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Objective: To investigate the value of serum microRNA-181a (miR-181a), interleukin-6 (IL-6), and tumor necrosis factor-alpha
(TNF-a) in early prediction of neonatal sepsis and their correlation with long-term neurodevelopmental outcomes.

Methods: A retrospective analysis of 131 septic and 129 non-infected neonates from January 2023 to August 2024 assessed serum
miR-181a, TNF-a, and IL-6 levels, with neurodevelopmental outcomes evaluated at 12 months. Multivariate logistic regression was
employed to identify risk factors for sepsis and adverse neurodevelopmental outcomes. Receiver operating characteristic (ROC) curve
analysis was used to evaluate the predictive value of each indicator for sepsis and poor neurodevelopmental outcomes.

Results: The septic group had lower miR-181a and higher IL-6 and TNF-a levels (P < 0.0001), with an AUC of 0.860 for sepsis
diagnosis. Among septic neonates, 31.30% had neurodevelopmental abnormalities, linked to lower miR-181a and higher IL-6 and
TNF-a levels (P < 0.01), with an AUC of 0.850 for predicting these abnormalities. Multivariable logistic regression identified miR-
181a as a protective factor for neonatal sepsis, while IL-6, TNF-a, and NLR were independent risk factors. For long-term adverse
neurodevelopmental outcomes, miR-181a and gestational age served as protective factors, whereas IL-6, TNF-0, and prenatal
inflammation were independent risk factors.

Conclusion: Serum miR-181a, IL-6, and TNF-a are sensitive indicators for the early prediction of neonatal sepsis. Low expression of
miR-181a and high expression of IL-6 and TNF-a are closely associated with adverse neurodevelopmental outcomes. Combined
detection of these three markers holds significant clinical value for prognostic assessment, facilitating early identification of high-risk
infants and enabling timely intervention.
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Introduction

Neonatal sepsis (NS) remains one of the leading causes of mortality and long-term neurological sequelae during the
neonatal period. Its global incidence remains persistently high, and surviving infants often face severe neurodevelop-
mental impairments such as cognitive deficits and motor delays, imposing a substantial burden on families and society.'~
Blood culture remains the gold standard for diagnosis. Clinicians also widely use markers like C-reactive protein (CRP)
and procalcitonin (PCT). However, these indicators have significant limitations in early diagnostic sensitivity, specificity,
and the ability to predict neurological outcomes.™*

Recent studies have shown that the systemic inflammatory response triggered by sepsis is a core mechanism of brain
injury. Cytokines like interleukin-6 (IL-6) and tumor necrosis factor-alpha (TNF-a) can damage the blood-brain barrier.
They also trigger neuronal cell death. Consequently, these factors are linked to poor neurodevelopmental results.’
Nevertheless, individual inflammatory responses vary significantly, and the predictive power of a single indicator is
limited, making precise risk stratification challenging.
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With advances in molecular mechanism research, microRNAs (miRNAs), as key regulators of gene expression, are
increasingly recognized for their role in the pathogenesis of sepsis.® Among them, microRNA-181a (miR-181a) has been
shown to participate in the regulation of innate immunity and inflammatory responses.” It may influence the release of
inflammatory factors such as IL-6 and TNF-a by modulating signaling pathways like NF-«kB, theoretically forming an
inflammatory cascade from upstream regulation to downstream effects.®? However, its overall value in neonatal sepsis
remains unclear.

Against this background, this study was initiated in January 2023. It aims to evaluate the diagnostic and prognostic
value of serum miR-181a, IL-6, and TNF-o—both individually and in combination—for early disease detection and
long-term neurodevelopmental outcomes in neonates with sepsis. Furthermore, it seeks to explore their potential as
multidimensional biomarkers for clinical application, providing a new theoretical basis and strategic support for early
identification of high-risk infants and targeted neuroprotective interventions.

Materials and Methods
Study Subjects

A total of 131 neonates with sepsis (gestational age >32 weeks) and 129 non-infected neonates admitted to the
Department of Neonatology, The Affiliated Taizhou People’s Hospital of Nanjing Medical University between
January 2023 and August 2024 were enrolled. The case group comprised 82 males and 49 females, while the control
group included 76 males and 53 females. Inclusion criteria were as follows: (1) Cases were diagnosed according to the
Expert consensus on the diagnosis and management of neonatal sepsis (version 2019);' (2) Controls were non-infected
neonates admitted during the same period, with no clinical signs of infection and confirmed non-infectious conditions
such as mild hyperbilirubinemia, hypoglycemia, or non-infectious diarrhea via blood culture. The selection of sympto-
matic non-infected neonates, rather than strictly healthy asymptomatic infants, was necessitated by ethical restrictions
regarding venipuncture in healthy newborns. While we acknowledge that conditions like hypoglycemia may induce
physiological stress, this control group represents the real-world clinical scenario where clinicians must distinguish sepsis
from other symptomatic non-infectious conditions; (3) Complete clinical data of both neonates and their mothers were
available. Exclusion criteria included neonates with severe congenital malformations, inherited metabolic diseases, grade
IIT or higher intracranial hemorrhage, severe perinatal asphyxia (1-minute Apgar score <3), congenital infections, or
those who received anti-infective therapy prior to enrollment. Approved by the Hospital Ethics Committee (Approval No.
KY-2023-169-01), this study was conducted in accordance with the Declaration of Helsinki, with written informed
consent obtained from all guardians. The study flowchart is presented in Figure 1.

Clinical Data

Clinical data were collected from electronic medical records, including neonatal parameters such as sex, gestational age,
delivery mode, birth weight, Apgar scores at 1 and 5 minutes, inflammatory markers like CRP and PCT, laboratory
results including WBC, PLT, NLR, LMR, and PLR, cerebrospinal fluid analysis, blood culture findings, and occurrences
of NRDS or intrauterine distress. Maternal data covered history of miscarriage, twin pregnancy, conception method such
as assisted reproductive technology, prenatal inflammation, placental and amniotic fluid status, threatened preterm labor,
and pregnancy complications including diabetes, hypertension, hypothyroidism, cervical insufficiency, and anemia.

Research Methods

Serum Sample Collection and Testing

Peripheral venous blood (2.5 mL) was collected within 24 hours of admission into enzyme-free EP tubes, centrifuged at
3000 rpm for 15 minutes at 4°C, and the supernatant was stored at —80°C for RNA extraction and detection of miR-181a
and TNF-o. Serum miR-181a levels were quantified using quantitative real-time PCR, with total RNA extracted using
TRIzol reagent, purity and concentration assessed via NanoDrop 2000, reverse transcription performed with a MicroRNA
Reverse Transcription Kit, and amplification carried out using the miRCURY LNA SYBR Green PCR Kit; U6 served as

—AACt

the internal reference, and relative expression was calculated by the 2 method, normalized to the mean Ct value of the
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Figure | Study Enrollment and Follow-up Flowchart for Neonates with Sepsis.

control group, using primer sequences for miR-181a forward 5’-ACACTCCAGCTGGGAACATTCAACGCTGTCG-3’ and
reverse  5’-CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGACTCACCG-3’, and for U6 forward 5'-
CTCGCTTCGGCAGCACA-3' and reverse 5-AACGCTTCACGAATTTGCGT-3'. TNF-o levels were measured via
enzyme-linked immunosorbent assay with a kit from Solarbio (Catalog Number: SEKH-0047), and IL-6 concentrations
were determined using an automated electrochemiluminescence analyzer.

Neurodevelopmental Assessment

Follow-ups were conducted for the case group after discharge, with neurodevelopment assessed at a corrected age of 12
months using the Gesell Developmental Diagnosis Scale,'’ administered independently by two trained developmental
pediatricians. The assessment covered five domains: adaptability, gross motor, fine motor, language, and personal-social
skills. Based on the results, neonates were categorized into normal neurodevelopment with a Developmental Quotient
(DQ) of 86 or higher and abnormal neurodevelopment with a DQ of 75 or lower.

Statistical Analysis

Data were analyzed using SPSS 27.0 software and R language (version 4.5.2). Continuous variables were assessed for
normality using the Shapiro—Wilk test. As most variables were non-normally distributed, data are presented as median
(interquartile range, IQR) and compared using the Mann—Whitney U-test. Categorical data were described as counts with
percentages and compared via y° or Fisher s exact test. Spearman correlation analysis was used for variable associations.
Firstly, based on univariate logistic regression analysis, potential predictors of the outcome event were screened out (P <
0.05). Further, for the selected variables, the Least Absolute Shrinkage and Selection Operator (LASSO) regression
model was used to select significant features (non-zero coefficients), and 10-fold cross-validation was used to determine
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the optimal parameter configuration. The lambda value corresponding to the minimum mean squared error (min) was
used to determine the coefficients, and variables with non-zero coefficients were selected. For the selected variables,
multivariate logistic regression identified risk factors for sepsis and neurodevelopmental abnormalities, and receiver
operating characteristic (ROC) curves evaluated predictive performance of indicators with area under the curve
calculated. The combined biomarker panel (miR-181a + IL-6 + TNF-a) was constructed using predicted probabilities
from a multivariate logistic regression model. The ROC curve for the combined panel was generated based on these
predicted probabilities, and the optimal cut-off value was determined using the Youden index. A two-sided P-value less
than 0.05 was considered statistically significant.

Results

Comparison of Clinical Data Between Case and Control Groups

This retrospective study enrolled a total of 260 infants, who were divided into two groups based on sepsis diagnostic
criteria: a case group (n=131) and a control group (n=129). As summarized in Table 1, no statistically significant differences
were observed between the case and control groups in terms of sex, gestational age, birth weight, or delivery mode (P >
0.05). However, significant differences were found in Apgar scores, CRP, PCT, WBC, NLR, LMR, and PLR (P < 0.05).
Among the case group, 7 patients were diagnosed with purulent meningitis, and 15 had positive blood culture results.

Comeparison of Serum miR-181a, IL-6, and TNF-a Levels Between Case and Control
Groups

To investigate their potential roles in the pathogenesis of neonatal sepsis, we first compared the serum levels of miR-181a and two
key inflammatory cytokines between the two groups. The relative expression of serum miR-181a was significantly lower in the
case group (0.71 = 0.31) than in the control group (1.19 = 0.50; P < 0.0001; Figure 2). Conversely, the case group exhibited
markedly elevated levels of both IL-6 (98.14 + 52.54 pg/mL vs. 52.81 + 35.73 pg/mL) and TNF-a (108.58 + 48.80 pg/mL vs.

Table | Comparison of Clinical Characteristics Between Case and Control Groups (M
(P25, P75), n[%])

Case Group (n=131) | Control Group (n=129) | xIz p

Sex 0.793 0.673

Male 82(62.60) 76(58.91)

Female 49(37.40) 53(41.09)
Gestational Age (w) 38(35, 39) 38(36, 39) —0.579 | 0.563
Birth Weight (g) 3185(2500, 3585) 3090(2825, 3410) —0.753 | 0.452
Delivery Mode 0.231 0.630

Vaginal Delivery 44 47

Cesarean Section 87 82
Apgar Score

|-minute 8(8,9) 9(9, 10) —5.067 | <0.001

5-minute 8(7,9) 9(8, 10) —5.342 | <0.001
CRP (mg/L) 4.70(1.04, 19.60) 0.98(0.33, 3.68) —6.438 | <0.001
PCT (ng/mL) 4.54(0.32, 21.03) 0.31(0.12, 2.36) —5.908 | <0.001
WBC (x10°/L) 15.25(11.32, 22.62) 11.82(9.70, 13.64) —5.396 | <0.001
NLR 3.89(1.96, 6.65) 1.24(0.73, 1.81) —9.048 | <0.001
LMR 2.83(1.78, 4.12) 3.32(2.49, 4.64) —2.691 | 0.007
PLR 84.29(57.16, 107.09) 70.50(51.74, 89.03) —3.375 | <0.001
Purulent Meningitis 7(5.3) - - -
Positive Blood Culture 15(11.5) - - -

Abbreviations: WBC, White Blood Cell (count); NLR, Neutrophil-to-Lymphocyte Ratio;

Monocyte Ratio; PLR, Platelet-to-Lymphocyte Ratio.

LMR, Lymphocyte-to-
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Figure 2 Comparison of biomarkers levels in serum between two groups (¥ =+ s).
Note: ***Indicates P < 0.0001 between groups.

67.82 £45.86 pg/mL) compared to the control group (both P <0.0001; Figure 2). This distinct expression pattern—characterized
by suppressed miR-181a alongside amplified pro-inflammatory mediators—suggests a potential disruption of immunoregulatory

mechanisms and a pronounced systemic inflammatory response in neonates with sepsis.'?

Feature Selection via LASSO Regression

To address potential overfitting and multicollinearity given the sample size, we further employed the Least Absolute
Shrinkage and Selection Operator (LASSO) regression model using the “glmnet” package in R software. Ten predictors
retained non-zero coefficients: miR-181a, IL-6, TNF-a, NLR, Apgar 1min, Apgar 5min, CRP, PCT, WBC, LMR
(Supplementary Figure 1A and B).

Risk Factor Analysis for NS

Subsequently, the variables selected by the lasso regression model were input into the multivariate logistic regression model to
adjust for potential confounding factors and identify the independent predictors. The results of this analysis confirmed that
miR-181a was a protective factor (OR: 0.351; 95% CI: 0.193-0.640; P < 0.001), whereas elevated IL-6 (OR: 2.586; 95% CI:
1.642—4.071; P <0.001), elevated TNF-a (OR: 1.506; 95% CI: 1.149-1.975; P =0.003), and a high NLR (OR: 2.068; 95% CI:
1.569-2.727; P <0.001) were independent risk factors for neonatal sepsis after multivariable adjustment. The complete results
of the logistic regression analysis, including all covariates and their corresponding statistical metrics, are detailed in Table 2.

Diagnostic Performance of Biomarkers for NS

The primary objective of this study was to assess the diagnostic value of serum miR-181a, IL-6, and TNF-a, both
individually and in combination, for the early identification of neonatal sepsis. ROC curve analysis was employed to
evaluate their performance (Table 3 and Figure 3). The areas under the curve (AUC) for the individual biomarkers were
0.804 for miR-181a, 0.763 for IL-6, and 0.745 for TNF-a, indicating good diagnostic ability for each.

Table 2 Logistic Regression Analysis of Risk Factors for NS

Marker i SE | Waldx’ P OR 95% CI
miR-18la | —1.046 | 0306 | 11.665 | <0.001 | 0351 | 0.193-0.640
IL-6 0.950 | 0.037 | 16831 | <0.001 | 2.586 | 1.642-4.07|
TNF-a 0409 | 0.062 | 8776 | 0.003 | 1.506 | 1.149-1.975
(Continued)
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Table 2 (Continued).

Marker B SE | Waldx? P OR 95% ClI

NLR 0727 | 0.141 | 11.665 | <0.001 | 2.068 | 1.569-2.727
Apgar Imin | —0.094 | 0466 | 0041 | 0840 | 0.910 | 0.365-2.269
Apgar 5min | —0.071 | 0576 | 0.015 | 0902 | 0.932 | 0.301-2.882
CRP 0010 | 0010 | 1.019 | 0312 | 1.010 | 0.991-1.029
PCT 0022 | 0018 | 1513 | 0219 | 1.022 | 0.987-1.058
WBC 0.024 | 0040 | 0345 | 0557 | 1.024 | 0.946-1.108
LMR 0.168 | 0.109 | 2350 | 0.125 | 1.182 | 0.954—1.465

Notably, the combination of all three biomarkers achieved the highest diagnostic efficacy, with an AUC of 0.860,
sensitivity of 90.8%, and specificity of 72.9%. This combined model demonstrated significantly improved discriminatory

power compared to any single biomarker alone, suggesting that miR-181a, IL-6, and TNF-a provide complementary

Table 3 Diagnostic Value of Serum miR-181a, IL-6, and TNF-a for NS

Marker Cut-Off Value | Sensitivity | Specificity | AUC 95% CI

miR-18la 1.125 0.901 0.612 0.804 | 0.752-0.858
IL-6 54.20 pg/mL 0.779 0.643 0.763 | 0.705-0.821
TNF-a 82.72 pg/mL 0.710 0.729 0.745 | 0.684-0.806
Triple-marker panel - 0.908 0.729 0.860 | 0.815-0.905

information that enhances the detection of neonatal sepsis when used together.

Sensitivity
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Figure 3 ROC curves for the diagnostic value of each marker for NS.
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Neurodevelopmental Outcomes at 12 Months in Neonates with Sepsis: Association

with Perinatal and Inflammatory Factors

All 131 neonates diagnosed with sepsis were successfully followed up to a corrected age of 12 months. Based on the
Gesell Developmental Scores, 41 infants (31.3%) were classified into the abnormal neurodevelopment group (total DQ <
75), while 90 infants (68.7%) comprised the normal neurodevelopment group (DQ > 86).

Comparative analysis of baseline and clinical characteristics revealed no statistically significant differences between
the two groups in terms of sex distribution, mode of delivery, or admission inflammatory markers, including CRP, PCT,
WBC, NLR, LMR, and PLR (all P > 0.05).

In contrast, several key perinatal factors demonstrated significant associations with neurodevelopmental outcomes.
The abnormal neurodevelopment group had a significantly lower mean gestational age and birth weight compared to the
normal development group. Furthermore, they exhibited lower Apgar scores at both 1 and 5 minutes, and a higher
incidence of NRDS and intrauterine distress (all P < 0.05). The detailed results of these comparative analyses are
presented in Tables 4 and 5.

Distinct Serum Biomarker Profiles Associated with Neurodevelopmental Outcomes in

Neonates with Sepsis

To investigate the potential link between dysregulated inflammation and impaired neurodevelopment following sepsis,
we compared the expression levels of serum miR-181a, IL-6, and TNF-a between the normal and abnormal neurode-
velopment (ND) groups. The relative expression level of miR-181a was significantly lower in the abnormal ND group
(0.54 + 0.45) compared to the normal group (0.79 £+ 0.31) (P < 0.001; Figure 4). Consistently, the abnormal ND group
exhibited markedly elevated concentrations of both IL-6 (120.48 + 54.85 vs. 87.96 + 48.42 in the normal group) and
TNF-a (133.36 + 46.11 vs. 97.29 + 45.94 in the normal group) (all P < 0.01; Figure 4), reflecting a state of heightened

inflammatory response.

Table 4 Comparison of Clinical Characteristics in Septic Children with Different Neurodevelopmental Outcomes (M
(P25, P75), n[%])

Abnormal Neurodevelopment (n=41) | Normal Neurodevelopment (n=90) X2z P

Sex 0.441 0.506

Male 23(56.10) 56(62.22)

Female 18(43.90) 34(37.78)
Gestational Age (w) 35(33, 37.5) 38(37, 39) —4.448 | <0.001
Birth Weight (g) 2500(2220, 3125) 3330(2728.75, 3620) —4.381 | <0.001
Delivery Mode 0.114 0.735

Vaginal Delivery 12(29.27) 29(32.22)

Cesarean Section 29(70.73) 61(67.78)
Apgar Score

I-minute 7(6, 8) 8(7,9) —3.664 | <0.001

5-minute 8(8, 9) 9(8, 10) —3.703 | <0.001
CRP (mg/L) 13.56(3.02, 28.18) 12.19(2.54, 32.35) —2.676 | 0.387
PCT (ng/mL) 2.86(0.37, 19.19) 3.38(0.12, 13.24) —-0.701 | 0.701
WBC (x10°/L) 14.35(9.64, 20.20) 15.35(11.57, 23.02) —0.996 | 0319
NLR 2.81(1.70, 5.91) 3.39(1.75, 6.20) -0.991 | 0322
LMR 2.98(2.36, 4.87) 3.32(2.23, 4.86) —0.937 | 0.349
PLR 93.10(48.66, 126.34) 84.22(59.58, 103.73) —0.401 | 0.689
*NRDS 17(41.46) 1921.11) 5.855 0.016
Fetal Distress 18(43.90) 22(24.44) 5.028 0.025

Abbreviation: *NRDS, Neonatal Respiratory Distress Syndrome.
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Table 5 Comparison of Clinical Characteristics of Mothers of Septic Children with Different Neurodevelopmental

Outcomes (n[%])

Abnormal Neurodevelopment (n=41) | Normal Neurodevelopment (n=90) x P

History of Miscarriage 12(29.27) 31(34.44) 0.342 | 0.559
Twin Pregnancy 5(12.20) 7(7.78) 0.236 | 0.627
*ART 6(14.63) 12(13.33) 0.357 | 0.55
Prenatal Inflammation 21(51.22) 25(27.78) 6.794 | 0.009
Placental Abnormalities 10(24.39) 18(20.00) 0.288 | 0.591
Turbid Amniotic Fluid 11(26.83) 15(16.67) 1.829 | 0.176
Threatened Preterm Labor 12(29.27) 17(18.89) 1.761 | 0.185
Pregnancy Complication

Diabetes 12(29.27) 19(21.11) 1.038 | 0.308

Hypertension 11(26.83) 16(17.78) 1.410 | 0.235

Hypothyroidism 9(21.95) 16(17.78) 0318 | 0.573

Cervical Insufficiency 9(21.95) 13(14.44) 1.136 | 0.287

Anemia 8(19.51) 14 (15.56) 0316 | 0.574

Abbreviation: *ART, Assisted Reproductive Technology.

Correlation Analysis Between Serum miR-181a, IL-6, TNF-a, and Gesell Scores
Pearson correlation analysis was performed to evaluate the relationships between serum biomarker levels and develop-

mental outcomes. A significant positive correlation was observed between the relative expression of miR-181a and

Gesell scores (r = 0.461, P < 0.001). In contrast, IL-6 and TNF-a levels demonstrated significant negative correlations
with developmental outcomes (r = —0.389, P < 0.001 and r = —0.452, P < 0.001). Complete correlation statistics are
detailed in Table 6 and Figure 5.

Feature Selection via

LASSO Regression

To address multicollinearity, variables with P < 0.05 from univariate analysis underwent LASSO regression. Nine

predictors retained non-zero coefficients: miR-181a, IL-6, TNF-a, Gestational Age, Prenatal Inflammation, Birth
Weight, Apgar Smin, NRDS, Fetal Distress (Supplementary Figure 1C and D).
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Table 6 Correlation Analysis
Between Serum miR-181a,
IL-6, TNF-oo and Gesell
Scores

Item Gesell

miR-18la | 0.461 | <0.001

IL-6 —0.389 | <0.001

TNF-a —0.452 | <0.001

Multivariate Logistic Regression Analysis of Factors Influencing Neurodevelopmental

Outcomes in Sepsis Patients

Multivariable logistic regression analysis, incorporating the robust variables identified by the LASSO model and
adjusting for other clinical confounders, identified miR-181a (OR: 0.524; 95% CI: 0.415-0.662) and gestational age
(OR: 0.655; 95% CI: 0.548-0.781) as protective factors against abnormal neurodevelopment in neonatal sepsis patients.
Conversely, elevated IL-6 (OR: 1.079; 95% CI: 1.004-3.393), elevated TNF-a (OR: 1.130; 95% CI: 1.021-2.090), and
prenatal inflammation (OR: 4.052; 95% CI: 1.609—10.205) were independent risk factors. Complete regression results are
presented in Table 7.

Predictive Performance of Biomarkers for Abnormal Neurodevelopment

The diagnostic utility of miR-181a, IL-6, and TNF-o0—both individually and in combination—was assessed using ROC
curve analysis. The combined model integrating all three biomarkers demonstrated superior predictive efficacy, achieving
an area under the curve (AUC) of 0.850, with 80.5% sensitivity and 85.6% specificity, significantly outperforming any
single biomarker alone (all P < 0.05). These results underscore the complementary value of combining inflammatory and
immunoregulatory markers for early risk stratification. Corresponding ROC curves and detailed performance metrics are
included in Table 8 and Figure 6.

Discussion

Neonatal sepsis remains a devastating perinatal infection. It causes high mortality and lasting neurological damage.
Consequently, this disease presents a major challenge in intensive care units.'> Treatments have certainly improved. Yet,
survivors still frequently suffer from cognitive, motor, and behavioral deficits. These persistent risks highlight an urgent
need. We must uncover the mechanisms behind brain injury. Simultaneously, we need to develop early biomarkers and
effective neuroprotective strategies. The immature immune system and weakened immune function of neonates make
them highly susceptible to systemic inflammatory responses.'®'> Simultaneously, their underdeveloped blood-brain

miR-181a

054

Figure 5 Scatter plots showing correlation between Gesell scores and levels of miR-181a, IL-6, and TNF-o.
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Table 7 Multivariate Logistic Regression Analysis of Influencing Factors for
Adverse Neurodevelopment in NS

Marker i} SE | Waldx? P OR 95% CI

miR-181a —0.646 | 1.353 | 29460 | <0.001 | 0.524 | 0.415-0.662
IL-6 0.076 | 0.037 4297 0.038 | 1.079 | 1.004-3.393
TNF-a 0.123 | 0.062 3.886 0.049 | 1.130 | 1.021-2.090
Gestational Age —0.424 | 0.090 | 21.986 | <0.001 | 0.655 | 0.548-0.781
Prenatal Inflammation | 1.399 | 0.471 8.816 0.003 | 4.052 | 1.609-10.205
Birth Weight —0.007 | 0.011I 0.444 0.505 | 0.993 | 0.972-1.014
Apgar 5min —0.357 | 0.393 0.826 0.363 | 0.700 | 0.324-1.511
NRDS 0.281 | 0.574 0.240 0.624 | 1.324 | 0.430-4.079
Fetal Distress 0.303 | 0.557 0.295 0.587 | 1.353 | 0.454-4.030

Table 8 Diagnostic
Neurodevelopment

Performance of Biomarkers

for

Predicting Abnormal

Marker Cut-Off Value | Sensitivity | Specificity | AUC 95% ClI

miR-181a 0.63 0.707 0.711 0.746 | 0.655-0.837
IL-6 113.60 pg/mL 0.634 0.733 0.676 | 0.578-0.775
TNF-a 107.14 pg/mL 0.780 0.689 0.730 | 0.635-0.826
Triple-marker panel - 0.805 0.856 0.850 | 0.779-0.921

barrier allows inflammatory mediators to easily affect the central nervous system. The mechanisms of sepsis-associated
brain injury are complex, involving multiple pathological processes such as ischemia-hypoxia, excitotoxicity, oxidative
stress, and neuroinflammation. Systemic infection can lead to hypotension and inadequate cerebral perfusion, triggering
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Figure 6 ROC curves of the biomarkers for predicting adverse neurodevelopment.
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neuronal death.'® Activated microglia release pro-inflammatory factors and reactive oxygen species under inflammatory
stimulation, exacerbating neuroinflammation and ultimately resulting in white matter damage and neurodevelopmental
disorders.'”

Our findings link serum miR-181a, IL-6, and TNF-a to the pathology of neonatal sepsis. These biomarkers also
forecast neurodevelopmental results. MiR-181a functions as a key immune regulator. It governs cell development and
activation. Crucially, this microRNA provides negative feedback to dampen inflammatory responses.'® This study found
that serum miR-181a was significantly downregulated in septic neonates, and its low expression was an independent risk
factor for both disease occurrence and poor neurological prognosis. By targeting multiple key signaling molecules, miR-
181a may participate in the negative regulation of NF-kB and inflammasome activation. Under physiological conditions,
its expression helps maintain immune homeostasis and prevent excessive inflammatory responses. In neonatal sepsis, its
downregulation leads to overactivation of downstream pro-inflammatory signaling pathways, resulting in the massive
release of inflammatory factors such as IL-6 and TNF-a and the formation of a “exaggerated inflammatory response”.'”
Additionally, miR-181a is highly expressed in the central nervous system, where it regulates synaptic plasticity, neuronal
survival, and microglial polarization. Its deficiency may weaken neuronal protective mechanisms, thereby exacerbating
neuroinflammation and injury.?’

IL-6 and TNF-a are core effector molecules in the pathophysiology of sepsis. This study confirmed that their serum
levels were significantly elevated in septic neonates and served as risk markers predicting poor outcomes. TNF-a acts as
an early trigger for inflammation. It activates endothelial cells. Simultaneously, it boosts adhesion molecule expression.
This process recruits and activates leukocytes. Crucially, TNF-a directly breaks down vascular tight junctions. This
damage increases blood-brain barrier permeability. Consequently, peripheral inflammatory mediators invade the central
nervous system.”' Within the brain, TNF-a can activate death receptors on neuronal surfaces, initiating apoptotic
cascades that lead to neuronal and oligodendrocyte death.??

IL-6 is a pleiotropic cytokine with concentration- and context-dependent functions. In the early stages of acute
infection, IL-6 promotes the hepatic synthesis of acute-phase proteins and is an essential component of host defense.
However, persistently high levels of IL-6 are closely associated with disease severity and poor prognosis. It promotes
terminal differentiation of B and T cells, amplifying adaptive immune responses. Furthermore, elevated IL-6 levels
activate microglia and astrocytes, leading to the release of pro-inflammatory cytokines and neurotoxic molecules, thereby
exacerbating neuroinflammation.?*-**

Our multivariate analysis highlighted independent predictors for sepsis and neurodevelopment. These include NLR,
prenatal inflammation, and gestational age. NLR acts as a composite marker for systemic inflammation. It captures two
critical immune shifts. First, high neutrophil counts indicate an acute bacterial response. Second, low lymphocyte levels
reflect stress-induced immunosuppression. This lymphocyte depletion stems primarily from cortisol surges during
infection. Thus, as a composite indicator, NLR captures both the “pro-inflammatory” and “immune paralysis” aspects
of sepsis pathophysiology, offering superior diagnostic value compared to simple white blood cell or neutrophil counts,
consistent with recent findings highlighting the prognostic utility of inflammatory ratios.”> >’ Additionally, prenatal
inflammation adversely affects fetal brain development. Maternal inflammatory mediators cross the placenta into the fetal
circulation, activating immune cells in the brain, inducing systemic inflammation, disrupting the blood-brain barrier,
prompting premature microglial activation, and interfering with critical processes like neurogenesis.” A synergistic effect
occurs if neonatal sepsis develops postnatally. This study also confirmed that higher gestational age is a significant
protective factor against both neonatal sepsis and poor neurological outcomes, as more mature infants have better
developed cardiovascular, pulmonary, and immune systems. Furthermore, gestational age directly influences brain
maturity, promoting the formation of neuronal networks and endogenous neuroprotective mechanisms.*®

Understanding how peripheral inflammation leads to central nervous system damage is key to unraveling sepsis-
associated encephalopathy. The factors identified in this study bridge systemic infection and brain injury. High levels of
TNF-a and IL-6 are primary effectors disrupting blood-brain barrier integrity. TNF-a increases barrier permeability by
inducing endothelial cell contraction and downregulating tight junction protein expression. IL-6 exacerbates vascular
leakage by activating intracellular signaling pathways that promote the production of factors like vascular endothelial
growth factor in endothelial cells. This breach allows serum proteins, inflammatory cells, and cytokines to enter the brain
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parenchyma, directly exposing neurons and glial cells.”” Brain function relies on the intricate collaboration within the
“neurovascular unit,” comprising neurons, blood-brain barrier endothelial cells, pericytes, astrocytic end-feet, and
microglia.’® Systemic inflammation and oxidative stress in sepsis can cause pericyte contraction, aberrant capillary
perfusion, and local microcirculatory dysfunction. Disrupted astrocyte function impairs their ability to maintain ionic
homeostasis and uptake synaptic glutamate, potentially leading to excitotoxicity.>!

In clinical practice, combined early detection of these biomarkers upon admission could enable rapid disease
identification and risk stratification. For high-risk infants, aggressive anti-infective therapy is essential, and they should
be primary targets for neuroprotective strategies. This may involve early comprehensive neurological monitoring and
exploring the feasibility of adjunctive anti-inflammatory treatments and neurotrophic support.®”> Post-discharge, these
infants should be integrated into high-risk follow-up programs to ensure timely rehabilitative assessment and interven-
tion. Future research should include multicenter prospective cohort studies to validate the predictive efficacy of these
biomarkers, employ serial sampling to map molecular dynamics, utilize cell and animal models to verify their causal
roles in inflammation regulation and neuronal injury, and integrate multi-omics analysis with advanced neuroimaging to
build a comprehensive understanding from molecule to phenotype.**

In summary, this study systematically elucidates the roles of miR-181a, IL-6, and TNF-a in the pathogenesis of
neonatal sepsis and subsequent brain injury. Low miR-181a expression coupled with high IL-6 and TNF-a levels not only
reflects disease severity but is also closely associated with long-term neurodevelopmental outcomes. The combined
detection of these biomarkers provides a novel tool for the early identification of high-risk neonates and the implementa-
tion of personalized interventions, holding significant clinical importance for improving the long-term prognosis of
neonatal sepsis.

Limitations and Future Perspectives

Several limitations warrant acknowledgment. First, excluding infants <32 weeks gestation limits generalizability to the
highest-risk very preterm population. Second, sepsis diagnosis relied primarily on clinical criteria, with only 11.5%
culture-confirmed—reflecting real-world practice but potentially compromising diagnostic specificity. Third, unmeasured
confounders (eg, maternal fever, delivery-related inflammatory) may independently influence cytokine profiles. Fourth,
limited sample size precluded stratified analyses of early- versus late-onset sepsis, which have distinct pathophysiology.
Fifth, the absence of neuroimaging data (cranial ultrasound/MRI) limits our ability to draw firm conclusions about brain
injury. Sixth, the Gesell Developmental Scale, while informative, has less established psychometric properties than the
Bayley Scales, potentially underestimating subtle deficits. Finally, technical barriers currently limit routine miRNA
implementation, though advancing PCR technologies are progressively mitigating these challenges.

Future research requires prospective multicenter cohorts including infants <32 weeks to ensure generalizability across
gestational ages. Stratified enrollment by gestational age, onset type (early-onset vs. late-onset), and culture status
(culture-positive vs. culture-negative) will enable granular subgroup analyses and tailored diagnostic algorithms. External
validation in independent populations is underway through multicenter collaborations. Longitudinal follow-up with
Bayley-1V assessments at 18 and 24 months corrected age will capture developmental trajectories and the full continuum
of neurodevelopmental impairment. Multimodal neuroimaging (cranial ultrasound/MRI) will provide essential structural
correlates. Mechanistic studies (in vitro/in vivo) are needed to delineate the functions of these biomarkers and identify
therapeutic targets, which we are currently pursuing. As PCR-based miRNA detection becomes rapid and cost-effective,
point-of-care applications warrant investigation. These integrated efforts will address current limitations and advance
precision-based risk stratification and targeted intervention in neonatal sepsis.

Conclusion

This study provides compelling evidence that dysregulation of key immunomodulatory and inflammatory mediators—
specifically decreased miR-181a expression and elevated IL-6 and TNF-a levels—plays a central role in the pathophy-
siology of neonatal sepsis and its associated neurodevelopmental sequelae. The significant correlations observed between
these biomarkers and Gesell developmental scores, together with their identification as independent risk factors in
multivariate analysis, underscore their dual utility as indicators of both disease severity and neurological vulnerability.
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The integration of these biomarkers into a combined predictive model demonstrated superior diagnostic and prog-
nostic performance compared to any single marker alone, offering a clinically feasible approach for early identification of
high-risk neonates. This multi-parameter strategy captures the complex interplay between systemic inflammation and
neurological injury, reflecting both the pro-inflammatory drive and impaired immunoregulation characteristic of sepsis-
related brain injury.

These findings have important clinical implications. The assessment of miR-181a, IL-6, and TNF-a upon admission
could facilitate timely risk stratification, enabling more targeted neuroprotective interventions and personalized follow-up
strategies for vulnerable infants. Future research should focus on validating these biomarkers in larger multicenter
cohorts, elucidating their precise mechanistic roles in blood-brain barrier disruption and neuronal injury, and exploring
their potential as therapeutic targets to improve long-term neurodevelopmental outcomes in neonatal sepsis survivors.
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