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ABSTRACT

Background: The hypothalamic-pituitary-adrenal (HPA) axis played a critical role in balancing 
maternal stress responses during pregnancy. This systematic review aimed to evaluate the 
dysregulation of the HPA axis and its link to pregnancy complications.

Methods: A systematic review was carried out by searching PubMed, Scopus, and Web of Science 
while following PRISMA 2020 guidelines to analyze studies from 2010 to 2024. Studies that assessed the 
maternal HPA axis biomarkers (e.g., cortisol, 11β-HSD2) and their correlations with pregnancy results 
were included. Studies excluding direct HPA axis assessment, review articles, non-pregnant 
individuals, or those with insufficient sample sizes or methodological flaws were excluded. QUADAS-2 
tool determined risk of bias, and GRADE criteria evaluated the evidence quality.  

Results: An initial search identified 85 articles, of which 15 met the inclusion criteria. The results were 
synthesized through a systematic review of studies, with data extraction from cohort, observational, 
and interventional studies. The sample size among studies ranged from 2 to 248 participants, with a 
total of around 912 individuals included. The study found that maternal stress and dysregulated HPA 
axis function were associated with altered cortisol patterns, decreased placental 11β-HSD2 
expression, and increased fetal cortisol exposure. These changes were linked to pregnancy 
complications, including impaired fetal development and long-term neurodevelopmental effects. 
Furthermore, mindfulness and cognitive behavioural therapy interventions were shown to improve 
HPA axis regulation and reduce maternal stress. 

Discussion: Maternal stress dysregulated the HPA axis, hence impacting the pregnancy outcomes 
and fetal development. Standardized methodologies and future research on genetic and 
epigenetic influences were required to enhance intervention strategies. The evidence is limited by 
high variability in study designs and moderate to high risk of bias, impacting the reliability of the 
findings.
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INTRODUCTION
 During pregnancy, the 

hypothalamic-pituitary-adrenal (HPA) axis acted as 
a crucial system that regulated stress responses 
because its deregulatory patterns were linked to 
many pregnancy complications 1. Research had 
established a link between HPA axis irregularities, 
higher maternal stress levels, perinatal depression, 
substandard fetal brain development, and 
metabolic dysfunction 2. Cortisol acted as a primary 
indicator of HPA activity since its disturbed levels 
affected both the status of maternal health and 
fetal developmental programming 3. Multiple elements 
that included pre-existing conditions like prediabetes, 
maternal adverse childhood experiences 
(ACEs), prenatal stress, and environmental 
exposures collectively lead to HPA axis 
dysregulation, which negatively impacts fetal 
development and health of offspring throughout 
life. Moreover, exposure to endocrine-disrupting 
chemicals alongside prenatal alcohol consumption 
and maternal mental health disorders had 
modulated HPA activity, which increased potential 
health threats for mother and child 4.

Numerous studies analyzed the link between 
maternal HPA axis function and its outcomes in 
pregnancy by using methodologies like prospective 
cohort studies, observational research, randomized 
controlled trials and animal models 5,6. Scientific 
research identified that mothers who experienced 
childhood trauma, along with altered cortisol 
reactivity patterns caused by stress, might have an 
impact on both infant stress mechanisms and 
behavioral development patterns 7,8. Similarly, fetal 
cortisol exposure regulation through placental 
enzymatic activity, mainly by 11β-hydroxysteroid 
dehydrogenase type 2 (11β-HSD2), played a critical 
role, and therefore the reduced expression levels 
elevated infant cortisol reactivity and increased 
neurodevelopmental disorder risks 9. Furthermore, 
mindfulness training during pregnancy has 
demonstrated potential as a prenatal intervention 
to decrease stress-related HPA axis dysfunction 
along with other targeted maternal health 
approaches 10,11. Given the importance of these 
findings, it was necessary to synthesize a review that 
could clearly describe how external and internal 
factors disrupt the HPA axis performance and how 
this deregulation causes complications during 
pregnancy.

The objective of this review was to combine 
evidence about how maternal HPA axis function 
influenced pregnancy outcomes. This study sought 
to evaluate how factors like maternal stress, trauma, 
and environmental exposures had impacted HPA 
axis markers and to assess the consequences of 
alterations in HPA functioning on fetal development. 
By integrating results from human and animal 
studies, this review aimed to give a thorough 
knowledge of HPA axis regulation in pregnancy, 
with implications for future research and clinical 
applications.

METHODS
A thorough literature search was carried out across 
PubMed, Scopus, and Web of Science for the 
identification of relevant studies published from 2010 
to 2024. The search technique formalized Medical 
Subject Headings (MeSH) terms and keywords, such 
as HPA axis, cortisol, maternal stress, pregnancy 
complications, fetal development, prenatal 
programming, and 11β-HSD2. Boolean operators 
(AND, OR) were used to bring refinement to the 
results. The were no language restrictions applied, 
but only studies with full-text availability were 
considered. Reference lists of included studies and 
pertinent systematic reviews were carefully 
checked for additional sources.

Studies were included only if they were reviewed by 
peers and evaluated maternal HPA axis function 
and its relation to pregnancy outcomes. Studies that 
measured HPA axis biomarkers such as cortisol, 
cortisone, Adrenocorticotropic Hormone (ACTH), 11
β-HSD1/2, or pCRH in human or animal models, and 
employed cohort, observational, interventional, 
case series, or systematic review designs were also 
included. Research that addressed the impacts of 
maternal stress, trauma, endocrine disruptors, 
prediabetes, or prenatal alcohol exposure on the 
HPA axis, as well as such studies that evaluated 
interventions such as mindfulness and 
psychotherapy, targeting HPA axis regulation, were 
considered. Studies that did not directly assess the 
HPA axis function, review articles without primary 
data, research solely on non-pregnant individuals, 
or studies with insufficient sample numbers or 
methodological faults were excluded.

Titles and abstracts were checked before and 
full-texts were screened after by two independent 
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reviewers. Any disagreements were resolved by 
discussion or consultation with a third reviewer. Two 
reviewers independently extracted that data using 
a pre-defined extraction form, capturing study 
details such as author, year, design, and sample 
size, HPA axis markers, pregnancy outcomes, 
perinatal depression, fetal HPA programming, and 
metabolic effects. Where data was uncertain, 
attempts to contact the study author were made. 
Data were sought for primary outcomes, including 
maternal and fetal HPA axis alterations and their 
association with pregnancy complications, and 
secondary outcomes evaluating interventions 
targeting HPA axis regulation. Data selection was 
based on predefined criteria, and disagreements 
were resolved through discussion or consultation 
with a third reviewer. Risk of bias was assessed using 
the Evidence Project Risk of Bias Tool. Each study 
was independently assessed by two reviewers. 
Publication bias was evaluated using Egger’s test. 
The QUADAS-2 tool was used as the standard for 
quality assessment of included studies, especially to 
evaluate risk of bias in patient selection, index test 
methods, reference standard processes, and 
flow/periods. The research team assigned each 
study a bias level, which could be low, moderate, or 
high, after their evaluation. Analysis of overall 
evidence certainty followed GRADE protocols, 
which took study design consistency and the 
precision of estimates into consideration.

Statistical heterogeneity was assessed using I² 
statistics. Subgroup analyses examined the 
differences on the basis of maternal stress levels, 
interventions, and HPA axis markers. The 
methodology design of this study followed PRISMA 
guidelines 2020 to ensure robust evidence synthesis 
on maternal HPA axis function and pregnancy 
outcomes.

RESULTS
A final report included a total of 11 studies that met 
the inclusion criteria. These study designs varied: 

36.4% (4/11) were observational studies, 27.3% (3/11) 
were longitudinal studies, 9.1% (1/11) were case 
series, 9.1% (1/11) were randomized controlled trials, 
9.1% (1/11) were animal studies, and 9.1% (1/11) 
were systematic reviews. The sample size among 
studies ranged from 2 to 248 participants, with a 
total of around 912 individuals included. The most 
often observed HPA axis indicators included diurnal 
salivary cortisol (54.5%, 6/11), cortisol awakening 
response (CAR) (27.3%, 3/11), diurnal cortisol slope 
(18.2%, 2/11), placental 11β-HSD2 expression (18.2%, 
2/11), and fetal pCRH levels (9.1%, 1/11). Studies that 
did not directly assess maternal HPA axis function, 
such as those that only explored indirect factors or 
used biomarkers unrelated to HPA axis regulation, 
review articles without primary data or studies 
focused solely on non-pregnant individuals, studies 
with insufficient sample sizes or significant 
methodological flaws, research that did not 
measure the key HPA axis biomarkers, such as 
cortisol, ACTH, or 11β-HSD1/2, or did not focus on 
pregnancy outcomes were not considered reliable 
for inclusion.

The risk of bias was moderate to high in most studies, 
with observational studies showing a higher risk, 
while the RCT had a lower risk of bias. Sensitivity 
analyses indicated that the overall findings 
remained consistent despite the presence of high 
heterogeneity (I² = 67%).

Figure 1 provides the PRISMA flow diagram that 
outlines the study selection process starting from the 
identification of the records via database searches. 
It describes the proportion of studies screened for 
reasons, the proportion excluded with reasons, and 
the proportion ultimately included in the review. The 
filtering process underwent stages such as duplicate 
removal, title/abstract screening, and full text 
evaluation, as seen in a diagram. This ensured the 
transparency of how the final dataset is obtained 
and how the selection methodology worked.

INTRODUCTION
The shift of paradigm in the use of nanocomposite 
resins has brought about significant change in the 
field of restorative dentistry1. These materials were 
designed specifically to address problems like 
mechanical failure, biofilm formation by 
microorganisms, and secondary caries, which 
hinder the longevity and performance of dental 
restorations2. The nanocomposite resins 
incorporated with nanoscale materials, including 
silver nanoparticles (AgNPs), zinc oxide (ZnO), silica 
nanoparticles, and halloysite nanotubes (HNTs), 
improved durability and antimicrobial properties3. 
The idea behind integrating these nanoparticles 
was to develop multifunctional resins that could 
withstand functional stresses, without increasing the 
risk of bacterial colonization and biofilm 
development4.

The research found that nanocomposite resins had 
the potential to excel over traditional materials. 
Nanoparticles were added to the resin and 
improved its physical and chemical properties such 
as enhanced flexural and compressive strength, 
better resistance to wear, and sustained 
antimicrobial activity5. For example, silver 
nanoparticles were demonstrated to damage 
microbial cell walls and block bacterial replication, 
whereas zinc oxide nanoparticles released reactive 
oxygen species, hence providing long-lasting 
antibacterial effects6. In the same way, silica 
nanoparticles were modified to deliver 
chlorhexidine with both mechanical improvement 
and controlled antimicrobial release7.

Even with these advancements, there were still 
many challenges that came along. At higher 
concentrations, nanoparticles agglomerated and 
compromised the mechanical properties of the 
resin8. Moreover, the performance of the 
nanoparticles in oral environmental conditions was 
influenced by variability in salivary interactions and 
thermal fluctuations9. In addition, most studies 

explored single-species-based biofilm models that 
did not completely replicate the complexity of an 
oral microbiome10.

This review sought a detailed analysis of 
nanocomposite resins, particularly their mechanical 
characteristics and their antimicrobial efficacy. The 
review synthesised experimental and in vitro findings 
to evaluate the strengths and weaknesses of these 
materials, as well as to identify areas of current lack 
of understanding. In addition, the future aspects 
and clinical relevance within this research domain 
were also discussed, providing insights into the role 
of innovations in redefining the standards of 
restorative dentistry. 

METHODS
This systematic review was conducted based on the 
PRISMA guidelines 2020. This study only took those 
studies that focused on the mechanical 
performance and the antibacterial effectiveness of 
nanocomposite resins which were used in 
restorative dentistry. For inclusion in the current 
review, the following criteria were established: (1) 
the use of nanoscale materials (such as silver 
nanoparticles, ZnO, SiO2 nanoparticles, halloysite 
nanotubes) in dental composites, (2) reporting of 
mechanical properties (flexural characteristic, 
compressive characteristic) or antimicrobial 
properties, (3) only in vitro, in vivo, or clinical study 
types, and (4) published in a peer-reviewed journal. 
The exclusion criteria included reviews and 
commentaries, conference proceeding papers, 
and papers having inadequate quantitative 
information.

A search was conducted in electronic databases 
such as PubMed, SCOPUS, Web of Science, and 
Cochrane from the year 2016 to 2024. Other sources 
like grey literature, references mentioned in the 
studies included in the review, and items drawn from 
other systematic reviews were searched manually to 
identify potential articles. No language filters were 

used in the search processes.

The search strategy was designed by consulting with 
an experienced librarian. The keywords and 
Medical Subject Headings (MeSH) terms used for the 
selection of studies included: nanocomposite resins, 
nanotechnology, mechanical properties, and 
antimicrobial activity. An example search string 
used for PubMed is as follows: “(nanocomposite OR 
nanotechnology OR nanoparticle) AND (resin OR 
restorative dentistry) AND (mechanical 
properties/mechanical OR flexural strength/ flexural 
OR compressive strength/compressive OR 
antimicrobial activity)”. Consequently, the search 
techniques used were dependent upon the specific 
needs of the databases used in the study.

At first, two independent reviewers reviewed the 
titles and abstracts of the identified studies and 
discarded the irrelevant literature. Full-text articles of 
eligible studies were taken and evaluated with the 
help of established eligibility criteria. Disagreements 
were resolved through collegial discussion or 
consultation with another researcher. The process of 
study selection is presented in the form of a PRISMA 
flow diagram where different steps of identification, 
screening, eligibility, and inclusion of studies were 
outlined together with the number of records 
involved in each process and possible reasons for 
exclusion.

Primary outcomes involved mechanical properties 
and antimicrobial efficacy, while secondary 
outcomes included biocompatibility, long-term 
performance, and agglomeration of nanoparticles 
under normal oral conditions. Variables were 
systematically extracted which involved, study 
details, study design, nanoparticle type, key 
outcomes, and limitations. All results that aligned 
with predefined outcomes were taken missing data 
such as unreported statistics were not imputed and 
unclear methodologies were documented as 
limitations.

Data extraction faced challenges due to 
incomplete or missing outcomes, such as 
mechanical properties and antimicrobial activity, 
with some studies lacking standard deviations or 
confidence intervals. Mechanical properties were 

standardized to MPa using conversion factors (1 psi 
= 0.006895 MPa, 1 N/mm² = 1 MPa). Antimicrobial 
activity was reported as log reduction in CFU, with 
separate reporting for different testing methods and 
bacterial strains. Reviewers ensured consistency and 
transparency by verifying all conversions and 
addressing discrepancies in the data.

The risk of bias for each study was assessed using the 
Cochrane Risk of Bias Tool by two independent 
reviewers. Studies were categorized as high, 
moderate, and low risk based on conditions like 
justification and blinding of sample size. Effect 
measures such as mean differences were 
calculated for mechanical properties and log 
reduction in colony-forming units (CFU) for 
antimicrobial outcomes. Studies with insufficient 
quantitative data or irrelevant outcomes were 
excluded post-full-text screening.

Data preparation involved standardizing 
non-uniform metrics and marking studies with 
incomplete data. Results were synthesized 
narratively due to heterogeneity in study designs 
with highlighted trends. Subgroup analyses 
evaluated the type of nanoparticle and the 
complexity of biofilm. Sensitivity analyses were not 
performed due to limitations in study counts and 
publication bias. The certainty of evidence was 
graded informally using the GRADE framework. The 
refinements ensured transparency of results.

RESULTS
A database search identified 93 records, of which 6 
duplicates were removed and 87 unique records 
were further passed down. Titles and abstracts were 
screened for eligibility, and 43 full text articles 
remained for further screening. Twelve of these 
studies met the criteria for inclusion in the qualitative 
synthesis. Reasons for exclusion of the remaining 31 
full-text articles included: insufficient data (50%), 
irrelevant outcomes (32%), and non-eligible study 
designs (18%). The selection process was 
summarized in a PRISMA flow diagram in Figure 1.
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INTRODUCTION
During pregnancy, the 
hypothalamic-pituitary-adrenal (HPA) axis acted as 
a crucial system that regulated stress responses 
because its deregulatory patterns were linked to 
many pregnancy complications 1. Research had 
established a link between HPA axis irregularities, 
higher maternal stress levels, perinatal depression, 
substandard fetal brain development, and 
metabolic dysfunction 2. Cortisol acted as a primary 
indicator of HPA activity since its disturbed levels 
affected both the status of maternal health and 
fetal developmental programming 3. Multiple 
elements that included pre-existing conditions like 
prediabetes, maternal adverse childhood 
experiences (ACEs), prenatal stress, and 
environmental exposures collectively lead to HPA 
axis dysregulation, which negatively impacts fetal 
development and health of offspring throughout 
life. Moreover, exposure to endocrine-disrupting 
chemicals alongside prenatal alcohol consumption 
and maternal mental health disorders had 
modulated HPA activity, which increased potential 
health threats for mother and child 4.

Numerous studies analyzed the link between 
maternal HPA axis function and its outcomes in 
pregnancy by using methodologies like prospective 
cohort studies, observational research, randomized 
controlled trials and animal models 5,6. Scientific 
research identified that mothers who experienced 
childhood trauma, along with altered cortisol 
reactivity patterns caused by stress, might have an 
impact on both infant stress mechanisms and 
behavioral development patterns 7,8. Similarly, fetal 
cortisol exposure regulation through placental 
enzymatic activity, mainly by 11β-hydroxysteroid 
dehydrogenase type 2 (11β-HSD2), played a critical 
role, and therefore the reduced expression levels 
elevated infant cortisol reactivity and increased 
neurodevelopmental disorder risks 9. Furthermore, 
mindfulness training during pregnancy has 
demonstrated potential as a prenatal intervention 
to decrease stress-related HPA axis dysfunction 
along with other targeted maternal health 
approaches 10,11. Given the importance of these 
findings, it was necessary to synthesize a review that 
could clearly describe how external and internal 
factors disrupt the HPA axis performance and how 
this deregulation causes complications during 
pregnancy.

The objective of this review was to combine 
evidence about how maternal HPA axis function 
influenced pregnancy outcomes. This study sought 
to evaluate how factors like maternal stress, trauma, 
and environmental exposures had impacted HPA 
axis markers and to assess the consequences of 
alterations in HPA functioning on fetal development. 
By integrating results from human and animal 
studies, this review aimed to give a thorough 
knowledge of HPA axis regulation in pregnancy, 
with implications for future research and clinical 
applications.

METHODS
A thorough literature search was carried out across 
PubMed, Scopus, and Web of Science for the 
identification of relevant studies published from 2010 
to 2024. The search technique formalized Medical 
Subject Headings (MeSH) terms and keywords, such 
as HPA axis, cortisol, maternal stress, pregnancy 
complications, fetal development, prenatal 
programming, and 11β-HSD2. Boolean operators 
(AND, OR) were used to bring refinement to the 
results. The were no language restrictions applied, 
but only studies with full-text availability were 
considered. Reference lists of included studies and 
pertinent systematic reviews were carefully 
checked for additional sources.

Studies were included only if they were reviewed by 
peers and evaluated maternal HPA axis function 
and its relation to pregnancy outcomes. Studies that 
measured HPA axis biomarkers such as cortisol, 
cortisone, Adrenocorticotropic Hormone (ACTH), 11
β-HSD1/2, or pCRH in human or animal models, and 
employed cohort, observational, interventional, 
case series, or systematic review designs were also 
included. Research that addressed the impacts of 
maternal stress, trauma, endocrine disruptors, 
prediabetes, or prenatal alcohol exposure on the 
HPA axis, as well as such studies that evaluated 
interventions such as mindfulness and 
psychotherapy, targeting HPA axis regulation, were 
considered. Studies that did not directly assess the 
HPA axis function, review articles without primary 
data, research solely on non-pregnant individuals, 
or studies with insufficient sample numbers or 
methodological faults were excluded.

Titles and abstracts were checked before and 
full-texts were screened after by two independent 

reviewers. Any disagreements were resolved by 
discussion or consultation with a third reviewer. Two 
reviewers independently extracted that data using 
a pre-defined extraction form, capturing study 
details such as author, year, design, and sample 
size, HPA axis markers, pregnancy outcomes, 
perinatal depression, fetal HPA programming, and 
metabolic effects. Where data was uncertain, 
attempts to contact the study author were made. 
Data were sought for primary outcomes, including 
maternal and fetal HPA axis alterations and their 
association with pregnancy complications, and 
secondary outcomes evaluating interventions 
targeting HPA axis regulation. Data selection was 
based on predefined criteria, and disagreements 
were resolved through discussion or consultation 
with a third reviewer. Risk of bias was assessed using 
the Evidence Project Risk of Bias Tool. Each study 
was independently assessed by two reviewers. 
Publication bias was evaluated using Egger’s test. 
The QUADAS-2 tool was used as the standard for 
quality assessment of included studies, especially to 
evaluate risk of bias in patient selection, index test 
methods, reference standard processes, and 
flow/periods. The research team assigned each 
study a bias level, which could be low, moderate, or 
high, after their evaluation. Analysis of overall 
evidence certainty followed GRADE protocols, 
which took study design consistency and the 
precision of estimates into consideration.

Statistical heterogeneity was assessed using I² 
statistics. Subgroup analyses examined the 
differences on the basis of maternal stress levels, 
interventions, and HPA axis markers. The 
methodology design of this study followed PRISMA 
guidelines 2020 to ensure robust evidence synthesis 
on maternal HPA axis function and pregnancy 
outcomes.

RESULTS
A final report included a total of 11 studies that met 
the inclusion criteria. These study designs varied: 

36.4% (4/11) were observational studies, 27.3% (3/11) 
were longitudinal studies, 9.1% (1/11) were case 
series, 9.1% (1/11) were randomized controlled trials, 
9.1% (1/11) were animal studies, and 9.1% (1/11) 
were systematic reviews. The sample size among 
studies ranged from 2 to 248 participants, with a 
total of around 912 individuals included. The most 
often observed HPA axis indicators included diurnal 
salivary cortisol (54.5%, 6/11), cortisol awakening 
response (CAR) (27.3%, 3/11), diurnal cortisol slope 
(18.2%, 2/11), placental 11β-HSD2 expression (18.2%, 
2/11), and fetal pCRH levels (9.1%, 1/11). Studies that 
did not directly assess maternal HPA axis function, 
such as those that only explored indirect factors or 
used biomarkers unrelated to HPA axis regulation, 
review articles without primary data or studies 
focused solely on non-pregnant individuals, studies 
with insufficient sample sizes or significant 
methodological flaws, research that did not 
measure the key HPA axis biomarkers, such as 
cortisol, ACTH, or 11β-HSD1/2, or did not focus on 
pregnancy outcomes were not considered reliable 
for inclusion.

The risk of bias was moderate to high in most studies, 
with observational studies showing a higher risk, 
while the RCT had a lower risk of bias. Sensitivity 
analyses indicated that the overall findings 
remained consistent despite the presence of high 
heterogeneity (I² = 67%).

Figure 1 provides the PRISMA flow diagram 
that outlines the study selection process starting 
from the identification of the records via database 
searches. It describes the proportion of studies 
screened for reasons, the proportion excluded 
with reasons, and the proportion ultimately 
included in the review. The filtering process 
underwent stages such as duplicate removal, title/
abstract screening, and full text evaluation, 
as seen in a diagram. This ensured the 
transparency of how the final dataset is obtained 
and how the selection methodology worked.
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INTRODUCTION
The shift of paradigm in the use of nanocomposite 
resins has brought about significant change in the 
field of restorative dentistry1. These materials were 
designed specifically to address problems like 
mechanical failure, biofilm formation by 
microorganisms, and secondary caries, which 
hinder the longevity and performance of dental 
restorations2. The nanocomposite resins 
incorporated with nanoscale materials, including 
silver nanoparticles (AgNPs), zinc oxide (ZnO), silica 
nanoparticles, and halloysite nanotubes (HNTs), 
improved durability and antimicrobial properties3. 
The idea behind integrating these nanoparticles 
was to develop multifunctional resins that could 
withstand functional stresses, without increasing the 
risk of bacterial colonization and biofilm 
development4.

The research found that nanocomposite resins had 
the potential to excel over traditional materials. 
Nanoparticles were added to the resin and 
improved its physical and chemical properties such 
as enhanced flexural and compressive strength, 
better resistance to wear, and sustained 
antimicrobial activity5. For example, silver 
nanoparticles were demonstrated to damage 
microbial cell walls and block bacterial replication, 
whereas zinc oxide nanoparticles released reactive 
oxygen species, hence providing long-lasting 
antibacterial effects6. In the same way, silica 
nanoparticles were modified to deliver 
chlorhexidine with both mechanical improvement 
and controlled antimicrobial release7.

Even with these advancements, there were still 
many challenges that came along. At higher 
concentrations, nanoparticles agglomerated and 
compromised the mechanical properties of the 
resin8. Moreover, the performance of the 
nanoparticles in oral environmental conditions was 
influenced by variability in salivary interactions and 
thermal fluctuations9. In addition, most studies 

explored single-species-based biofilm models that 
did not completely replicate the complexity of an 
oral microbiome10.

This review sought a detailed analysis of 
nanocomposite resins, particularly their mechanical 
characteristics and their antimicrobial efficacy. The 
review synthesised experimental and in vitro findings 
to evaluate the strengths and weaknesses of these 
materials, as well as to identify areas of current lack 
of understanding. In addition, the future aspects 
and clinical relevance within this research domain 
were also discussed, providing insights into the role 
of innovations in redefining the standards of 
restorative dentistry. 

METHODS
This systematic review was conducted based on the 
PRISMA guidelines 2020. This study only took those 
studies that focused on the mechanical 
performance and the antibacterial effectiveness of 
nanocomposite resins which were used in 
restorative dentistry. For inclusion in the current 
review, the following criteria were established: (1) 
the use of nanoscale materials (such as silver 
nanoparticles, ZnO, SiO2 nanoparticles, halloysite 
nanotubes) in dental composites, (2) reporting of 
mechanical properties (flexural characteristic, 
compressive characteristic) or antimicrobial 
properties, (3) only in vitro, in vivo, or clinical study 
types, and (4) published in a peer-reviewed journal. 
The exclusion criteria included reviews and 
commentaries, conference proceeding papers, 
and papers having inadequate quantitative 
information.

A search was conducted in electronic databases 
such as PubMed, SCOPUS, Web of Science, and 
Cochrane from the year 2016 to 2024. Other sources 
like grey literature, references mentioned in the 
studies included in the review, and items drawn from 
other systematic reviews were searched manually to 
identify potential articles. No language filters were 

used in the search processes.

The search strategy was designed by consulting with 
an experienced librarian. The keywords and 
Medical Subject Headings (MeSH) terms used for the 
selection of studies included: nanocomposite resins, 
nanotechnology, mechanical properties, and 
antimicrobial activity. An example search string 
used for PubMed is as follows: “(nanocomposite OR 
nanotechnology OR nanoparticle) AND (resin OR 
restorative dentistry) AND (mechanical 
properties/mechanical OR flexural strength/ flexural 
OR compressive strength/compressive OR 
antimicrobial activity)”. Consequently, the search 
techniques used were dependent upon the specific 
needs of the databases used in the study.

At first, two independent reviewers reviewed the 
titles and abstracts of the identified studies and 
discarded the irrelevant literature. Full-text articles of 
eligible studies were taken and evaluated with the 
help of established eligibility criteria. Disagreements 
were resolved through collegial discussion or 
consultation with another researcher. The process of 
study selection is presented in the form of a PRISMA 
flow diagram where different steps of identification, 
screening, eligibility, and inclusion of studies were 
outlined together with the number of records 
involved in each process and possible reasons for 
exclusion.

Primary outcomes involved mechanical properties 
and antimicrobial efficacy, while secondary 
outcomes included biocompatibility, long-term 
performance, and agglomeration of nanoparticles 
under normal oral conditions. Variables were 
systematically extracted which involved, study 
details, study design, nanoparticle type, key 
outcomes, and limitations. All results that aligned 
with predefined outcomes were taken missing data 
such as unreported statistics were not imputed and 
unclear methodologies were documented as 
limitations.

Data extraction faced challenges due to 
incomplete or missing outcomes, such as 
mechanical properties and antimicrobial activity, 
with some studies lacking standard deviations or 
confidence intervals. Mechanical properties were 

standardized to MPa using conversion factors (1 psi 
= 0.006895 MPa, 1 N/mm² = 1 MPa). Antimicrobial 
activity was reported as log reduction in CFU, with 
separate reporting for different testing methods and 
bacterial strains. Reviewers ensured consistency and 
transparency by verifying all conversions and 
addressing discrepancies in the data.

The risk of bias for each study was assessed using the 
Cochrane Risk of Bias Tool by two independent 
reviewers. Studies were categorized as high, 
moderate, and low risk based on conditions like 
justification and blinding of sample size. Effect 
measures such as mean differences were 
calculated for mechanical properties and log 
reduction in colony-forming units (CFU) for 
antimicrobial outcomes. Studies with insufficient 
quantitative data or irrelevant outcomes were 
excluded post-full-text screening.

Data preparation involved standardizing 
non-uniform metrics and marking studies with 
incomplete data. Results were synthesized 
narratively due to heterogeneity in study designs 
with highlighted trends. Subgroup analyses 
evaluated the type of nanoparticle and the 
complexity of biofilm. Sensitivity analyses were not 
performed due to limitations in study counts and 
publication bias. The certainty of evidence was 
graded informally using the GRADE framework. The 
refinements ensured transparency of results.

RESULTS
A database search identified 93 records, of which 6 
duplicates were removed and 87 unique records 
were further passed down. Titles and abstracts were 
screened for eligibility, and 43 full text articles 
remained for further screening. Twelve of these 
studies met the criteria for inclusion in the qualitative 
synthesis. Reasons for exclusion of the remaining 31 
full-text articles included: insufficient data (50%), 
irrelevant outcomes (32%), and non-eligible study 
designs (18%). The selection process was 
summarized in a PRISMA flow diagram in Figure 1.
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Figure 1: PRISMA Flow Diagram for Screening and Filtering of Initially Selected Studies. The Flowchart adhered 
to the PRISMA guidelines 2020 

The studies examined a variety of variables that influence maternal HPA axis function, including maternal 
stress, trauma, exposure to endocrine disruptors, prediabetes, prenatal alcohol exposure, and post-COVID-
19 effects. Furthermore, two researches (18.2%) evaluated interventions including mindfulness training and 
psychotherapy as possible modulators of HPA axis dysfunction. The risk of bias was moderate to high in most 
studies, with observational studies showing a higher risk, while the RCT had a lower risk of bias. Sensitivity 
analyses indicated that the overall findings remained consistent despite the presence of high heterogeneity 
(I  = 67%). Findings indicated that there was a consistent link between maternal stress and adverse 
experiences with dysregulated HPA axis activity during pregnancy, with elevated CAR and altered diurnal 
cortisol slopes observed in 45.5% (5/11) of investigations. Higher prenatal cortisol exposure was associated 
with increased infant stress reactivity and probable long-term neurodevelopmental consequences in 27.3% 
(3/11) of studies. Reduction in placental 11 -HSD2 expression was reported in 18.2% (2/11) of studies, which 
indicated towards increased fetal cortisol exposure and potential metabolic changes. 11 -HSD2 expression 
changes correlated with prenatal alcohol consumption, indicating a unique mechanism of fetal HPA axis 
programming. 

Interventional studies found that mindfulness training caused a significant reduction in stress levels and 
improved cortisol regulation in pregnant women. Another study found that cognitive Behavioural therapy 
(CBT) and antidepressants were beneficial in treating perinatal depression resulting from HPA axis 
dysfunction. Animal studies proved that maternal prediabetes impaired HPA axis regulation in offspring, 
which contributed to altered glucose metabolism and increased insulin resistance.  Sensitivity analyses 
indicated that the overall findings were durable, with little variation that was caused by the exclusion of 
studies with a high risk of bias. The heterogeneity among the studies resulted from moderate to high (I  = 67%), 
mainly due to variations present in study populations, cortisol measurement methods, and types of maternal 
stress. Risk of bias evaluation revealed that 50% of observational studies had a moderate risk, while the RCT 
had a low risk, and the case series displayed a high risk of bias. Egger’s test (p = 0.21) suggested that there 
was a low likelihood of publication bias.  The overall certainty of evidence was assessed using the GRADE 
framework, the results showed that certainty was moderate to high, with observational studies indicating 
strong correlations and interventional studies suggesting causal relationships.  
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INTRODUCTION
The shift of paradigm in the use of nanocomposite 
resins has brought about significant change in the 
field of restorative dentistry1. These materials were 
designed specifically to address problems like 
mechanical failure, biofilm formation by 
microorganisms, and secondary caries, which 
hinder the longevity and performance of dental 
restorations2. The nanocomposite resins 
incorporated with nanoscale materials, including 
silver nanoparticles (AgNPs), zinc oxide (ZnO), silica 
nanoparticles, and halloysite nanotubes (HNTs), 
improved durability and antimicrobial properties3. 
The idea behind integrating these nanoparticles 
was to develop multifunctional resins that could 
withstand functional stresses, without increasing the 
risk of bacterial colonization and biofilm 
development4.

The research found that nanocomposite resins had 
the potential to excel over traditional materials. 
Nanoparticles were added to the resin and 
improved its physical and chemical properties such 
as enhanced flexural and compressive strength, 
better resistance to wear, and sustained 
antimicrobial activity5. For example, silver 
nanoparticles were demonstrated to damage 
microbial cell walls and block bacterial replication, 
whereas zinc oxide nanoparticles released reactive 
oxygen species, hence providing long-lasting 
antibacterial effects6. In the same way, silica 
nanoparticles were modified to deliver 
chlorhexidine with both mechanical improvement 
and controlled antimicrobial release7.

Even with these advancements, there were still 
many challenges that came along. At higher 
concentrations, nanoparticles agglomerated and 
compromised the mechanical properties of the 
resin8. Moreover, the performance of the 
nanoparticles in oral environmental conditions was 
influenced by variability in salivary interactions and 
thermal fluctuations9. In addition, most studies 

explored single-species-based biofilm models that 
did not completely replicate the complexity of an 
oral microbiome10.

This review sought a detailed analysis of 
nanocomposite resins, particularly their mechanical 
characteristics and their antimicrobial efficacy. The 
review synthesised experimental and in vitro findings 
to evaluate the strengths and weaknesses of these 
materials, as well as to identify areas of current lack 
of understanding. In addition, the future aspects 
and clinical relevance within this research domain 
were also discussed, providing insights into the role 
of innovations in redefining the standards of 
restorative dentistry. 

METHODS
This systematic review was conducted based on the 
PRISMA guidelines 2020. This study only took those 
studies that focused on the mechanical 
performance and the antibacterial effectiveness of 
nanocomposite resins which were used in 
restorative dentistry. For inclusion in the current 
review, the following criteria were established: (1) 
the use of nanoscale materials (such as silver 
nanoparticles, ZnO, SiO2 nanoparticles, halloysite 
nanotubes) in dental composites, (2) reporting of 
mechanical properties (flexural characteristic, 
compressive characteristic) or antimicrobial 
properties, (3) only in vitro, in vivo, or clinical study 
types, and (4) published in a peer-reviewed journal. 
The exclusion criteria included reviews and 
commentaries, conference proceeding papers, 
and papers having inadequate quantitative 
information.

A search was conducted in electronic databases 
such as PubMed, SCOPUS, Web of Science, and 
Cochrane from the year 2016 to 2024. Other sources 
like grey literature, references mentioned in the 
studies included in the review, and items drawn from 
other systematic reviews were searched manually to 
identify potential articles. No language filters were 

used in the search processes.

The search strategy was designed by consulting with 
an experienced librarian. The keywords and 
Medical Subject Headings (MeSH) terms used for the 
selection of studies included: nanocomposite resins, 
nanotechnology, mechanical properties, and 
antimicrobial activity. An example search string 
used for PubMed is as follows: “(nanocomposite OR 
nanotechnology OR nanoparticle) AND (resin OR 
restorative dentistry) AND (mechanical 
properties/mechanical OR flexural strength/ flexural 
OR compressive strength/compressive OR 
antimicrobial activity)”. Consequently, the search 
techniques used were dependent upon the specific 
needs of the databases used in the study.

At first, two independent reviewers reviewed the 
titles and abstracts of the identified studies and 
discarded the irrelevant literature. Full-text articles of 
eligible studies were taken and evaluated with the 
help of established eligibility criteria. Disagreements 
were resolved through collegial discussion or 
consultation with another researcher. The process of 
study selection is presented in the form of a PRISMA 
flow diagram where different steps of identification, 
screening, eligibility, and inclusion of studies were 
outlined together with the number of records 
involved in each process and possible reasons for 
exclusion.

Primary outcomes involved mechanical properties 
and antimicrobial efficacy, while secondary 
outcomes included biocompatibility, long-term 
performance, and agglomeration of nanoparticles 
under normal oral conditions. Variables were 
systematically extracted which involved, study 
details, study design, nanoparticle type, key 
outcomes, and limitations. All results that aligned 
with predefined outcomes were taken missing data 
such as unreported statistics were not imputed and 
unclear methodologies were documented as 
limitations.

Data extraction faced challenges due to 
incomplete or missing outcomes, such as 
mechanical properties and antimicrobial activity, 
with some studies lacking standard deviations or 
confidence intervals. Mechanical properties were 

standardized to MPa using conversion factors (1 psi 
= 0.006895 MPa, 1 N/mm² = 1 MPa). Antimicrobial 
activity was reported as log reduction in CFU, with 
separate reporting for different testing methods and 
bacterial strains. Reviewers ensured consistency and 
transparency by verifying all conversions and 
addressing discrepancies in the data.

The risk of bias for each study was assessed using the 
Cochrane Risk of Bias Tool by two independent 
reviewers. Studies were categorized as high, 
moderate, and low risk based on conditions like 
justification and blinding of sample size. Effect 
measures such as mean differences were 
calculated for mechanical properties and log 
reduction in colony-forming units (CFU) for 
antimicrobial outcomes. Studies with insufficient 
quantitative data or irrelevant outcomes were 
excluded post-full-text screening.

Data preparation involved standardizing 
non-uniform metrics and marking studies with 
incomplete data. Results were synthesized 
narratively due to heterogeneity in study designs 
with highlighted trends. Subgroup analyses 
evaluated the type of nanoparticle and the 
complexity of biofilm. Sensitivity analyses were not 
performed due to limitations in study counts and 
publication bias. The certainty of evidence was 
graded informally using the GRADE framework. The 
refinements ensured transparency of results.

RESULTS
A database search identified 93 records, of which 6 
duplicates were removed and 87 unique records 
were further passed down. Titles and abstracts were 
screened for eligibility, and 43 full text articles 
remained for further screening. Twelve of these 
studies met the criteria for inclusion in the qualitative 
synthesis. Reasons for exclusion of the remaining 31 
full-text articles included: insufficient data (50%), 
irrelevant outcomes (32%), and non-eligible study 
designs (18%). The selection process was 
summarized in a PRISMA flow diagram in Figure 1.
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Table 1 summarizes of studies investigating the HPA axis’ involvement in pregnancy and its impact on 
maternal and fetal health. For instance, Thomas-Argyriou et al. (2020) showed that maternal ACEs changed 
prenatal HPA function and affected child behaviour, while Bakhireva et al. (2024) showed that prenatal 
alcohol exposure and stress affected fetal HPA development 12, 18. According to a study by Jahnke et sl (2020) 
maternal distress decreased placental 11 -HSD2, hence reducing infant cortisol reactivity 13. Wang et al. 
(2023) and other studies had shown that mindfulness training decreased pregnancy stress and improved HPA 
function 16. 

Table 1: Systematic Review Table of Filtered Studies, Following PRISMA Guidelines 

Author/Year Study Design Population HPA Axis Markers Pregnancy 
Complications Conclusion 

Thomas-
Argyriou, 2020 12

Prospective 
cohort 

248 mother–
child dyads 

Salivary cortisol, CAR, 
diurnal slope 

Child behavior 
problems 

Maternal ACEs altered 
prenatal HPA axis function, 
impacting child behavior at 
4 years. Higher CAR 
reduced internalizing 
behavior, while a flatter 
slope worsened the 
problem. 

Jahnke, 2020 13 Observational 24 mother-
infant dyads 

Placental 11 -HSD2, 
infant cortisol reactivity 

Maternal stress, 
depression 

Maternal distress lowered 
placental HSD11B2, 
increasing infant cortisol 
reactivity, affecting 
neurobehavioral 
development. 

Talwar, 2021 14 Case series 2 cases HPA axis dysfunction 
post-COVID-19 

Perinatal 
depression, 
intrauterine death 

Post-COVID-19 HPA 
dysfunction contributed to 
perinatal depression, 
treated with 
antidepressants and CBT. 

Mercugliano, 
2023, 15 Review N/A 

Cortisol, endocrine 
disruptors (BPA, PCBs, 
PFOS) 

Prenatal stress, 
chemical exposure 

Stress and endocrine 
disruptors dysregulate the 
HPA axis, increasing health 
risks. 

Wang, 2023 16 RCT 117 (95 
completed) Salivary cortisol Pregnancy stress 

Mindfulness training 
reduced stress and 
improved HPA function. 

Loheide-
Niesmann, 2025 
17 

Longitudinal 170 mother-
child pairs 

Cortisol reactivity, 
circadian output 

Maternal childhood 
trauma 

No direct link to child HPA 
function, but prenatal 
psychopathology may 
moderate effects. 

Bakhireva, 2024 
18 Observational 124 pregnant 

individuals 

11 -HSD1, 11 -HSD2, 
pCRH, cortisol, 
cortisone 

PAE, prenatal stress, 
fetal HPA 
development 

PAE and stress altered fetal 
HPA programming; PS 
increased pCRH, and PAE 
affected 11 -HSD2. 

Ngema, 2024 19 Animal study 
(rodents) 

Pregnant 
prediabetic 
rats 

ACTH, corticosterone, 
MR, GR 

Prediabetes, insulin 
resistance 

Pregestational prediabetes 
disrupted maternal HPA 
function, affecting 
offspring's HPA axis and 
glucose regulation. 

Irwin, 2021 20 Longitudinal 152 mother-
infant pairs Salivary cortisol Infant stress 

reactivity 

Higher prenatal cortisol 
increased infant cortisol 
reactivity at 6 and 12 
months. 

Ahlers & Weiss, 
2021 21 

Observational 
(structural 
modeling) 

50 pregnant 
women 

Cortisol (CAR, DCS, 
AUCG) 

Prenatal depressive 
symptoms 

PM2.5 exposure is linked to 
depression and HPA 
activation, but cortisol was 
not a mediator. 

Jahnke, 2021 22
Observational 
(maternal 
precarity) 

25 mother-
infant dyads 

Maternal salivary 
cortisol, infant basal 
cortisol 

Infant gut 
microbiota, HPA 
function 

Maternal stress altered 
infant gut microbiota, 
affecting long-term health. 

Table 2 highlighted the methodological approaches of selected studies on HPA axis function in pregnancy 
and its effect on maternal and child health. It highlighted that whether the studies used random assignment, 
random selection, or achieved follow-up rates of 80% or more. Many studies were seen to lack random 
assignment and had some issues with comparability between distinguished groups, particularly on 
sociodemographic factors and baseline disclosure. Moreover, the studies adopted both cohort and 
observational study designs, with some lacking attentive control over participant selection and follow-up.  

Maternal-Fetal Endocrine Interface: A Systematic Review of the Clinicopathological Assessment of Hypothalamic-Pituitary-Adrenal Axis
Dysregulation in Pregnancy Complications
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INTRODUCTION
The shift of paradigm in the use of nanocomposite 
resins has brought about significant change in the 
field of restorative dentistry1. These materials were 
designed specifically to address problems like 
mechanical failure, biofilm formation by 
microorganisms, and secondary caries, which 
hinder the longevity and performance of dental 
restorations2. The nanocomposite resins 
incorporated with nanoscale materials, including 
silver nanoparticles (AgNPs), zinc oxide (ZnO), silica 
nanoparticles, and halloysite nanotubes (HNTs), 
improved durability and antimicrobial properties3. 
The idea behind integrating these nanoparticles 
was to develop multifunctional resins that could 
withstand functional stresses, without increasing the 
risk of bacterial colonization and biofilm 
development4.

The research found that nanocomposite resins had 
the potential to excel over traditional materials. 
Nanoparticles were added to the resin and 
improved its physical and chemical properties such 
as enhanced flexural and compressive strength, 
better resistance to wear, and sustained 
antimicrobial activity5. For example, silver 
nanoparticles were demonstrated to damage 
microbial cell walls and block bacterial replication, 
whereas zinc oxide nanoparticles released reactive 
oxygen species, hence providing long-lasting 
antibacterial effects6. In the same way, silica 
nanoparticles were modified to deliver 
chlorhexidine with both mechanical improvement 
and controlled antimicrobial release7.

Even with these advancements, there were still 
many challenges that came along. At higher 
concentrations, nanoparticles agglomerated and 
compromised the mechanical properties of the 
resin8. Moreover, the performance of the 
nanoparticles in oral environmental conditions was 
influenced by variability in salivary interactions and 
thermal fluctuations9. In addition, most studies 

explored single-species-based biofilm models that 
did not completely replicate the complexity of an 
oral microbiome10.

This review sought a detailed analysis of 
nanocomposite resins, particularly their mechanical 
characteristics and their antimicrobial efficacy. The 
review synthesised experimental and in vitro findings 
to evaluate the strengths and weaknesses of these 
materials, as well as to identify areas of current lack 
of understanding. In addition, the future aspects 
and clinical relevance within this research domain 
were also discussed, providing insights into the role 
of innovations in redefining the standards of 
restorative dentistry. 

METHODS
This systematic review was conducted based on the 
PRISMA guidelines 2020. This study only took those 
studies that focused on the mechanical 
performance and the antibacterial effectiveness of 
nanocomposite resins which were used in 
restorative dentistry. For inclusion in the current 
review, the following criteria were established: (1) 
the use of nanoscale materials (such as silver 
nanoparticles, ZnO, SiO2 nanoparticles, halloysite 
nanotubes) in dental composites, (2) reporting of 
mechanical properties (flexural characteristic, 
compressive characteristic) or antimicrobial 
properties, (3) only in vitro, in vivo, or clinical study 
types, and (4) published in a peer-reviewed journal. 
The exclusion criteria included reviews and 
commentaries, conference proceeding papers, 
and papers having inadequate quantitative 
information.

A search was conducted in electronic databases 
such as PubMed, SCOPUS, Web of Science, and 
Cochrane from the year 2016 to 2024. Other sources 
like grey literature, references mentioned in the 
studies included in the review, and items drawn from 
other systematic reviews were searched manually to 
identify potential articles. No language filters were 

used in the search processes.

The search strategy was designed by consulting with 
an experienced librarian. The keywords and 
Medical Subject Headings (MeSH) terms used for the 
selection of studies included: nanocomposite resins, 
nanotechnology, mechanical properties, and 
antimicrobial activity. An example search string 
used for PubMed is as follows: “(nanocomposite OR 
nanotechnology OR nanoparticle) AND (resin OR 
restorative dentistry) AND (mechanical 
properties/mechanical OR flexural strength/ flexural 
OR compressive strength/compressive OR 
antimicrobial activity)”. Consequently, the search 
techniques used were dependent upon the specific 
needs of the databases used in the study.

At first, two independent reviewers reviewed the 
titles and abstracts of the identified studies and 
discarded the irrelevant literature. Full-text articles of 
eligible studies were taken and evaluated with the 
help of established eligibility criteria. Disagreements 
were resolved through collegial discussion or 
consultation with another researcher. The process of 
study selection is presented in the form of a PRISMA 
flow diagram where different steps of identification, 
screening, eligibility, and inclusion of studies were 
outlined together with the number of records 
involved in each process and possible reasons for 
exclusion.

Primary outcomes involved mechanical properties 
and antimicrobial efficacy, while secondary 
outcomes included biocompatibility, long-term 
performance, and agglomeration of nanoparticles 
under normal oral conditions. Variables were 
systematically extracted which involved, study 
details, study design, nanoparticle type, key 
outcomes, and limitations. All results that aligned 
with predefined outcomes were taken missing data 
such as unreported statistics were not imputed and 
unclear methodologies were documented as 
limitations.

Data extraction faced challenges due to 
incomplete or missing outcomes, such as 
mechanical properties and antimicrobial activity, 
with some studies lacking standard deviations or 
confidence intervals. Mechanical properties were 

standardized to MPa using conversion factors (1 psi 
= 0.006895 MPa, 1 N/mm² = 1 MPa). Antimicrobial 
activity was reported as log reduction in CFU, with 
separate reporting for different testing methods and 
bacterial strains. Reviewers ensured consistency and 
transparency by verifying all conversions and 
addressing discrepancies in the data.

The risk of bias for each study was assessed using the 
Cochrane Risk of Bias Tool by two independent 
reviewers. Studies were categorized as high, 
moderate, and low risk based on conditions like 
justification and blinding of sample size. Effect 
measures such as mean differences were 
calculated for mechanical properties and log 
reduction in colony-forming units (CFU) for 
antimicrobial outcomes. Studies with insufficient 
quantitative data or irrelevant outcomes were 
excluded post-full-text screening.

Data preparation involved standardizing 
non-uniform metrics and marking studies with 
incomplete data. Results were synthesized 
narratively due to heterogeneity in study designs 
with highlighted trends. Subgroup analyses 
evaluated the type of nanoparticle and the 
complexity of biofilm. Sensitivity analyses were not 
performed due to limitations in study counts and 
publication bias. The certainty of evidence was 
graded informally using the GRADE framework. The 
refinements ensured transparency of results.

RESULTS
A database search identified 93 records, of which 6 
duplicates were removed and 87 unique records 
were further passed down. Titles and abstracts were 
screened for eligibility, and 43 full text articles 
remained for further screening. Twelve of these 
studies met the criteria for inclusion in the qualitative 
synthesis. Reasons for exclusion of the remaining 31 
full-text articles included: insufficient data (50%), 
irrelevant outcomes (32%), and non-eligible study 
designs (18%). The selection process was 
summarized in a PRISMA flow diagram in Figure 1.
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Table 2: Risk of Bias Assessment of Individual Studies Using the Evidence Project Risk of Bias Tool 
Authors & 

Year 
(Region) 

Study 
Cohort 

Control or 
Comparison 

Group 

Pre/Post 
Intervention 

Data 

Random 
Assignment of 

Participants 
to the 

Intervention 

Random 
Selection 

of 
Participa

nts for 
Assessme

nt 

Follow-
up Rate 
of 80% 
or More 

Comparison Groups 
Equivalent on 

Sociodemographic 

Compariso
n Groups 

Equivalent 
at Baseline 

on 
Disclosure 

Thomas-
Argyriou, 
2020 12

Yes Yes No No No No No No 

Jahnke, 
2020 13

Yes Yes Yes Yes No No No No 

Talwar, 2021 
14

Yes Yes Yes Yes No No No No 

Mercuglian
o, 2023 15 

Yes No No No No No No No 

Wang, 2023 
16

Yes Yes Yes No No No No No 

Loheide-
Niesmann, 
2025 17

Yes Yes Yes No No No No No 

Bakhireva, 
2024 18

Yes Yes Yes No No No No No 

Ngema, 
2024 19

Yes Yes Yes Yes No No No No 

Irwin, 2021 20 Yes Yes Yes Yes No No No No 
Ahlers & 
Weiss, 2021 
21

Yes Yes Yes No No No No No 

Jahnke, 
2021 22

Yes Yes Yes No No No No No 

Yes: Indicates the presence of the specified characteristic, no: Indicates the absence of the specified characteristic, NA: Not applicable, 

NR: Not reported.

DISCUSSION
The results revealed that maternal distress, 
childhood trauma, and environmental stimuli all had 
a substantial impact on HPA axis regulation, which 
ultimately disrupted the development of the fetus as 
well as long-term child health. Maternal cortisol 
elevation consistently produced elevated infant 
stress responses, which indicated towards the 
hypothesis that because of this fetal development 
might be programmed to exhibit increased HPA axis 
activity postnatally. These findings aligned with 
previous research that had consistently shown that 
pregnant mothers' stress levels could have lasting 
neuroendocrine changes within their children 23,24.
One of the key findings of this study demonstrated 
that stressed pregnant women commonly exhibit 
two distinct cortisol pattern changes: elevated 
cortisol awakening response (CAR) and a 
diminished day-to-day cortisol slope 25. Such cortisol 
patterns were previously linked to mental health 
declines, which subsequently worsen pregnancy 
complications. Moreover, the placental expression 
of 11β-HSD2 was seen to be decreased in some 
research studies, thus indicating that maternal stress 
and usage of harmful substances (e.g., alcohol) 
prenatally could harm the placental cortisol 
regulation system 26. This finding showed that 
glucocorticoids control both stress response 
development and metabolic programming of fetal 
organs 27.

Interventional studies demonstrated that certain 
interventional methods could help lower maternal 
stress symptoms and normalize HPA axis function 28. 
Mindfulness training was found to reduce stress and 
cortisol levels, whereas behavioral approaches 
were shown to regulate body stress reactivity 29. 
When pregnant women were exposed to cognitive 
behavioural therapy (CBT) in conjunction with 
pharmacological treatment for perinatal 
depression, their HPA axis dysfunction symptoms 
improved significantly 30.

Despite these findings, significant variations in 
studies were seen throughout the research, which 
posed significant challenges. Standardised methods 
in future research would be required to improve 
study comparability and create stronger research 
findings 31,32. Observational studies faced challenges 
in establishing cause-effect correlations between 
maternal stress and HPA axis alterations, even 
though many studies found substantial links 33. 
Additional prospective studies, together with strict 
control procedures for confounding variables, were 
needed to establish causal links between maternal 
stress and HPA axis changes 34.

The role of maternal childhood trauma was another 
important aspect that contributed to shaping HPA 
axis activity 35. Maternal psychopathology acted as 
a mediator, which demonstrated why maternal 
mental health conditions were essential for 

transmitting stress-related consequences to 
offspring 36. The findings suggested that there was a 
need for an early psychological assessment along 
with necessary intervention strategies for pregnant 
people who faced trauma to minimize potential 
unfavorable pregnancy experiences 37.

Studies with animal subjects delivered fundamental 
information about how maternal metabolic 
conditions impact HPA axis regulation 38. Prediabetic 
pregnant rats showed that maternal blood sugar 
dysregulation negatively affected fetal HPA axis 
development, leading to increased metabolic 
disorder risk in offspring 39. While animal models 
offered valuable biological insights, human studies 
beyond animal model research were required to 
validate the impacts found using animal models 
because animals could not accurately mimic 
human pregnancy 40. 

To get a better knowledge of maternal-fetal 
HPA-axis interaction, future research should aim for 
standardized cortisol measurement techniques and 
should consider the integration of epigenetic and 
genetic analyses.

CONCLUSION
The analysis demonstrated that stress in pregnant 
women, alongside HPA axis dysfunction, played a 
crucial role in influencing pregnancy results together 
with fetal developmental outcomes. The research 
confirmed that high cortisol levels in pregnant 
mothers caused embryonic programming errors, 
resulting in increased stress reactivity during infancy 
as well as possible long-term medical 
consequences. Standardised research procedures 
were required because the heterogeneity across 
studies highlighted the need for standardised 
methodologies to demonstrate the promise of 
behavioral and pharmacological interventions for 
HPA axis dysfunction mitigation. Additional studies 
should focus on stress evaluation refinement while 
also investigating genetic and epigenetic 
mechanisms to enhance health outcomes for 
mothers and their fetuses.

LIST OF ABBREVIATIONS
HPA – Hypothalamic-Pituitary-Adrenal
CAR – Cortisol Awakening Response
DCS – Diurnal Cortisol Slope
HSD11B2 – 11β-Hydroxysteroid Dehydrogenase Type 
2
HSD11 B1 – 11β-Hydroxysteroid Dehydrogenase Type 
1
PS – Prenatal Stress
CBT – Cognitive Behavioural Therapy
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INTRODUCTION
The shift of paradigm in the use of nanocomposite 
resins has brought about significant change in the 
field of restorative dentistry1. These materials were 
designed specifically to address problems like 
mechanical failure, biofilm formation by 
microorganisms, and secondary caries, which 
hinder the longevity and performance of dental 
restorations2. The nanocomposite resins 
incorporated with nanoscale materials, including 
silver nanoparticles (AgNPs), zinc oxide (ZnO), silica 
nanoparticles, and halloysite nanotubes (HNTs), 
improved durability and antimicrobial properties3. 
The idea behind integrating these nanoparticles 
was to develop multifunctional resins that could 
withstand functional stresses, without increasing the 
risk of bacterial colonization and biofilm 
development4.

The research found that nanocomposite resins had 
the potential to excel over traditional materials. 
Nanoparticles were added to the resin and 
improved its physical and chemical properties such 
as enhanced flexural and compressive strength, 
better resistance to wear, and sustained 
antimicrobial activity5. For example, silver 
nanoparticles were demonstrated to damage 
microbial cell walls and block bacterial replication, 
whereas zinc oxide nanoparticles released reactive 
oxygen species, hence providing long-lasting 
antibacterial effects6. In the same way, silica 
nanoparticles were modified to deliver 
chlorhexidine with both mechanical improvement 
and controlled antimicrobial release7.

Even with these advancements, there were still 
many challenges that came along. At higher 
concentrations, nanoparticles agglomerated and 
compromised the mechanical properties of the 
resin8. Moreover, the performance of the 
nanoparticles in oral environmental conditions was 
influenced by variability in salivary interactions and 
thermal fluctuations9. In addition, most studies 

explored single-species-based biofilm models that 
did not completely replicate the complexity of an 
oral microbiome10.

This review sought a detailed analysis of 
nanocomposite resins, particularly their mechanical 
characteristics and their antimicrobial efficacy. The 
review synthesised experimental and in vitro findings 
to evaluate the strengths and weaknesses of these 
materials, as well as to identify areas of current lack 
of understanding. In addition, the future aspects 
and clinical relevance within this research domain 
were also discussed, providing insights into the role 
of innovations in redefining the standards of 
restorative dentistry. 

METHODS
This systematic review was conducted based on the 
PRISMA guidelines 2020. This study only took those 
studies that focused on the mechanical 
performance and the antibacterial effectiveness of 
nanocomposite resins which were used in 
restorative dentistry. For inclusion in the current 
review, the following criteria were established: (1) 
the use of nanoscale materials (such as silver 
nanoparticles, ZnO, SiO2 nanoparticles, halloysite 
nanotubes) in dental composites, (2) reporting of 
mechanical properties (flexural characteristic, 
compressive characteristic) or antimicrobial 
properties, (3) only in vitro, in vivo, or clinical study 
types, and (4) published in a peer-reviewed journal. 
The exclusion criteria included reviews and 
commentaries, conference proceeding papers, 
and papers having inadequate quantitative 
information.

A search was conducted in electronic databases 
such as PubMed, SCOPUS, Web of Science, and 
Cochrane from the year 2016 to 2024. Other sources 
like grey literature, references mentioned in the 
studies included in the review, and items drawn from 
other systematic reviews were searched manually to 
identify potential articles. No language filters were 

used in the search processes.

The search strategy was designed by consulting with 
an experienced librarian. The keywords and 
Medical Subject Headings (MeSH) terms used for the 
selection of studies included: nanocomposite resins, 
nanotechnology, mechanical properties, and 
antimicrobial activity. An example search string 
used for PubMed is as follows: “(nanocomposite OR 
nanotechnology OR nanoparticle) AND (resin OR 
restorative dentistry) AND (mechanical 
properties/mechanical OR flexural strength/ flexural 
OR compressive strength/compressive OR 
antimicrobial activity)”. Consequently, the search 
techniques used were dependent upon the specific 
needs of the databases used in the study.

At first, two independent reviewers reviewed the 
titles and abstracts of the identified studies and 
discarded the irrelevant literature. Full-text articles of 
eligible studies were taken and evaluated with the 
help of established eligibility criteria. Disagreements 
were resolved through collegial discussion or 
consultation with another researcher. The process of 
study selection is presented in the form of a PRISMA 
flow diagram where different steps of identification, 
screening, eligibility, and inclusion of studies were 
outlined together with the number of records 
involved in each process and possible reasons for 
exclusion.

Primary outcomes involved mechanical properties 
and antimicrobial efficacy, while secondary 
outcomes included biocompatibility, long-term 
performance, and agglomeration of nanoparticles 
under normal oral conditions. Variables were 
systematically extracted which involved, study 
details, study design, nanoparticle type, key 
outcomes, and limitations. All results that aligned 
with predefined outcomes were taken missing data 
such as unreported statistics were not imputed and 
unclear methodologies were documented as 
limitations.

Data extraction faced challenges due to 
incomplete or missing outcomes, such as 
mechanical properties and antimicrobial activity, 
with some studies lacking standard deviations or 
confidence intervals. Mechanical properties were 

standardized to MPa using conversion factors (1 psi 
= 0.006895 MPa, 1 N/mm² = 1 MPa). Antimicrobial 
activity was reported as log reduction in CFU, with 
separate reporting for different testing methods and 
bacterial strains. Reviewers ensured consistency and 
transparency by verifying all conversions and 
addressing discrepancies in the data.

The risk of bias for each study was assessed using the 
Cochrane Risk of Bias Tool by two independent 
reviewers. Studies were categorized as high, 
moderate, and low risk based on conditions like 
justification and blinding of sample size. Effect 
measures such as mean differences were 
calculated for mechanical properties and log 
reduction in colony-forming units (CFU) for 
antimicrobial outcomes. Studies with insufficient 
quantitative data or irrelevant outcomes were 
excluded post-full-text screening.

Data preparation involved standardizing 
non-uniform metrics and marking studies with 
incomplete data. Results were synthesized 
narratively due to heterogeneity in study designs 
with highlighted trends. Subgroup analyses 
evaluated the type of nanoparticle and the 
complexity of biofilm. Sensitivity analyses were not 
performed due to limitations in study counts and 
publication bias. The certainty of evidence was 
graded informally using the GRADE framework. The 
refinements ensured transparency of results.

RESULTS
A database search identified 93 records, of which 6 
duplicates were removed and 87 unique records 
were further passed down. Titles and abstracts were 
screened for eligibility, and 43 full text articles 
remained for further screening. Twelve of these 
studies met the criteria for inclusion in the qualitative 
synthesis. Reasons for exclusion of the remaining 31 
full-text articles included: insufficient data (50%), 
irrelevant outcomes (32%), and non-eligible study 
designs (18%). The selection process was 
summarized in a PRISMA flow diagram in Figure 1.
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DISCUSSION
The results revealed that maternal distress, 
childhood trauma, and environmental stimuli all had 
a substantial impact on HPA axis regulation, which 
ultimately disrupted the development of the fetus as 
well as long-term child health. Maternal cortisol 
elevation consistently produced elevated infant 
stress responses, which indicated towards the 
hypothesis that because of this fetal development 
might be programmed to exhibit increased HPA axis 
activity postnatally. These findings aligned with 
previous research that had consistently shown that 
pregnant mothers' stress levels could have lasting 
neuroendocrine changes within their children 23,24.
One of the key findings of this study demonstrated 
that stressed pregnant women commonly exhibit 
two distinct cortisol pattern changes: elevated 
cortisol awakening response (CAR) and a 
diminished day-to-day cortisol slope 25. Such cortisol 
patterns were previously linked to mental health 
declines, which subsequently worsen pregnancy 
complications. Moreover, the placental expression 
of 11β-HSD2 was seen to be decreased in some 
research studies, thus indicating that maternal stress 
and usage of harmful substances (e.g., alcohol) 
prenatally could harm the placental cortisol 
regulation system 26. This finding showed that 
glucocorticoids control both stress response 
development and metabolic programming of fetal 
organs 27.

Interventional studies demonstrated that certain 
interventional methods could help lower maternal 
stress symptoms and normalize HPA axis function 28. 
Mindfulness training was found to reduce stress and 
cortisol levels, whereas behavioral approaches 
were shown to regulate body stress reactivity 29. 
When pregnant women were exposed to cognitive 
behavioural therapy (CBT) in conjunction with 
pharmacological treatment for perinatal 
depression, their HPA axis dysfunction symptoms 
improved significantly 30.
 
Despite these findings, significant variations in 
studies were seen throughout the research, which 
posed significant challenges. Standardised methods 
in future research would be required to improve 
study comparability and create stronger research 
findings 31,32. Observational studies faced challenges 
in establishing cause-effect correlations between 
maternal stress and HPA axis alterations, even 
though many studies found substantial links 33. 
Additional prospective studies, together with strict 
control procedures for confounding variables, were 
needed to establish causal links between maternal 
stress and HPA axis changes 34.

The role of maternal childhood trauma was another 
important aspect that contributed to shaping HPA 
axis activity 35. Maternal psychopathology acted as 
a mediator, which demonstrated why maternal 
mental health conditions were essential for 

transmitting stress-related consequences to 
offspring 36. The findings suggested that there was a 
need for an early psychological assessment along 
with necessary intervention strategies for pregnant 
people who faced trauma to minimize potential 
unfavorable pregnancy experiences 37.

Studies with animal subjects delivered fundamental 
information about how maternal metabolic 
conditions impact HPA axis regulation 38. Prediabetic 
pregnant rats showed that maternal blood sugar 
dysregulation negatively affected fetal HPA axis 
development, leading to increased metabolic 
disorder risk in offspring 39. While animal models 
offered valuable biological insights, human studies 
beyond animal model research were required to 
validate the impacts found using animal models 
because animals could not accurately mimic 
human pregnancy 40. 

To get a better knowledge of maternal-fetal 
HPA-axis interaction, future research should aim for 
standardized cortisol measurement techniques and 
should consider the integration of epigenetic and 
genetic analyses.

CONCLUSION
The analysis demonstrated that stress in pregnant 
women, alongside HPA axis dysfunction, played a 
crucial role in influencing pregnancy results together 
with fetal developmental outcomes. The research 
confirmed that high cortisol levels in pregnant 
mothers caused embryonic programming errors, 
resulting in increased stress reactivity during infancy 
as well as possible long-term medical 
consequences. Standardised research procedures 
were required because the heterogeneity across 
studies highlighted the need for standardised 
methodologies to demonstrate the promise of 
behavioral and pharmacological interventions for 
HPA axis dysfunction mitigation. Additional studies 
should focus on stress evaluation refinement while 
also investigating genetic and epigenetic 
mechanisms to enhance health outcomes for 
mothers and their fetuses.

LIST OF ABBREVIATIONS
HPA – Hypothalamic-Pituitary-Adrenal
CAR – Cortisol Awakening Response
DCS – Diurnal Cortisol Slope
HSD11B2 – 11β-Hydroxysteroid Dehydrogenase Type 
2
HSD11 B1 – 11β-Hydroxysteroid Dehydrogenase Type 
1
PS – Prenatal Stress
CBT – Cognitive Behavioural Therapy
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INTRODUCTION
The shift of paradigm in the use of nanocomposite 
resins has brought about significant change in the 
field of restorative dentistry1. These materials were 
designed specifically to address problems like 
mechanical failure, biofilm formation by 
microorganisms, and secondary caries, which 
hinder the longevity and performance of dental 
restorations2. The nanocomposite resins 
incorporated with nanoscale materials, including 
silver nanoparticles (AgNPs), zinc oxide (ZnO), silica 
nanoparticles, and halloysite nanotubes (HNTs), 
improved durability and antimicrobial properties3. 
The idea behind integrating these nanoparticles 
was to develop multifunctional resins that could 
withstand functional stresses, without increasing the 
risk of bacterial colonization and biofilm 
development4.

The research found that nanocomposite resins had 
the potential to excel over traditional materials. 
Nanoparticles were added to the resin and 
improved its physical and chemical properties such 
as enhanced flexural and compressive strength, 
better resistance to wear, and sustained 
antimicrobial activity5. For example, silver 
nanoparticles were demonstrated to damage 
microbial cell walls and block bacterial replication, 
whereas zinc oxide nanoparticles released reactive 
oxygen species, hence providing long-lasting 
antibacterial effects6. In the same way, silica 
nanoparticles were modified to deliver 
chlorhexidine with both mechanical improvement 
and controlled antimicrobial release7.

Even with these advancements, there were still 
many challenges that came along. At higher 
concentrations, nanoparticles agglomerated and 
compromised the mechanical properties of the 
resin8. Moreover, the performance of the 
nanoparticles in oral environmental conditions was 
influenced by variability in salivary interactions and 
thermal fluctuations9. In addition, most studies 

explored single-species-based biofilm models that 
did not completely replicate the complexity of an 
oral microbiome10.

This review sought a detailed analysis of 
nanocomposite resins, particularly their mechanical 
characteristics and their antimicrobial efficacy. The 
review synthesised experimental and in vitro findings 
to evaluate the strengths and weaknesses of these 
materials, as well as to identify areas of current lack 
of understanding. In addition, the future aspects 
and clinical relevance within this research domain 
were also discussed, providing insights into the role 
of innovations in redefining the standards of 
restorative dentistry. 

METHODS
This systematic review was conducted based on the 
PRISMA guidelines 2020. This study only took those 
studies that focused on the mechanical 
performance and the antibacterial effectiveness of 
nanocomposite resins which were used in 
restorative dentistry. For inclusion in the current 
review, the following criteria were established: (1) 
the use of nanoscale materials (such as silver 
nanoparticles, ZnO, SiO2 nanoparticles, halloysite 
nanotubes) in dental composites, (2) reporting of 
mechanical properties (flexural characteristic, 
compressive characteristic) or antimicrobial 
properties, (3) only in vitro, in vivo, or clinical study 
types, and (4) published in a peer-reviewed journal. 
The exclusion criteria included reviews and 
commentaries, conference proceeding papers, 
and papers having inadequate quantitative 
information.

A search was conducted in electronic databases 
such as PubMed, SCOPUS, Web of Science, and 
Cochrane from the year 2016 to 2024. Other sources 
like grey literature, references mentioned in the 
studies included in the review, and items drawn from 
other systematic reviews were searched manually to 
identify potential articles. No language filters were 

used in the search processes.

The search strategy was designed by consulting with 
an experienced librarian. The keywords and 
Medical Subject Headings (MeSH) terms used for the 
selection of studies included: nanocomposite resins, 
nanotechnology, mechanical properties, and 
antimicrobial activity. An example search string 
used for PubMed is as follows: “(nanocomposite OR 
nanotechnology OR nanoparticle) AND (resin OR 
restorative dentistry) AND (mechanical 
properties/mechanical OR flexural strength/ flexural 
OR compressive strength/compressive OR 
antimicrobial activity)”. Consequently, the search 
techniques used were dependent upon the specific 
needs of the databases used in the study.

At first, two independent reviewers reviewed the 
titles and abstracts of the identified studies and 
discarded the irrelevant literature. Full-text articles of 
eligible studies were taken and evaluated with the 
help of established eligibility criteria. Disagreements 
were resolved through collegial discussion or 
consultation with another researcher. The process of 
study selection is presented in the form of a PRISMA 
flow diagram where different steps of identification, 
screening, eligibility, and inclusion of studies were 
outlined together with the number of records 
involved in each process and possible reasons for 
exclusion.

Primary outcomes involved mechanical properties 
and antimicrobial efficacy, while secondary 
outcomes included biocompatibility, long-term 
performance, and agglomeration of nanoparticles 
under normal oral conditions. Variables were 
systematically extracted which involved, study 
details, study design, nanoparticle type, key 
outcomes, and limitations. All results that aligned 
with predefined outcomes were taken missing data 
such as unreported statistics were not imputed and 
unclear methodologies were documented as 
limitations.

Data extraction faced challenges due to 
incomplete or missing outcomes, such as 
mechanical properties and antimicrobial activity, 
with some studies lacking standard deviations or 
confidence intervals. Mechanical properties were 

standardized to MPa using conversion factors (1 psi 
= 0.006895 MPa, 1 N/mm² = 1 MPa). Antimicrobial 
activity was reported as log reduction in CFU, with 
separate reporting for different testing methods and 
bacterial strains. Reviewers ensured consistency and 
transparency by verifying all conversions and 
addressing discrepancies in the data.

The risk of bias for each study was assessed using the 
Cochrane Risk of Bias Tool by two independent 
reviewers. Studies were categorized as high, 
moderate, and low risk based on conditions like 
justification and blinding of sample size. Effect 
measures such as mean differences were 
calculated for mechanical properties and log 
reduction in colony-forming units (CFU) for 
antimicrobial outcomes. Studies with insufficient 
quantitative data or irrelevant outcomes were 
excluded post-full-text screening.

Data preparation involved standardizing 
non-uniform metrics and marking studies with 
incomplete data. Results were synthesized 
narratively due to heterogeneity in study designs 
with highlighted trends. Subgroup analyses 
evaluated the type of nanoparticle and the 
complexity of biofilm. Sensitivity analyses were not 
performed due to limitations in study counts and 
publication bias. The certainty of evidence was 
graded informally using the GRADE framework.  The 
refinements ensured transparency of results.

RESULTS
A database search identified 93 records, of which 6 
duplicates were removed and 87 unique records 
were further passed down. Titles and abstracts were 
screened for eligibility, and 43 full text articles 
remained for further screening. Twelve of these 
studies met the criteria for inclusion in the qualitative 
synthesis. Reasons for exclusion of the remaining 31 
full-text articles included: insufficient data (50%), 
irrelevant outcomes (32%), and non-eligible study 
designs (18%). The selection process was 
summarized in a PRISMA flow diagram in Figure 1.
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DISCUSSION
The results revealed that maternal distress, 
childhood trauma, and environmental stimuli all had 
a substantial impact on HPA axis regulation, which 
ultimately disrupted the development of the fetus as 
well as long-term child health. Maternal cortisol 
elevation consistently produced elevated infant 
stress responses, which indicated towards the 
hypothesis that because of this fetal development 
might be programmed to exhibit increased HPA axis 
activity postnatally. These findings aligned with 
previous research that had consistently shown that 
pregnant mothers' stress levels could have lasting 
neuroendocrine changes within their children 23,24.
One of the key findings of this study demonstrated 
that stressed pregnant women commonly exhibit 
two distinct cortisol pattern changes: elevated 
cortisol awakening response (CAR) and a 
diminished day-to-day cortisol slope 25. Such cortisol 
patterns were previously linked to mental health 
declines, which subsequently worsen pregnancy 
complications. Moreover, the placental expression 
of 11β-HSD2 was seen to be decreased in some 
research studies, thus indicating that maternal stress 
and usage of harmful substances (e.g., alcohol) 
prenatally could harm the placental cortisol 
regulation system 26. This finding showed that 
glucocorticoids control both stress response 
development and metabolic programming of fetal 
organs 27.

Interventional studies demonstrated that certain 
interventional methods could help lower maternal 
stress symptoms and normalize HPA axis function 28. 
Mindfulness training was found to reduce stress and 
cortisol levels, whereas behavioral approaches 
were shown to regulate body stress reactivity 29. 
When pregnant women were exposed to cognitive 
behavioural therapy (CBT) in conjunction with 
pharmacological treatment for perinatal 
depression, their HPA axis dysfunction symptoms 
improved significantly 30.
 
Despite these findings, significant variations in 
studies were seen throughout the research, which 
posed significant challenges. Standardised methods 
in future research would be required to improve 
study comparability and create stronger research 
findings 31,32. Observational studies faced challenges 
in establishing cause-effect correlations between 
maternal stress and HPA axis alterations, even 
though many studies found substantial links 33. 
Additional prospective studies, together with strict 
control procedures for confounding variables, were 
needed to establish causal links between maternal 
stress and HPA axis changes 34.

The role of maternal childhood trauma was another 
important aspect that contributed to shaping HPA 
axis activity 35. Maternal psychopathology acted as 
a mediator, which demonstrated why maternal 
mental health conditions were essential for 

transmitting stress-related consequences to 
offspring 36. The findings suggested that there was a 
need for an early psychological assessment along 
with necessary intervention strategies for pregnant 
people who faced trauma to minimize potential 
unfavorable pregnancy experiences 37.

Studies with animal subjects delivered fundamental 
information about how maternal metabolic 
conditions impact HPA axis regulation 38. Prediabetic 
pregnant rats showed that maternal blood sugar 
dysregulation negatively affected fetal HPA axis 
development, leading to increased metabolic 
disorder risk in offspring 39. While animal models 
offered valuable biological insights, human studies 
beyond animal model research were required to 
validate the impacts found using animal models 
because animals could not accurately mimic 
human pregnancy 40. 

To get a better knowledge of maternal-fetal 
HPA-axis interaction, future research should aim for 
standardized cortisol measurement techniques and 
should consider the integration of epigenetic and 
genetic analyses.

CONCLUSION
The analysis demonstrated that stress in pregnant 
women, alongside HPA axis dysfunction, played a 
crucial role in influencing pregnancy results together 
with fetal developmental outcomes. The research 
confirmed that high cortisol levels in pregnant 
mothers caused embryonic programming errors, 
resulting in increased stress reactivity during infancy 
as well as possible long-term medical 
consequences. Standardised research procedures 
were required because the heterogeneity across 
studies highlighted the need for standardised 
methodologies to demonstrate the promise of 
behavioral and pharmacological interventions for 
HPA axis dysfunction mitigation. Additional studies 
should focus on stress evaluation refinement while 
also investigating genetic and epigenetic 
mechanisms to enhance health outcomes for 
mothers and their fetuses.

LIST OF ABBREVIATIONS
HPA – Hypothalamic-Pituitary-Adrenal
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HSD11B2 – 11β-Hydroxysteroid Dehydrogenase Type 
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HSD11 B1 – 11β-Hydroxysteroid Dehydrogenase Type 
1
PS – Prenatal Stress
CBT – Cognitive Behavioural Therapy

ACKNOWLEDGMENT
None

CONFLICT OF INTEREST
None

AUTHORS' CONTRIBUTIONS
All participants participated equally as per ICMJE. 

REFERENCES
1. BRuce KE, Wouk K, Grewen KM, Pearson B, 
Meltzer-Brody S, Stuebe AM, et al. HPA axis 
dysregulation and postpartum depression and 
anxiety symptoms in breastfeeding vs bottle-feeding 
parents. Psychoneuroendocrinology. 2025 
Feb;172:107253. doi: 
10.1016/j.psyneuen.2024.107253.
2. Lautarescu A, Craig MC, Glover V. Prenatal stress: 
Effects on fetal and child brain development. Int 
Rev Neurobiol. 2020;150:17-40. doi: 
10.1016/bs.irn.2019.11.002.
3. Van den Bergh BRH, van den Heuvel MI, Lahti M, 
Braeken M, de Rooij SR, Entringer S, et al. Prenatal 
developmental origins of behavior and mental 
health: The influence of maternal stress in 
pregnancy. Neurosci Biobehav Rev. 2020 
Oct;117:26-64. doi: 10.1016/j.neubiorev.2017.07.003.
4. Ruffaner-Hanson C, Noor S, Sun MS, Solomon E, 
Marquez LE, Rodriguez DE, et al. The 
maternal-placental-fetal interface: Adaptations of 
the HPA axis and immune mediators following 
maternal stress and prenatal alcohol exposure. Exp 
Neurol. 2022 Sep;355:114121. Doi: 
10.1016/j.expneurol.2022.114121.
5. Nazzari S, Fearon P, Rice F, Dottori N, Ciceri F, 
Molteni M, et al. Beyond the HPA-axis: Exploring 
maternal prenatal influences on birth outcomes and 
stress reactivity. Psychoneuroendocrinology. 2019 
Mar;101:253-262. doi: 
10.1016/j.psyneuen.2018.11.018.
6. Lin C, Lei Q, Yu M, Lin Y, Lu H, Huang Y, et al. 
Maternal High-Fat Diet Multigenerationally Programs 
HPA Function and Behaviors in Male Rat Offspring. 
Endocrinology. 2023 Jun 6;164(7):bqad090. doi: 
10.1210/endocr/bqad090. 
7. Carbone JT, Hicks LM, Brown S, Saini EK, Dayton 
CJ. Adverse Childhood Experiences: Associations 
with a Blunted Cortisol Stress Response During 
Pregnancy. Matern Child Health J. 2023 
Aug;27(8):1293-1300. doi: 
10.1007/s10995-023-03651-2.
8. Galley JD, Mashburn-Warren L, Blalock LC, Lauber 
CL, Carroll JE, Ross KM, et al. Maternal anxiety, 
depression and stress affects offspring gut 
microbiome diversity and bifidobacterial 
abundances. Brain Behav Immun. 2023 
Jan;107:253-264. doi: 10.1016/j.bbi.2022.10.005. 
9. Tartour AI, Chivese T, Eltayeb S, Elamin FM, 
Fthenou E, Seed Ahmed M, et al. Prenatal 
psychological distress and 11β-HSD2 gene 
expression in human placentas: Systematic review 
and meta-analysis. Psychoneuroendocrinology. 
2024 Aug;166:107060. doi: 

10.1016/j.psyneuen.2024.107060.
10. Babbar S, Oyarzabal AJ, Oyarzabal EA. 
Meditation and Mindfulness in Pregnancy and 
Postpartum: A Review of the Evidence. Clin Obstet 
Gynecol. 2021 Sep 1;64(3):661-682. doi: 
10.1097/GRF.0000000000000640.
11. Clayborne ZM, Nilsen W, Torvik FA, Gustavson K, 
Bekkhus M, Gilman SE, et al. Positive maternal 
mental health attenuates the associations between 
prenatal stress and children's internalizing and 
externalizing symptoms. Eur Child Adolesc 
Psychiatry. 2023 Sep;32(9):1781-1794. doi: 
10.1007/s00787-022-01999-4.
12. Thomas-Argyriou JC, Letourneau N, Dewey D, 
Campbell TS, Giesbrecht GF; APrON Study Team. 
The role of HPA-axis function during pregnancy in 
the intergenerational transmission of maternal 
adverse childhood experiences to child behavior 
problems. Dev Psychopathol. 2021 
Feb;33(1):284-300. doi: 10.1017/S0954579419001767. 
13. Jahnke JR, Terán E, Murgueitio F, Cabrera H, 
Thompson AL. Maternal stress, placental 11
β-hydroxysteroid dehydrogenase type 2, and infant 
HPA axis development in humans: Psychosocial and 
physiological pathways. Placenta. 2021 Jan 
15;104:179-187. doi: 10.1016/j.placenta.2020.12.008.
14. Talwar D, Madaan S, Kumar S, Jaiswal A, Khanna 
S, Hulkoti V, et al. Post COVID 
hypothalamic-pituitary-adrenal axis dysfunction 
manifesting as perinatal depression: a case series. 
Med Sci. 2021 Jun;25(112):1402-6. doi: Not Available.
15. Mercugliano C, Hall JM, Conti LH. Prenatal stress 
and endo-crine disrupting chemical exposure: 
hypothalamic-pituitary-adrenal axis dysregulation 
as a mecha-nism for the health conse-quences of 
both. Medical Research Archives. 2023 Jun 
26;11(6):1-10. doi: 10.18103/mra.v11i6.3985.
16. Wang S, Zhang C, Sun M, Zhang D, Luo Y, Liang K, 
et al. Effectiveness of mindfulness training on 
pregnancy stress and the 
hypothalamic-pituitary-adrenal axis in women in 
China: A multicenter randomized controlled trial. 
Front Psychol. 2023 Mar 2;14:1073494. doi: 
10.3389/fpsyg.2023.1073494.
17. Loheide-Niesmann L, Beijers R, de Weerth C, 
Cima M. Maternal Childhood Trauma and Offspring 
Hypothalamic-Pituitary-Adrenal Axis Function from 
Infancy to 6 Years of Age. Dev Psychobiol. 2025 
Mar;67(2):e70029. doi: 10.1002/dev.70029. 
18. Bakhireva LN, Solomon E, Roberts MH, Ma X, Rai 
R, Wiesel A, et al. Independent and Combined 
Effects of Prenatal Alcohol Exposure and Prenatal 
Stress on Fetal HPA Axis Development. Int J Mol Sci. 
2024 Feb 26;25(5):2690. doi: 10.3390/ijms25052690. 
19. Ngema M, Xulu ND, Ngubane PS, Khathi A. 
Pregestational Prediabetes Induces Maternal 
Hypothalamic-Pituitary-Adrenal (HPA) Axis 
Dysregulation and Results in Adverse Foetal 
Outcomes. Int J Mol Sci. 2024 May 16;25(10):5431. 
doi: 10.3390/ijms25105431.

20. Irwin JL, Meyering AL, Peterson G, Glynn LM, 
Sandman CA, Hicks LM, et al. Maternal prenatal 
cortisol programs the infant 
hypothalamic-pituitary-adrenal axis. 
Psychoneuroendocrinology. 2021 Mar;125:105106. 
doi: 10.1016/j.psyneuen.2020.105106.
21. Ahlers NE, Weiss SJ. Exposure to particulate 
matter, prenatal depressive symptoms and HPA axis 
dysregulation. Heliyon. 2021 May 28;7(6):e07166. 
doi: 10.1016/j.heliyon.2021.e07166. 
22. Jahnke JR, Roach J, Azcarate-Peril MA, 
Thompson AL. Maternal precarity and HPA axis 
functioning shape infant gut microbiota and HPA 
axis development in humans. PLoS One. 2021 May 
20;16(5):e0251782. doi: 
10.1371/journal.pone.0251782.
23. Scorza P, Duarte CS, Hipwell AE, Posner J, Ortin A, 
Canino G, et al. Research Review: Intergenerational 
transmission of disadvantage: epigenetics and 
parents' childhoods as the first exposure. J Child 
Psychol Psychiatry. 2019 Feb;60(2):119-132. doi: 
10.1111/jcpp.12877.
24. Zoubovsky SP, Hoseus S, Tumukuntala S, Schulkin 
JO, Williams MT, Vorhees CV, et al. Chronic 
psychosocial stress during pregnancy affects 
maternal behavior and neuroendocrine function 
and modulates hypothalamic CRH and nuclear 
steroid receptor expression. Transl Psychiatry. 2020 
Jan 16;10(1):6. doi: 10.1038/s41398-020-0704-2.
25. Høgh S, Lange EØ, Høgsted ES, Larsen K, 
Hegaard HK, Borgsted C, et al. The cortisol 
awakening response is blunted in healthy women 
early postpartum. Psychoneuroendocrinology. 2024 
Jul;165:107048. doi: 10.1016/j.psyneuen.2024.107048.
26. Lam VYY, Raineki C, Wang LY, Chiu M, Lee G, Ellis 
L, et al. Role of corticosterone in anxiety- and 
depressive-like behavior and HPA regulation 
following prenatal alcohol exposure. Prog 
Neuropsychopharmacol Biol Psychiatry. 2019 Mar 
2;90:1-15. doi: 10.1016/j.pnpbp.2018.10.008.
27. Basak S, Varma S, Duttaroy AK. Modulation of 
fetoplacental growth, development and 
reproductive function by endocrine disrupters. Front 
Endocrinol (Lausanne). 2023 Oct 3;14:1215353. doi: 
10.3389/fendo.2023.1215353.
28. San Martín-González N, Moya-Higueras J, Eixarch 
E, Castro-Quintas Á, Marques-Feixa L, Crispi F, et al. 
Intergenerational effects of maternal childhood 
maltreatment on newborns' stress regulation: The 
role of maternal depressive symptoms. Child Abuse 
Negl. 2024 Sep;155:106968. doi: 
10.1016/j.chiabu.2024.106968. 
29. Lengua LJ, Thompson SF, Calhoun R, Long RB, 
Price C, Kantrowitz-Gordon I, et al. Preliminary 
Evaluation of the Effectiveness of Perinatal 
Mindfulness-Based Well-Being and Parenting 
Programs for Low-Income New Mothers. Mindfulness 
(N Y). 2023;14(4):933-952. doi: 
10.1007/s12671-023-02096-6.
30. Selman A, Dai J, Driskill J, Reddy AP, Reddy PH. 

Depression and obesity: Focus on factors and 
mechanistic links. Biochim Biophys Acta Mol Basis 
Dis. 2025 Jan;1871(1):167561. doi: 
10.1016/j.bbadis.2024.167561. 
31. Traylor CS, Johnson JD, Kimmel MC, Manuck TA. 
Effects of psychological stress on adverse 
pregnancy outcomes and nonpharmacologic 
approaches for reduction: an expert review. Am J 
Obstet Gynecol MFM. 2020 Nov;2(4):100229. doi: 
10.1016/j.ajogmf.2020.100229.
32. Possamai-Della T, Cararo JH, Aguiar-Geraldo JM, 
Peper-Nascimento J, Zugno AI, Fries GR, et al. 
Prenatal Stress Induces Long-Term Behavioral 
Sex-Dependent Changes in Rats Offspring: the Role 
of the HPA Axis and Epigenetics. Mol Neurobiol. 2023 
Sep;60(9):5013-5033. doi: 
10.1007/s12035-023-03348-1.
33. Voegtline KM, Dhaurali S, Wainger J, Lauzon S. 
Ontogeny of the Dyad: the Relationship Between 
Maternal and Offspring Neuroendocrine Function. 
Curr Psychiatry Rep. 2022 May;24(5):297-306. doi: 
10.1007/s11920-022-01337-0. 
34. McKenna BG, Hammen C, Brennan PA. HPA-axis 
multilocus genetic profile score moderates the 
association between maternal prenatal perceived 
stress and offspring depression in early adulthood. 
Dev Psychopathol. 2021 Feb;33(1):122-134. doi: 
10.1017/S0954579419001639. 
35. Wagner RE, Jonson-Reid M, Drake B, Kohl PL, 
Pons L, Zhang Y, et al. Parameterizing Toxic Stress in 
Early Childhood: Maternal Depression, 
Maltreatment, and HPA-Axis Variation in a Pilot 
Intervention Study. Prev Sci. 2022 May 23. doi: 

10.1007/s11121-022-01366-4. 
36. Yong Ping E, Laplante DP, Elgbeili G, Jones SL, 
Brunet A, King S. Disaster-related prenatal maternal 
stress predicts HPA reactivity and psychopathology 
in adolescent offspring: Project Ice Storm. 
Psychoneuroendocrinology. 2020 Jul;117:104697. 
doi: 10.1016/j.psyneuen.2020.104697.
37. Horsch A, Garthus-Niegel S, Ayers S, Chandra P, 
Hartmann K, Vaisbuch E, et al. Childbirth-related 
posttraumatic stress disorder: definition, risk factors, 
pathophysiology, diagnosis, prevention, and 
treatment. Am J Obstet Gynecol. 2024 
Mar;230(3S):S1116-S1127. doi: 
10.1016/j.ajog.2023.09.089.
38.Liu MY, Wei LL, Zhu XH, Ding HC, Liu XH, Li H, et al. 
Prenatal stress modulates HPA axis homeostasis of 
offspring through dentate TERT independently of 
glucocorticoids receptor. Mol Psychiatry. 2023 
Mar;28(3):1383-1395. doi: 
10.1038/s41380-022-01898-9.
39. Ye W, Luo C, Huang J, Li C, Liu Z, Liu F. Gestational 
diabetes mellitus and adverse pregnancy 
outcomes: systematic review and meta-analysis. 
BMJ. 2022 May 25;377:e067946. doi: 
10.1136/bmj-2021-067946. 
40. Frasch MG, Lobmaier SM, Stampalija T, Desplats 
P, Pallarés ME, Pastor V, et al. Non-invasive 
biomarkers of fetal brain development reflecting 
prenatal stress: An integrative multi-scale 
multi-species perspective on data collection and 
analysis. Neurosci Biobehav Rev. 2020 
Oct;117:165-183. doi: 
10.1016/j.neubiorev.2018.05.026.       

DOI: https://doi.org/10.36283/ziun-pjmd 14-2/061

INTRODUCTION
The shift of paradigm in the use of nanocomposite 
resins has brought about significant change in the 
field of restorative dentistry1. These materials were 
designed specifically to address problems like 
mechanical failure, biofilm formation by 
microorganisms, and secondary caries, which 
hinder the longevity and performance of dental 
restorations2. The nanocomposite resins 
incorporated with nanoscale materials, including 
silver nanoparticles (AgNPs), zinc oxide (ZnO), silica 
nanoparticles, and halloysite nanotubes (HNTs), 
improved durability and antimicrobial properties3. 
The idea behind integrating these nanoparticles 
was to develop multifunctional resins that could 
withstand functional stresses, without increasing the 
risk of bacterial colonization and biofilm 
development4.

The research found that nanocomposite resins had 
the potential to excel over traditional materials. 
Nanoparticles were added to the resin and 
improved its physical and chemical properties such 
as enhanced flexural and compressive strength, 
better resistance to wear, and sustained 
antimicrobial activity5. For example, silver 
nanoparticles were demonstrated to damage 
microbial cell walls and block bacterial replication, 
whereas zinc oxide nanoparticles released reactive 
oxygen species, hence providing long-lasting 
antibacterial effects6. In the same way, silica 
nanoparticles were modified to deliver 
chlorhexidine with both mechanical improvement 
and controlled antimicrobial release7.

Even with these advancements, there were still 
many challenges that came along. At higher 
concentrations, nanoparticles agglomerated and 
compromised the mechanical properties of the 
resin8. Moreover, the performance of the 
nanoparticles in oral environmental conditions was 
influenced by variability in salivary interactions and 
thermal fluctuations9. In addition, most studies 

explored single-species-based biofilm models that 
did not completely replicate the complexity of an 
oral microbiome10.

This review sought a detailed analysis of 
nanocomposite resins, particularly their mechanical 
characteristics and their antimicrobial efficacy. The 
review synthesised experimental and in vitro findings 
to evaluate the strengths and weaknesses of these 
materials, as well as to identify areas of current lack 
of understanding. In addition, the future aspects 
and clinical relevance within this research domain 
were also discussed, providing insights into the role 
of innovations in redefining the standards of 
restorative dentistry. 

METHODS
This systematic review was conducted based on the 
PRISMA guidelines 2020. This study only took those 
studies that focused on the mechanical 
performance and the antibacterial effectiveness of 
nanocomposite resins which were used in 
restorative dentistry. For inclusion in the current 
review, the following criteria were established: (1) 
the use of nanoscale materials (such as silver 
nanoparticles, ZnO, SiO2 nanoparticles, halloysite 
nanotubes) in dental composites, (2) reporting of 
mechanical properties (flexural characteristic, 
compressive characteristic) or antimicrobial 
properties, (3) only in vitro, in vivo, or clinical study 
types, and (4) published in a peer-reviewed journal. 
The exclusion criteria included reviews and 
commentaries, conference proceeding papers, 
and papers having inadequate quantitative 
information.

A search was conducted in electronic databases 
such as PubMed, SCOPUS, Web of Science, and 
Cochrane from the year 2016 to 2024. Other sources 
like grey literature, references mentioned in the 
studies included in the review, and items drawn from 
other systematic reviews were searched manually to 
identify potential articles. No language filters were 

used in the search processes.

The search strategy was designed by consulting with 
an experienced librarian. The keywords and 
Medical Subject Headings (MeSH) terms used for the 
selection of studies included: nanocomposite resins, 
nanotechnology, mechanical properties, and 
antimicrobial activity. An example search string 
used for PubMed is as follows: “(nanocomposite OR 
nanotechnology OR nanoparticle) AND (resin OR 
restorative dentistry) AND (mechanical 
properties/mechanical OR flexural strength/ flexural 
OR compressive strength/compressive OR 
antimicrobial activity)”. Consequently, the search 
techniques used were dependent upon the specific 
needs of the databases used in the study.

At first, two independent reviewers reviewed the 
titles and abstracts of the identified studies and 
discarded the irrelevant literature. Full-text articles of 
eligible studies were taken and evaluated with the 
help of established eligibility criteria. Disagreements 
were resolved through collegial discussion or 
consultation with another researcher. The process of 
study selection is presented in the form of a PRISMA 
flow diagram where different steps of identification, 
screening, eligibility, and inclusion of studies were 
outlined together with the number of records 
involved in each process and possible reasons for 
exclusion.

Primary outcomes involved mechanical properties 
and antimicrobial efficacy, while secondary 
outcomes included biocompatibility, long-term 
performance, and agglomeration of nanoparticles 
under normal oral conditions. Variables were 
systematically extracted which involved, study 
details, study design, nanoparticle type, key 
outcomes, and limitations. All results that aligned 
with predefined outcomes were taken missing data 
such as unreported statistics were not imputed and 
unclear methodologies were documented as 
limitations.

Data extraction faced challenges due to 
incomplete or missing outcomes, such as 
mechanical properties and antimicrobial activity, 
with some studies lacking standard deviations or 
confidence intervals. Mechanical properties were 

standardized to MPa using conversion factors (1 psi 
= 0.006895 MPa, 1 N/mm² = 1 MPa). Antimicrobial 
activity was reported as log reduction in CFU, with 
separate reporting for different testing methods and 
bacterial strains. Reviewers ensured consistency and 
transparency by verifying all conversions and 
addressing discrepancies in the data.

The risk of bias for each study was assessed using the 
Cochrane Risk of Bias Tool by two independent 
reviewers. Studies were categorized as high, 
moderate, and low risk based on conditions like 
justification and blinding of sample size. Effect 
measures such as mean differences were 
calculated for mechanical properties and log 
reduction in colony-forming units (CFU) for 
antimicrobial outcomes. Studies with insufficient 
quantitative data or irrelevant outcomes were 
excluded post-full-text screening.

Data preparation involved standardizing 
non-uniform metrics and marking studies with 
incomplete data. Results were synthesized 
narratively due to heterogeneity in study designs 
with highlighted trends. Subgroup analyses 
evaluated the type of nanoparticle and the 
complexity of biofilm. Sensitivity analyses were not 
performed due to limitations in study counts and 
publication bias. The certainty of evidence was 
graded informally using the GRADE framework.  The 
refinements ensured transparency of results.

RESULTS
A database search identified 93 records, of which 6 
duplicates were removed and 87 unique records 
were further passed down. Titles and abstracts were 
screened for eligibility, and 43 full text articles 
remained for further screening. Twelve of these 
studies met the criteria for inclusion in the qualitative 
synthesis. Reasons for exclusion of the remaining 31 
full-text articles included: insufficient data (50%), 
irrelevant outcomes (32%), and non-eligible study 
designs (18%). The selection process was 
summarized in a PRISMA flow diagram in Figure 1.
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DISCUSSION
The results revealed that maternal distress, 
childhood trauma, and environmental stimuli all had 
a substantial impact on HPA axis regulation, which 
ultimately disrupted the development of the fetus as 
well as long-term child health. Maternal cortisol 
elevation consistently produced elevated infant 
stress responses, which indicated towards the 
hypothesis that because of this fetal development 
might be programmed to exhibit increased HPA axis 
activity postnatally. These findings aligned with 
previous research that had consistently shown that 
pregnant mothers' stress levels could have lasting 
neuroendocrine changes within their children 23,24.
One of the key findings of this study demonstrated 
that stressed pregnant women commonly exhibit 
two distinct cortisol pattern changes: elevated 
cortisol awakening response (CAR) and a 
diminished day-to-day cortisol slope 25. Such cortisol 
patterns were previously linked to mental health 
declines, which subsequently worsen pregnancy 
complications. Moreover, the placental expression 
of 11β-HSD2 was seen to be decreased in some 
research studies, thus indicating that maternal stress 
and usage of harmful substances (e.g., alcohol) 
prenatally could harm the placental cortisol 
regulation system 26. This finding showed that 
glucocorticoids control both stress response 
development and metabolic programming of fetal 
organs 27.

Interventional studies demonstrated that certain 
interventional methods could help lower maternal 
stress symptoms and normalize HPA axis function 28. 
Mindfulness training was found to reduce stress and 
cortisol levels, whereas behavioral approaches 
were shown to regulate body stress reactivity 29. 
When pregnant women were exposed to cognitive 
behavioural therapy (CBT) in conjunction with 
pharmacological treatment for perinatal 
depression, their HPA axis dysfunction symptoms 
improved significantly 30.
 
Despite these findings, significant variations in 
studies were seen throughout the research, which 
posed significant challenges. Standardised methods 
in future research would be required to improve 
study comparability and create stronger research 
findings 31,32. Observational studies faced challenges 
in establishing cause-effect correlations between 
maternal stress and HPA axis alterations, even 
though many studies found substantial links 33. 
Additional prospective studies, together with strict 
control procedures for confounding variables, were 
needed to establish causal links between maternal 
stress and HPA axis changes 34.

The role of maternal childhood trauma was another 
important aspect that contributed to shaping HPA 
axis activity 35. Maternal psychopathology acted as 
a mediator, which demonstrated why maternal 
mental health conditions were essential for 

transmitting stress-related consequences to 
offspring 36. The findings suggested that there was a 
need for an early psychological assessment along 
with necessary intervention strategies for pregnant 
people who faced trauma to minimize potential 
unfavorable pregnancy experiences 37.

Studies with animal subjects delivered fundamental 
information about how maternal metabolic 
conditions impact HPA axis regulation 38. Prediabetic 
pregnant rats showed that maternal blood sugar 
dysregulation negatively affected fetal HPA axis 
development, leading to increased metabolic 
disorder risk in offspring 39. While animal models 
offered valuable biological insights, human studies 
beyond animal model research were required to 
validate the impacts found using animal models 
because animals could not accurately mimic 
human pregnancy 40. 

To get a better knowledge of maternal-fetal 
HPA-axis interaction, future research should aim for 
standardized cortisol measurement techniques and 
should consider the integration of epigenetic and 
genetic analyses.

CONCLUSION
The analysis demonstrated that stress in pregnant 
women, alongside HPA axis dysfunction, played a 
crucial role in influencing pregnancy results together 
with fetal developmental outcomes. The research 
confirmed that high cortisol levels in pregnant 
mothers caused embryonic programming errors, 
resulting in increased stress reactivity during infancy 
as well as possible long-term medical 
consequences. Standardised research procedures 
were required because the heterogeneity across 
studies highlighted the need for standardised 
methodologies to demonstrate the promise of 
behavioral and pharmacological interventions for 
HPA axis dysfunction mitigation. Additional studies 
should focus on stress evaluation refinement while 
also investigating genetic and epigenetic 
mechanisms to enhance health outcomes for 
mothers and their fetuses.

LIST OF ABBREVIATIONS
HPA – Hypothalamic-Pituitary-Adrenal
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HSD11 B1 – 11β-Hydroxysteroid Dehydrogenase Type 
1
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INTRODUCTION
The shift of paradigm in the use of nanocomposite 
resins has brought about significant change in the 
field of restorative dentistry1. These materials were 
designed specifically to address problems like 
mechanical failure, biofilm formation by 
microorganisms, and secondary caries, which 
hinder the longevity and performance of dental 
restorations2. The nanocomposite resins 
incorporated with nanoscale materials, including 
silver nanoparticles (AgNPs), zinc oxide (ZnO), silica 
nanoparticles, and halloysite nanotubes (HNTs), 
improved durability and antimicrobial properties3. 
The idea behind integrating these nanoparticles 
was to develop multifunctional resins that could 
withstand functional stresses, without increasing the 
risk of bacterial colonization and biofilm 
development4.

The research found that nanocomposite resins had 
the potential to excel over traditional materials. 
Nanoparticles were added to the resin and 
improved its physical and chemical properties such 
as enhanced flexural and compressive strength, 
better resistance to wear, and sustained 
antimicrobial activity5. For example, silver 
nanoparticles were demonstrated to damage 
microbial cell walls and block bacterial replication, 
whereas zinc oxide nanoparticles released reactive 
oxygen species, hence providing long-lasting 
antibacterial effects6. In the same way, silica 
nanoparticles were modified to deliver 
chlorhexidine with both mechanical improvement 
and controlled antimicrobial release7.

Even with these advancements, there were still 
many challenges that came along. At higher 
concentrations, nanoparticles agglomerated and 
compromised the mechanical properties of the 
resin8. Moreover, the performance of the 
nanoparticles in oral environmental conditions was 
influenced by variability in salivary interactions and 
thermal fluctuations9. In addition, most studies 

explored single-species-based biofilm models that 
did not completely replicate the complexity of an 
oral microbiome10.

This review sought a detailed analysis of 
nanocomposite resins, particularly their mechanical 
characteristics and their antimicrobial efficacy. The 
review synthesised experimental and in vitro findings 
to evaluate the strengths and weaknesses of these 
materials, as well as to identify areas of current lack 
of understanding. In addition, the future aspects 
and clinical relevance within this research domain 
were also discussed, providing insights into the role 
of innovations in redefining the standards of 
restorative dentistry. 

METHODS
This systematic review was conducted based on the 
PRISMA guidelines 2020. This study only took those 
studies that focused on the mechanical 
performance and the antibacterial effectiveness of 
nanocomposite resins which were used in 
restorative dentistry. For inclusion in the current 
review, the following criteria were established: (1) 
the use of nanoscale materials (such as silver 
nanoparticles, ZnO, SiO2 nanoparticles, halloysite 
nanotubes) in dental composites, (2) reporting of 
mechanical properties (flexural characteristic, 
compressive characteristic) or antimicrobial 
properties, (3) only in vitro, in vivo, or clinical study 
types, and (4) published in a peer-reviewed journal. 
The exclusion criteria included reviews and 
commentaries, conference proceeding papers, 
and papers having inadequate quantitative 
information.

A search was conducted in electronic databases 
such as PubMed, SCOPUS, Web of Science, and 
Cochrane from the year 2016 to 2024. Other sources 
like grey literature, references mentioned in the 
studies included in the review, and items drawn from 
other systematic reviews were searched manually to 
identify potential articles. No language filters were 

used in the search processes.

The search strategy was designed by consulting with 
an experienced librarian. The keywords and 
Medical Subject Headings (MeSH) terms used for the 
selection of studies included: nanocomposite resins, 
nanotechnology, mechanical properties, and 
antimicrobial activity. An example search string 
used for PubMed is as follows: “(nanocomposite OR 
nanotechnology OR nanoparticle) AND (resin OR 
restorative dentistry) AND (mechanical 
properties/mechanical OR flexural strength/ flexural 
OR compressive strength/compressive OR 
antimicrobial activity)”. Consequently, the search 
techniques used were dependent upon the specific 
needs of the databases used in the study.

At first, two independent reviewers reviewed the 
titles and abstracts of the identified studies and 
discarded the irrelevant literature. Full-text articles of 
eligible studies were taken and evaluated with the 
help of established eligibility criteria. Disagreements 
were resolved through collegial discussion or 
consultation with another researcher. The process of 
study selection is presented in the form of a PRISMA 
flow diagram where different steps of identification, 
screening, eligibility, and inclusion of studies were 
outlined together with the number of records 
involved in each process and possible reasons for 
exclusion.

Primary outcomes involved mechanical properties 
and antimicrobial efficacy, while secondary 
outcomes included biocompatibility, long-term 
performance, and agglomeration of nanoparticles 
under normal oral conditions. Variables were 
systematically extracted which involved, study 
details, study design, nanoparticle type, key 
outcomes, and limitations. All results that aligned 
with predefined outcomes were taken missing data 
such as unreported statistics were not imputed and 
unclear methodologies were documented as 
limitations.

Data extraction faced challenges due to 
incomplete or missing outcomes, such as 
mechanical properties and antimicrobial activity, 
with some studies lacking standard deviations or 
confidence intervals. Mechanical properties were 

standardized to MPa using conversion factors (1 psi 
= 0.006895 MPa, 1 N/mm² = 1 MPa). Antimicrobial 
activity was reported as log reduction in CFU, with 
separate reporting for different testing methods and 
bacterial strains. Reviewers ensured consistency and 
transparency by verifying all conversions and 
addressing discrepancies in the data.

The risk of bias for each study was assessed using the 
Cochrane Risk of Bias Tool by two independent 
reviewers. Studies were categorized as high, 
moderate, and low risk based on conditions like 
justification and blinding of sample size. Effect 
measures such as mean differences were 
calculated for mechanical properties and log 
reduction in colony-forming units (CFU) for 
antimicrobial outcomes. Studies with insufficient 
quantitative data or irrelevant outcomes were 
excluded post-full-text screening.

Data preparation involved standardizing 
non-uniform metrics and marking studies with 
incomplete data. Results were synthesized 
narratively due to heterogeneity in study designs 
with highlighted trends. Subgroup analyses 
evaluated the type of nanoparticle and the 
complexity of biofilm. Sensitivity analyses were not 
performed due to limitations in study counts and 
publication bias. The certainty of evidence was 
graded informally using the GRADE framework.  The 
refinements ensured transparency of results.

RESULTS
A database search identified 93 records, of which 6 
duplicates were removed and 87 unique records 
were further passed down. Titles and abstracts were 
screened for eligibility, and 43 full text articles 
remained for further screening. Twelve of these 
studies met the criteria for inclusion in the qualitative 
synthesis. Reasons for exclusion of the remaining 31 
full-text articles included: insufficient data (50%), 
irrelevant outcomes (32%), and non-eligible study 
designs (18%). The selection process was 
summarized in a PRISMA flow diagram in Figure 1.


