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Abstract 

PROM and its preterm form, pPROM, are major contributors to preterm birth and remain 

closely associated with serious maternal and neonatal complications. Growing evidence 

suggests that disruption of vaginal microbial homeostasis mayis closely linked to the 

pathogenesis of pPROM. In particular, the loss of protective Lactobacillus crispatus, 

accompanied by a shift toward Lactobacillus iners, anaerobic bacteria, and increased microbial 

diversity, appears to destabilize the vaginal ecosystem, promote local inflammation, activate 

matrix metalloproteinases, and ultimately compromise the structural integrity of the fetal 

membranes. 

Current empirical antibiotic therapy for pPROM does not account for interindividual variability 

in the vaginal microbiota and may paradoxically aggravate dysbiosis. In response to these 

limitations, emerging therapeutic strategies are increasingly focused on microbiota-targeted 

interventions, including personalized probiotic therapies, immunological and biological 

approaches, and vaginal microbiota transplantation. In addition, specific microbial signatures 

may serve as potential biomarkers of pPROM, thereby opening new avenues for personalized 

prevention and treatment. 

Although further prospective studies are required to validate the safety and efficacy of these 

emerging therapies, their potential already represents a promising direction for the future of 

modern perinatal medicine. 

 

Keywords: preterm birth, microbial dysbiosis, infection risk, biomarkers, pregnancy 

complications 
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Introduction 

In Poland, approximately 8% of all deliveries are preterm, and one of the major risk factors is 

premature rupture of membranes (PROM). PROM is defined as the complete rupture of the 

fetal membranes in the absence of uterine contractions, occurring more than one hour before 

the onset of labor. When membrane rupture develops before 37 weeks of gestation, it is referred 

to as preterm premature rupture of membranes (pPROM) [1]. 

 

PROM and pPROM are associated with an increased risk of maternal, fetal, and neonatal 

complications. The most significant maternal complications include intrauterine infection, 

sepsis, placental abruption, and peripartum hemorrhage, which in severe cases may even lead 

to maternal death. In neonates, PROM and pPROM are linked to an increased risk of sepsis and 

numerous complications of prematurity, including respiratory distress syndrome, 

intraventricular hemorrhage, necrotizing enterocolitis, and retinopathy of prematurity. In 

addition, chronic oligohydramnios may result in pulmonary hypoplasia, limb contractures, and 

skeletal deformities [2]. 

 

Given the significant clinical consequences of PROM and pPROM, understanding the 

mechanisms responsible for the maintenance and loss of fetal membrane integrity appears to be 

of critical importance. The fetal membranes are composed of three layers: the amnion, chorion, 

and decidua. Their proper function depends not only on the presence of collagen, fibronectin, 

and laminin, but above all on the stability of the extracellular matrix (ECM), whose integrity is 

maintained by tightly regulated matrix metalloproteinases (MMPs). These enzymes play a 

central role in both preterm and term rupture of the fetal membranes. Studies have shown that 

MMP-1 activity decreases before the onset of labor, while MMP-3 and MMP-9 activity 

increases during labor; in the postpartum period, elevated activity of MMP-1 and MMP-2 has 

been observed [1, 3]. 

 

The integrity of the fetal membranes is also influenced by inflammatory mediators, including 

tumor necrosis factor alpha (TNF-α), interleukins, hormones, growth factors, and reactive 

oxygen species (ROS). The latter not only damage cellular structures but also participate in 

signal transduction, cell differentiation, and the induction of apoptosis [1]. 
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For this reason, infections associated with inflammation, particularly ascending infections 

originating from the lower genital tract, are considered key contributors to the etiopathogenesis 

of pPROM. By triggering an inflammatory response, they may lead to weakening of the fetal 

membranes, their premature rupture, and subsequent leakage of amniotic fluid. Further 

evidence supporting the important role of infectious factors is provided by the fact that positive 

microbiological cervical swab results are detected in 25–40% of patients with pPROM [1]. 

 

The vaginal microbiome and the role of Lactobacillus 

The vaginal microbiome, understood as a complex community of bacteria, fungi, and viruses 

inhabiting the vaginal environment, is under physiological conditions most commonly 

dominated by bacteria of the Lactobacillus genus. These microorganisms are responsible for 

maintaining the normal, mildly acidic vaginal pH and for preventing colonization by potentially 

pathogenic organisms. This protective effect is achieved both through inhibition of bacterial 

adhesion to the vaginal epithelium and through the production of lactic acid, which exerts 

antimicrobial activity. 

Importantly, Lactobacillus species contribute to local immune homeostasis without eliciting an 

inflammatory response, thereby playing a central role in protection against infection and the 

preservation of reproductive health [4]. 

 

How does the vaginal microbiome change during pregnancy? 

To date, most studies investigating the vaginal microbiome have focused on non-pregnant 

women. More recent research, based on sequencing of the variable regions of the 16S rRNA 

gene, has shown that pregnancy is associated with a marked remodeling of the vaginal 

ecosystem. Freitas et al. reported that, compared with non-pregnant women, pregnant women 

exhibit a vaginal microbiome characterized by reduced microbial diversity and a predominance 

of Lactobacillus species [5]. Similar findings were reported by Walther-António et al., who 

additionally demonstrated a linear relationship between gestational age and microbiome 

stability, suggesting that the vaginal environment becomes progressively more structured and 

biologically stable as pregnancy advances [6-7]. 

 

The mechanisms underlying these physiological changes have not yet been fully elucidated. 

However, fluctuations in sex hormone levels during pregnancy are believed to play an important 

role. Increased estrogen levels promote endometrial proliferation and thickening of the genital 
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tract epithelium, which in turn leads to glycogen accumulation in the vaginal epithelium. As a 

source of nutritional substrates for bacteria, glycogen acts as a key metabolic driver of the 

vaginal microbiota. Its conversion to glucose, followed by fermentation into lactic acid, lowers 

vaginal pH and creates favorable conditions for the predominance of Lactobacillus species. A 

contrasting pattern is observed during periods of low estrogen levels, such as early childhood 

and the postmenopausal period, when reduced glycogen content in the vaginal epithelium 

predisposes to colonization by non-Lactobacillus microorganisms, including bacteria of 

intestinal origin [7]. 

 

How do microbiome disturbances promote infection? Pathogenic organisms 

and pPROM 

Amniotic fluid, which surrounds the developing fetus, has long been considered sterile. 

However, more recent studies have demonstrated the presence of microorganisms within the 

amniotic cavity, particularly in women with pPROM [8], whereas they are generally absent in 

uncomplicated pregnancies [9]. Pathogens may reach the amniotic cavity through several routes, 

one of the most important being the ascending route from the lower genital tract [8, 10]. 

 

In 2025, Nam et al. presented the results of a comprehensive analysis of the vaginal microbiome 

in pregnant women with pPROM, comparing samples collected between 32 and 35 weeks of 

gestation with those obtained from healthy pregnant controls. Their findings revealed a 

significant depletion of Lactobacillus crispatus and increased microbial diversity in patients 

with pPROM, indicating marked disruption of vaginal microbial homeostasis. The authors 

further observed that this process was preceded by a shift in microbial dominance toward 

Lactobacillus iners - a transitional lactic acid–producing species whose distinct metabolic 

profile, including the expression of inerolysin, may promote the proliferation of anaerobic 

bacteria typically associated with bacterial vaginosis (BV). Through the production of 

proteolytic enzymes such as sialidases and proteases, these anaerobes can damage epithelial 

barriers and activate a local inflammatory response involving matrix metalloproteinases 

(MMPs), thereby contributing to degradation of the structural components of the fetal 

membranes and increasing the risk of pPROM. The shift in microbial dominance from L. 

crispatus to L. iners may therefore represent one of the key early steps in vaginal microbiome 

destabilization, preceding the development of more complex polymicrobial communities [11]. 
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It should be noted, however, that the findings reported by Nam et al. were based on a small 

cohort (n = 15), which limits their generalizability and underscores the need for validation in 

larger prospective studies. Although the cross-sectional nature of the study supports a 

significant association between dysbiosis and pPROM, further longitudinal investigations are 

required to characterize the vaginal microbiome from early pregnancy onward, identify 

predictive biomarkers, and define potential windows for intervention. 

 

Nevertheless, these observations are consistent with the findings of a recent meta-analysis [10], 

in which pPROM was associated with the loss of protective Lactobacillus dominance and the 

emergence of a more diverse microbiota, including Gardnerella vaginalis, Mycoplasma 

hominis, Streptococcus spp., and other opportunistic microorganisms [10, 12]. By eliciting a 

local inflammatory response, these alterations lead to increased levels of proinflammatory 

cytokines and activation of matrix metalloproteinases (MMPs), which degrade the structural 

components of the fetal membranes, weaken their integrity, and increase susceptibility to 

pPROM. In addition, dysbiosis-associated oxidative stress promotes the accumulation of 

reactive oxygen species (ROS), which can directly damage collagen and extracellular matrix 

proteins, thereby further amplifying the risk of premature membrane rupture and other 

complications, including intrauterine 

infection and chorioamnionitis. Taken 

together, these findings underscore the 

critical importance of maintaining a 

balanced vaginal microbiota for a healthy 

course of pregnancy [10]. 

 

Chunmei Yan et al. [13] also conducted a 

study to characterize differences in the 

vaginal microbiome between pregnant 

women with pPROM and those delivering at 

term. The analysis, based on 16S rRNA gene 

sequencing, confirmed previous 

observations, revealing higher microbial diversity in women with pPROM compared with 

controls. In the pPROM cohort, species such as Lactobacillus iners, Gardnerella vaginalis, 

Prevotella bivia, Ochrobactrum spp., Prevotella timonensis and Ureaplasma parvum 

predominated, whereas term-delivering women were dominated by Lactobacillus crispatus and 

Patients with pPROM Patients with term de-

liveries 

Gardnerella vaginalis Lactobacillus crispatus 

Lactobacillus iners Lactobacillus gasseri 

Prevotella bivia  

Ochrobactrum spp.   

Prevotella timonensis  

Ureaplasma parvum  

Table 1. Bacterial species isolated from the vaginal 

microbiota of patients with preterm premature rupture of 

membranes (pPROM) and women with term deliveries. 

Species highlighted in bold in the pPROM column 

represent potential biomarkers. 
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Lactobacillus gasseri. The authors further suggested that three species - Ochrobactrum sp., 

Prevotella timonensis, and Gardnerella vaginalis - could serve as potential biomarkers of 

pPROM, offering the possibility of early identification of women at risk for premature rupture 

of membranes [13]. 

 

 

Beyond compositional changes, the study highlighted a profound remodeling of microbial 

interactions. In the control group, the microbial network was centered around beneficial 

Lactobacillus species, which acted as a stable core of the ecosystem and exhibited antagonistic 

effects against anaerobic bacteria. In contrast, the pPROM cohort displayed disruption of this 

structure, replaced by a densely interconnected network dominated by anaerobic bacteria. The 

central role of Gardnerella vaginalis within this pPROM-associated network may facilitate the 

proliferation and pathogenic activity of other anaerobes, further exacerbating vaginal dysbiosis 

and the accompanying inflammatory processes [11]. 

 

The predominance of anaerobic bacteria in the vaginal microbiome is also associated with a 

shift in metabolic activity toward a proinflammatory profile. Metabolites produced by these 

microbes, such as amines and selected short-chain fatty acids, may contribute to cervical 

weakening and local inflammation, potentially affecting the intrauterine environment and fetal 

development. Under physiological conditions, the vaginal microbiome primarily serves a 

protective role, supporting the maintenance of a stable environment critical for normal 

pregnancy progression [11]. 

 

An additional intriguing observation concerns the relationship between vitamin D, the vaginal 

microbiome, and the risk of preterm birth. Vitamin D participates in the regulation of glycogen 

metabolism, promoting its synthesis and storage, thereby increasing nutrient availability for 

Lactobacillus species. Concurrently, it induces the expression of LL-37, an antimicrobial 

peptide involved in innate immune defense. Consequently, vitamin D may support both the 

maintenance of a healthy vaginal microbial composition and the integrity of the genital 

epithelium. Vitamin D deficiency during pregnancy could therefore represent a factor 

contributing to dysbiosis and spontaneous preterm birth [7]. 
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Therapeutic strategies in pPROM 

In light of the growing evidence implicating vaginal dysbiosis in the pathogenesis of preterm 

premature rupture of membranes, recent years have seen the development of potential 

therapeutic strategies aimed at the prevention of PROM, particularly pPROM. These 

interventions are designed to reduce the risk of membrane rupture and to mitigate the associated 

maternal and neonatal complications. 

 

Antibiotic therapy in pPROM 

A landmark study, ORACLE I, demonstrated significant neonatal benefits associated with a 10-

day course of erythromycin in women with pPROM, although the optimal dosing regimen 

remains a matter of debate [14]. Current guidelines from the American College of Obstetricians 

and Gynecologists (ACOG) recommend a 7-day sequential therapy, initially involving 

intravenous administration of ampicillin and erythromycin, followed by oral amoxicillin and 

erythromycin in pregnant women before 34 weeks of gestation. ACOG also allows substitution 

of erythromycin with azithromycin in cases of unavailability or intolerance. Importantly, the 

use of amoxicillin-clavulanate is discouraged in the context of pPROM due to its potential 

association with an increased risk of necrotizing enterocolitis in neonates [15-16]. 

It should be emphasized, however, that this therapeutic approach is empirical and not targeted 

to the specific pathogens associated with vaginal dysbiosis in individual patients. Moreover, it 

may negatively impact the beneficial Lactobacillus population. Emerging evidence suggests 

that erythromycin therapy may even exacerbate vaginal dysbiosis [17], underscoring the need 

for further research into more targeted prophylactic strategies, tailored to the patient’s 

individual vaginal microbiome [16]. 

 

Probiotics in pPROM 

Analyses of the vaginal microbiome in women with uncomplicated pregnancies consistently 

demonstrate a dominance of Lactobacillus species, suggesting that modulation of the 

microbiome through probiotics containing these strains could support the maintenance of a 

favorable microbial environment and represent a promising preventive strategy. However, 

current clinical evidence supporting the efficacy of probiotics in preventing pPROM remains 

limited. A comprehensive review and meta-analysis conducted by Jarde et al. [18] in 2018 
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found no significant effect of probiotic supplementation during pregnancy on reducing the risk 

of pPROM or other maternal and neonatal complications [16]. 

 

In recent years, increasing attention has been given to personalized probiotic therapies, tailored 

to the individual microbiome of each patient. However, this approach is challenging - requiring 

precise identification of strains in each woman due to the high variability of the vaginal 

microbiome. Moreover, certain species, such as Lactobacillus iners, through their metabolites, 

may inhibit the proliferation of exogenous probiotic strains, limiting the durability and 

effectiveness of therapy. Host responses, which are influenced by age, local inflammatory 

reactions, immune status, vaginal pH, and cervical mucus composition, further complicate the 

predictability and standardization of probiotic interventions [19]. In light of these observations, 

while probiotics are generally considered safe during pregnancy, their use as a standalone 

preventive strategy for pPROM appears insufficient, highlighting the need for further 

investigation [16]. 

 

In response to the limited efficacy of probiotics alone, Deng et al. proposed a combined 

antibiotic-probiotic approach to modulate the vaginal microbiome. This strategy 

simultaneously eliminates pathogenic organisms while supporting the restoration of a beneficial 

microbial community. Such an approach not only addresses infections in the short term but also 

reduces the risk of recurrence and exacerbation by maintaining long-term microbial stability 

[19]. 

 

Modulation of the inflammatory response 

One of the key mechanisms linking vaginal dysbiosis to preterm premature rupture of 

membranes (pPROM) is the activation of local and systemic inflammatory responses. Through 

Toll-like receptors (TLRs), the production of proinflammatory cytokines such as IL-1β, IL-6, 

and TNF-α is upregulated. This process promotes cervical maturation and the activation of 

extracellular matrix metalloproteinases (MMPs), leading to collagen degradation in the fetal 

membranes. Concurrently, oxidative stress and the associated increase in reactive oxygen 

species (ROS) damage structural proteins, compromising membrane integrity and increasing 

susceptibility to rupture. In a 2021 case-control study, Major et al. reported significantly higher 

mRNA expression levels of TNF-α, IL-6, and ADAMTS9 in patients with PROM and pPROM 

[20]. These mechanisms suggest that targeting inflammatory modulation, MMP activity, and 

oxidative stress may represent viable strategies for PROM prevention [19]. 
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Consequently, TNF-α inhibitors demonstrate promising therapeutic potential. Additionally, 

preclinical studies are exploring the use of biologics that modulate MMP activity [21]. 

Antioxidants, such as vitamins C and E, may also confer protective effects by limiting ROS 

production and reducing oxidative stress-induced structural damage to fetal membranes [22]. 

Collectively, multifaceted therapeutic strategies that combine inflammation modulation, 

oxidative stress reduction, and restoration of vaginal microbiota homeostasis could form the 

basis for a more comprehensive and individualized approach to PROM prophylaxis [19]. 

 

Innovative therapies 

The growing body of evidence implicating vaginal dysbiosis in the pathogenesis of pPROM 

has stimulated interest in therapeutic strategies aimed at restoring a healthy vaginal microbiome. 

One such approach is vaginal microbiota transplantation (VMT) [24]. This therapy has already 

been applied in the management of recurrent bacterial vaginosis (BV), but its implementation 

requires rigorous donor screening to minimize the risk of pathogenic microorganism 

transmission. A critical criterion for donor selection is the composition of the vaginal 

microbiota, with a predominance of Lactobacillus species, particularly L. crispatus, which 

should constitute at least 70% of the microbial community [25]. Further studies are needed to 

verify the long-term safety of this therapy, to standardize transplantation procedures, and to 

address ethical considerations [19]. 

 

A major limitation in treating vaginal dysbiosis remains the increasing antimicrobial resistance 

of pathogens. Accordingly, there is growing interest in developing novel interventions targeting 

bacterial biofilms, which contribute to persistent infections and reduce therapeutic efficacy. 

Promising approaches include bioactive membranes [26], equipped with enzymes capable of 

degrading extracellular biofilm polymers, and bacteriophages [27], which allow selective 

elimination of pathogenic bacteria while preserving the commensal microbiota [19]. 

 

Conclusions 

The occurrence of PROM or pPROM carries a significant risk of perinatal complications, 

affecting both the mother - such as placental abruption, intrauterine infections, sepsis, 

peripartum hemorrhage, and, in severe cases, death - and the neonate, who faces an increased 
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risk of sepsis and prematurity-related complications, including respiratory distress, 

intraventricular hemorrhage, and necrotizing enterocolitis. 

 

Available evidence suggests that disturbances in the vaginal microbiota are not merely an 

associated phenomenon but may actively contribute to the development of pPROM. Increased 

microbial diversity, coupled with a reduction in protective Lactobacillus species, particularly 

Lactobacillus crispatus, predisposes the vaginal ecosystem to destabilization and promotes 

processes leading to the weakening of fetal membranes. 

 

This destabilization is mediated by the activation of both local and systemic inflammatory 

responses to pathogens, with elevated levels of pro-inflammatory cytokines, increased 

extracellular matrix metalloproteinase (MMP) activity, and enhanced oxidative stress. 

Consequently, degradation of collagen and other structural components of the membranes 

occurs, compromising their integrity and increasing the risk of premature rupture. 

 

In recent years, substantial progress has been made in understanding the relationship between 

vaginal dysbiosis and pPROM. Emerging data indicate that specific microbial profiles may 

have predictive value. A decrease in L. crispatus, dominance of L. iners, and the presence of 

pathogens such as Gardnerella vaginalis, Prevotella spp., and Ureaplasmas pp. may serve as 

potential biomarkers for pPROM risk, facilitating the early identification of patients who may 

benefit from targeted preventive interventions. 

 

Current therapeutic approaches, however, remain limited. Empirical antibiotic regimens are not 

tailored to individual vaginal microbiota profiles, may disrupt beneficial flora, and can 

contribute to the development of antimicrobial resistance. Moreover, vaginal microbiota is 

influenced by genetic, environmental, and lifestyle factors, which adds variability and 

complicates the standardization of study outcomes and the development of universal therapeutic 

strategies. 

 

Personalized and multidirectional interventions appear most promising, encompassing the 

restoration of a healthy vaginal microbiota, modulation of the inflammatory response, reduction 

of oxidative stress, and biofilm-targeted strategies. Combined approaches are of particular 

interest, including: antibiotics with probiotics, immunomodulatory therapies, vaginal 

microbiota transplantation, and innovative biological and phage-based therapies. 
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The vaginal microbiota may thus serve not only as a marker of pPROM risk but also as a key 

target for modern preventive and therapeutic interventions. Nevertheless, further prospective 

studies are required to validate potential microbial biomarkers and assess the safety and efficacy 

of emerging treatment strategies. 
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