Women

In a more general perspective and as a consequence of 
extended systemic adaptative changes in maternal body, 
pregnancy represents a critical period during female life 
acting as a stress test and possibly unmasking latent under-
handed pathological processes. This is particularly evident 
in case of underlying conditions requiring systemic preges-
tational adaptation and effort for maternal organism, whose 
precarious state may be deranged by the overlying preg-
nancy. Several conditions such as chronic pregestational 
diseases and metabolic dysfunctions, together with the 
cumulative effects of aging, play a pivotal role in reduc-
ing maternal reserve and ability to adapt to pregnancy, 
enhancing the vulnerability of the system. In this vision, 
pregnancy acts as a stress test and sub-optimal systemic 
modifications may compromise both gestational success 
and post-gestational woman health.

In facts, hemodynamic modifications, as well as the 
insulin resistance induced by pregnancy, represent a strong 
trigger for the onset of metabolic and cardiovascular 

diseases later in life. The effect of pregnancy induced 
modifications in the pathogenesis of chronical diseases 
depends on the pregestational maternal condition and abil-
ity to adapt to the enhanced requests. Moreover, preec-
lampsia and other obstetric diseases may magnify the det-
rimental impact of pregnancy on the maternal systemic 
balance as previously suggested by Redman and Sargent 
[85].

The process of inflammaging plays a leading role since 
it assesses the individual level of harmful conditions and 
available resources, characterizing baseline conditions 
and defining a specific risk for the onset of chronic dis-
eases (“first hit”) [29]. Different levels of inflammaging 
provide a proportional risk for pathologies and, in this 
scenario, pregnancy and obstetric diseases may impact as 
a stress test or a “second hit” [85], resulting in early onset 
of chronic diseases [114] (Fig. 4).

Parity Effects on Inflammaging

The number of previous pregnancies may contribute to 
increased inflammaging. Previous studies revealed a corre-
lation between the number of children and levels of inflam-
matory markers, including IL-6, TNF-α, and CRP, par-
ticularly strong in case of male offspring [115, 116]. This 
different impact may be explained by the Y-chromosome 
related antigens effect on cellular and humoral immunity 
which increase for each additional son and generates a 
greater immunological reaction increasing inflammaging 
[117]. Another effect of parity was shown by Pollack et al. 
who observed a reduction in telomeres length between nul-
liparous and parous women, despite adjustment for age, 
body mass index, and other contributing factors [118].

Inflammaging is also affected by birth sequence, tim-
ing of reproduction and inter-birth period length, since it 
is reasonable that advanced maternal age, shorter inter-
pregnancy interval, and succession of sons altogether can 
impact negatively [115].

It has been supposed from a natural-history point of 
view that reproduction results in a significant effort which 
requires a considerable amount of resources and then 
impact on maternal post-reproductive health and longev-
ity by means of inflammaging [119, 120].

Moreover, parity may result in an accumulation of 
maladaptive modifications induced by pregnancy such as 
weight gain, increment of abdominal fat, insulin resist-
ance, elevation of proatherogenic lipid levels, endothelial 
dysfunction, and cardiometabolic alterations. The preges-
tational state of health and inflammatory status together 
with the number and outcome of pregnancies can therefore 
influence future levels of inflammaging and the consequent 
incidence of chronic diseases.
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Fetal Microchimerism

During gestation, small DNA fragments derived from apop-
totic and necrotic fetal-placental cells are disseminated into 
the maternal circulation [121]. The presence of non-self 
cells and DNA is defined as cellular fetal microchimerism 
(cFMC) [122]. Typically, the rate of cell-free fetal DNA 
(cffDNA) progressively rises with gestational age and then 
rapidly drops after delivery, even though it may persist in 
maternal tissues for a long time [123]. This fetal DNA gen-
erates an inflammatory cascade, by activating NF-κB and 
stimulator of inteferon genes (STING), with a consequent 
release of pro-inflammatory cytokines and chemokines such 
as IL-6, IFN-β and IFN-α, by means of TLR-9 [35, 124, 
125].

Several epidemiological studies have investigated the 
association of a cFMC and pregnancy complications 
reporting conflicting evidence due to the vast heteroge-
neity of populations and methodologies [126]. However, 
the cffDNA rate appears to correlate with placental dys-
function, being detected in greater quantities in women 
with preeclampsia and HELLP, FGR, and preterm labor 
compared to gestational age-matched uncomplicated preg-
nancies [127]. cFMC impacts on maternal health with both 
beneficial and detrimental effects and, in this way, it can 
influence the inflammaging process. Indeed, some fetal 

cells act as a stem cells and can differentiate into endothe-
lial cells, neurons, cardiomyocytes, and smooth muscle 
cells [122]. Thus, such stem cells supply may contrast 
tissue degeneration and cell loss related to aging [128]. 
cFMC seems to affect maternal health either in a positive 
and negative way, by means of several mechanisms which 
are mostly not completely understood. More specifically, 
cFMC exerts a negative effect on autoimmune diseases,  
contributing to the outbreak or the worsening in non- 
pregnant parous women of several conditions, such as 
Hashimoto’s thyroiditis, Grave’s disease, systemic sclerosis,  
systemic lupus erythematosus, Sjogren’s syndrome, rheu-
matoid arthritis, multiple sclerosis, and primary biliary 
cirrhosis. The pathogenic basis of this detrimental effect 
on autoimmunity is still not fully known, but it seems that 
cFMC may induce an alloimmune response against the 
fetal human leukocyte antigens peptides [129].

Moreover, studies on cFMC and cardiovascular diseases 
have reported controversial findings, with a trend toward 
elevate cFMC and women mortality for cardiovascular 
diseases. Role of cFMC and neurological decay has been 
not completely clarified, since research on women with 
Alzheimer’s disease has shown less presence of fetal cells 
compared to controls [130], whereas experimental data on 
animal models with Parkinson’s disease have found more 
fetal DNA compared to controls [131].

Fig. 4  Inflammaging and pregnancy effect on aging trajectories and 
age-related diseases outbreak. Solid lines (red, blue and green) rep-
resent the trajectories of aging of three women, diverging from the 
beginning as an effect of different intra-uterine environment and 
experiences in early life. Line slopes are affected by the occurrence of 

inflammaging acting as an accelerator toward the onset of age-related 
diseases. Dashed lines show the effect of pregnancy on the progres-
sion of aging trajectories, playing the role of a second hit accelerator 
to the pathological inflammatory threshold and disease outbreaks
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Effect of Obstetric Diseases

Numerous obstetric complications, including preterm deliv-
ery, hypertensive disorders of pregnancy, and gestational 
diabetes, are notoriously related to the pregnancy period, 
thus resolving by definition after delivery. Nevertheless, 
more and more evidence is demonstrating that a woman 
experiencing an adverse pregnancy outcome also presents 
a higher risk of developing long-term effects and chronic 
diseases in future life. In detail, a higher risk of long-term 
kidney disease and metabolic and cardiovascular disorders 
has been strongly associated with gestational complications, 
thus giving the unique opportunity to prevent future diseases 
by correctly managing pregnancy care [132, 133].

The pathogenesis of the association between adverse 
pregnancy outcome and long-term maternal health remains 
not fully understood, possibly involving (1) genetic pre-
disposition and pregestational characteristics leading to 
deranged adaptation to pregnancy; (2) short-term obstetric 
complications caused by systemic endothelial dysfunction, 
intrauterine and systemic oxidative stress and excessive 
cumulative inflammation, as previously described; and (3) 
evident long-term disease as a result of long-lasting endothe-
lial and metabolic dysfunction originating during pregnancy, 
later additional insults and aging.

Preventive Strategies and Therapeutic 
Options

No treatment exists against the passing of time and the aging 
process. However, many strategies provide chances to reach 
a healthy state in the elderly and to prevent the early onset 
of age-related diseases. The most effective treatment against 
the effect of inflammaging on the reproductive health is life-
style improvement, which consists essentially in limiting the 
modifiable pro-inflammatory factors previously discussed, 
dropping down the individual basal inflammatory state. For 
instance, correction of BMI, a quality diet, and weight loss 
are primary goals to promote fertility and achieve a success-
ful pregnancy [134]. Weight loss and lifestyle interventions 
during the periconceptional period may improve fertility 
and decrease the risk of adverse pregnancy and neonatal 
outcomes [135–137]. In order to get this endpoint, it is man-
datory to address physical inactivity and eating disorders. 
Moreover, postpartum interventions promoting healthy diet 
and exercise may reduce the risk of weight retention and 
a negative rebound effect on future pregnancies. Physical 
activity acts as an efficacious and costless method to reduce 
the level of inflammation [138] and to improve psychologi-
cal wellbeing, which may itself affect the inflammation sta-
tus [139]. Increasing evidence shows that the Mediterranean 
diet (MedDiet), high in antioxidants, fiber, and mono- and 

polyunsaturated fatty acids, has an immunomodulant effect 
on the systemic inflammatory balance, leading to a boost of 
the anti-inflammatory response and contrasting the progres-
sive increase of inflammaging [140]. Several studies dis-
closed a positive effect of MedDiet among subfertile cou-
ples, increasing the chance of spontaneous pregnancy and 
IVF success [141–143]. MedDiet also impacts on maternal 
and offspring health, improving embryonic and fetal growth 
[144], and decreasing the risk of GDM, pre-eclampsia, and 
preterm birth [145, 146]. Additionally, a correct dietary 
intake of essential micronutrients (zinc, copper, selenium) 
stimulates the immune system and antioxidant enzymes, 
with a strong epigenetic effect on many genes related to 
inflammation and oxidative stress, contributing to the rebal-
ancing of the inflammatory state and the integrity of meta-
bolic function [147]. A specific immunomodulatory role has 
also been demonstrated for vitamin D and many guidelines 
indicate supplementation with vitamin D during pregnancy 
for the prevention of pregnancy complications [148]

Individual nutritional assessment in the periconceptional 
period may prove useful in addressing specific nutritional 
deficiencies with simple scoring systems to provide advice 
during obstetrical assessment [149]. Besides this, it is man-
datory to reduce all potential sources of increased inflam-
mation, such as smoking [21] but also by implementing 
practices such as oral hygiene [28]

Another promising, simple, and safe strategy for reducing 
inflammaging is the use of probiotics, which provides many 
advantages during the periconceptional period, pregnancy 
and breastfeeding, lowering bacterial vaginosis, GDM, 
Streptococcus B haemolyticus colonization, postpartum 
depression, and atopic sensitization [150–153]. Probiotics 
play a pivotal role as an immunomodulant, downregulat-
ing local pro-inflammatory cytokines, and promoting anti-
inflammatory signaling [153]. It also improves the protec-
tive effect of commensal microbiota community against the 
detrimental, proinflammatory impact of dysbiosis [154]. 
Maternal probiotics may also affect offspring future health 
by influencing the primary bacterial gut colonization, which 
is known to influence the immune system and the inflamma-
tory status since the first days of life [153].

Future research needs to explore the effect of interven-
tion strategies (i.e., nutritional, supplementations, anti-
inflammatory molecules, i.e., ASA or heparin) on markers 
of inflammaging, systemic and local inflammatory status, 
and reproductive/pregnancy outcomes.

Conclusions

Women future health and longevity are strongly related to 
the rate of progression of inflammaging, which can affect 
female reproductive function in manyfold ways. In fact, 
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inflammaging combines the effect of all processes involved 
in chronic inflammation and in aging course, with a multi-
faced consequence on fertility and chance to achieve a suc-
cessful pregnancy. Furthermore, maternal inflammaging has 
a transgenerational impact on the future adult fetal life and 
for all these effects, it should be considered as a crucial fac-
tor for healthy life span both of the mother and the fetus. 
Therefore, as a matter of public health improvement, cli-
nicians and healthcare providers should offer strategies to 
adjust women lifestyle and behavior before and during preg-
nancy, in order to decrease inflammaging status and then 
reduce the rate of adverse short- and long-term outcomes 
for the woman and her offspring. Interventions should focus 
on the reduction of risk factors leading to inflammaging, 
such as obesity, western diet, stress, and microbiota dysregu-
lation. As aging is a unidirectional process and cannot be 
reversed, therapeutic interventions should also be focused on 
reducing the causes of aging acceleration, such as oxidative 
stress and mitochondrial dysfunctions.
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