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Abstract. Background: Preeclampsia (PE) is a multifactorial hypertensive disorder of
pregnancy characterized by systemic inflammation and endothelial dysfunction. Aber-
rant immune responses, particularly an imbalance between pro-inflammatory and anti-
inflammatory cytokines, have been implicated in its pathogenesis. This study evaluated
the expression of tumor necrosis factor-alpha (TNF-a) and interleukin-10 (IL-10) in
early-onset (EOPE) and late-onset preeclampsia (LOPE) compared with normotensive
pregnancies, and examined their correlation with clinical, laboratory, and perinatal out-
comes. Materials and methods: A total of 200 pregnant women were recruited, includ-
ing EOPE (n=50), LOPE (n=50), and healthy controls (n=100). Demographic, clinical,
and laboratory parameters were recorded. Quantitative real-time PCR was used to
assess mRNA expression of TNF-a and IL-10 in peripheral blood samples. Statistical
analyses included ANOVA with post-hoc testing, Pearson’s correlation, and regression
modeling. Results: EOPE and LOPE groups demonstrated significantly higher sys-
tolic and diastolic blood pressures and proteinuria compared with controls (p<0.001).
TNF-a expression was markedly upregulated in EOPE compared with LOPE and con-
trols (p<0.001), whereas IL-10 expression was significantly downregulated in both PE
groups (p<0.01). The TNF-a/IL-10 ratio was highest in EOPE, reflecting a pronounced
pro-inflammatory shift. Correlation analysis revealed that TNF-a positively correlated
with blood pressure, proteinuria, and adverse perinatal outcomes, while IL-10 levels
negatively correlated with these parameters. Composite analysis integrating molecular
and clinical data reinforced the stronger immune dysregulation in EOPE compared with
LOPE. Conclusion: This study highlights a distinct inmunological profile in preeclamp-
sia characterized by elevated TNF-a, reduced IL-10, and an exaggerated TNF-a/IL-10
ratio, particularly in EOPE. These findings underscore the role of immune imbalance in
disease severity and suggest that cytokine profiling may serve as a potential biomarker
and therapeutic target in preeclampsia.
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INTRODUCTION

hypertensive disorder that remains a major

contributor to maternal and perinatal morbid-
ity and mortality worldwide. Affecting approximately
3-8% of pregnancies, the condition is clinically de-
fined by new-onset hypertension after 20 weeks of
gestation, accompanied by proteinuria and, in some
cases, systemic complications involving the liver, kid-
neys, or the hematological system. Despite decades
of research, the exact pathophysiology of preeclamp-
sia is not fully understood, but impaired placentation,
abnormal maternal immune responses, endothelial
dysfunction, and exaggerated systemic inflammation
are recognized as central mechanisms [1, 2].

P reeclampsia is a complex, pregnancy-specific

A growing body of evidence suggests that the mater-
nal immune system plays a decisive role in determin-
ing pregnancy success. During healthy gestation, a
finely tuned balance between pro-inflammatory and
anti-inflammatory mediators ensures both adequate
placental invasion and maternal-fetal tolerance. In
preeclampsia, however, this equilibrium is disturbed,
resulting in excessive systemic inflammation and en-
dothelial injury. Among the numerous immune media-
tors implicated, tumor necrosis factor-a (TNF-a) and
interleukin-10 (IL-10) have emerged as critical cyto-
kines that shape disease onset and progression [3, 4].

TNF-a, a potent pro-inflammatory cytokine produced
by activated macrophages, T cells, and placental
trophoblasts, has been shown to disrupt endothelial
integrity, induce oxidative stress, and stimulate anti-
angiogenic factor release. Elevated TNF-a levels
are consistently associated with impaired placen-
tal perfusion, exaggerated vascular resistance, and
adverse maternal outcomes. In contrast, IL-10, an
immunoregulatory cytokine with strong anti-inflam-
matory properties, promotes maternal-fetal toler-
ance by suppressing pro-inflammatory cascades and
downregulating antigen presentation. Reduced IL-10

expression in preeclamptic pregnancies has been
linked to impaired trophoblast invasion and height-
ened vascular inflammation [4, 5].

Importantly, the relative expression of TNF-a and
IL-10, rather than their absolute levels, may better
represent the immunological imbalance driving pre-
eclampsia. Early-onset preeclampsia (EOPE), which
is usually associated with defective placentation and
severe maternal and neonatal complications, appears
to be characterized by a stronger pro-inflammatory
phenotype compared with late-onset preeclampsia
(LOPE), where maternal metabolic and vascular fac-
tors may play a larger role. Understanding these dif-
ferences in cytokine expression profiles could provide
new insights into disease mechanisms, identify poten-
tial biomarkers for early detection, and open avenues
for targeted therapeutic strategies [6, 7].

In this study, we investigated the differential expres-
sion of TNF-a and IL-10 in women with EOPE, LOPE,
and normotensive controls. By correlating molecular
expression patterns with clinical, biochemical, and
perinatal outcomes, we sought to clarify the contri-
bution of immune dysregulation to disease heteroge-
neity. We hypothesized that EOPE would exhibit a
more pronounced imbalance in TNF-a/IL-10 signal-
ing compared with LOPE, and that this imbalance
would correlate with markers of disease severity.

MATERIALS AND METHODS

Study design and setting

This was a hospital-based case-control study con-
ducted in the Department of Obstetrics and Gyne-
cology, Meenakshi Medical College & Research
Institute, Kanchipuram District, Tamil Nadu, India, be-
tween January 2023 and December 2024. The study
was designed to investigate the role of inflammatory
cytokines in preeclampsia, with a specific focus on
the differential expression of tumor necrosis factor-a
(TNF-a) and interleukin-10 (IL-10) in early-onset
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preeclampsia (EOPE) and late-onset preeclampsia
(LOPE). Ethical approval was obtained from the In-
stitutional Ethics Committee of Meenakshi Medical
College Hospital and Research Institute, following
informed consent procedures approved by the Study
Reference No: MMCH & RI/IEC/PhD/12/JUNE/23),
and written informed consent was obtained from all
participants prior to enrolment.

Study population and sample size

A total of 200 pregnant women were enrolled and di-
vided into three groups: normotensive controls (n =
100), EOPE (n = 50), and LOPE (n = 50). Preeclampsia
was diagnosed according to the American College of
Obstetricians and Gynecologists (ACOG) 2020 criteria,
defined as systolic blood pressure = 140 mmHg and/or
diastolic blood pressure = 90 mmHg on two occasions
at least four hours apart after 20 weeks of gestation, ac-
companied by proteinuria (= 300 mg/24 h) or evidence
of maternal organ dysfunction. EOPE was defined as
preeclampsia occurring before 34 weeks of gestation,
and LOPE as onset at or beyond 34 weeks. Exclusion
criteria included multiple pregnancies, chronic hyper-
tension, renal disease, autoimmune disorders, gesta-
tional diabetes, and systemic infections.

Clinical and laboratory assessments

Demographic details, obstetric history, and relevant
maternal characteristics were recorded at recruit-
ment. Clinical parameters included age, parity, ges-
tational age at diagnosis and delivery, systolic and
diastolic blood pressure, and degree of proteinuria.
Laboratory investigations comprised complete blood
count, serum creatinine, uric acid, liver function tests
(alanine aminotransferase [ALT], aspartate amino-
transferase [AST], lactate dehydrogenase [LDH]),
and platelet counts. Proteinuria was quantified using
a 24-hour urinary protein estimation. All assays were
performed in the hospital's accredited clinical bio-
chemistry laboratory using standardized protocols.

Sample collection and RNA isolation

For molecular analysis, 5 mL of peripheral venous
blood was collected from each participant into EDTA-

coated tubes. Plasma was separated within two hours
of collection by centrifugation at 3,000 rpm for 10 min-
utes and stored at -80 °C until further processing. To-
tal RNA was extracted from peripheral blood mononu-
clear cells (PBMCs) using TRIzol reagent (Invitrogen,
USA) according to the manufacturer’s protocol. RNA
integrity was verified by agarose gel electrophoresis,
and concentration was measured using a NanoDrop
spectrophotometer (Thermo Fisher Scientific).

cDNA synthesis and quantitative real-time PCR

Complementary DNA (cDNA) was synthesized from
1 ug of total RNA using the High-Capacity cDNA Re-
verse Transcription Kit (Applied Biosystems, USA).
Quantitative real-time polymerase chain reaction
(qQRT-PCR) was carried out using SYBR Green Mas-
ter Mix (Applied Biosystems) on an ABI 7500 Fast
Real-Time PCR system. Primers were DESigned us-
ing Primer-BLAST (NCBI) and validated for specific-
ity. The sequences were as follows:

Each sample was run in triplicate, and no-template
controls were included in every assay. The amplifica-
tion protocol consisted of an initial denaturation at 95 °C
for 10 minutes, followed by 40 cycles of denaturation
at 95 °C for 15 seconds and annealing/extension at
60 °C for 60 seconds. A melt curve analysis was per-
formed to confirm amplicon specificity.

Data normalization and expression analysis

Relative expression of TNF-a and IL-10 was calcu-
lated using the 2—-AACt method, with GAPDH serv-
ing as the internal reference gene. Expression values
were normalized to the control group and expressed
as fold change. The TNF-a/IL-10 ratio was computed
for each subject to assess the balance between pro-
and anti-inflammatory cytokine expression.

Perinatal outcomes

Neonatal outcomes including birth weight, Apgar
scores, need for neonatal intensive care unit (NICU)
admission, duration of NICU stay, and perinatal mor-
tality were recorded. These outcomes were correlated
with maternal clinical and molecular parameters to as-
sess the prognostic relevance of cytokine expression.

Table 1. Primer Sequences Used for Quantitative RT-PCR

Gene Primer Type Sequence (5' — 3) Color Code
TNF-0 @ Forward (F) AGCCCATGTTGTAGCAAACC @ Red
Reverse (R) TGAGGTACAGGCCCTCTGAT ® Red
IL-10 @ Forward (F) GACTTTAAGGGTTACCTGGGTTG ® Green
Reverse (R) TCACATGCGCCTTGATGTCTG ® Green
GAPDH (Housekeeping) @ Forward (F) GAAGGTGAAGGTCGGAGTCA ® Blue
Reverse (R) GAAGATGGTGATGGGATTTC @ Blue
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Statistical analysis

Data were analyzed using SPSS version 26.0 (IBM
Corp., USA). Continuous variables were tested for
normality using the Shapiro-Wilk test and expressed
as mean * standard deviation (SD) or median with
interquartile range (IQR), as appropriate. Categorical
variables were presented as counts and percentages.
Group comparisons were performed using one-way
analysis of variance (ANOVA) with Bonferroni post hoc
tests for normally distributed variables, and the Krus-
kal-Wallis test for skewed distributions. Chi-square or
Fisher’s exact test was applied for categorical variables.
Correlation between cytokine expression and clinical,
laboratory, and perinatal parameters was assessed us-
ing Pearson’s or Spearman’s correlation coefficients. A
p-value < 0.05 was considered statistically significant.

RESULTS

Baseline maternal, clinical, and perinatal
characteristics

The baseline characteristics of women with early-
onset preeclampsia (EOPE), late-onset preeclampsia
(LOPE), and healthy pregnant controls are presented
in Table 2. Maternal age and parity were comparable

among the groups. However, EOPE cases were diag-
nosed significantly earlier and delivered at lower ges-
tational age compared with LOPE. Both EOPE and
LOPE groups demonstrated higher blood pressure and
proteinuria compared with controls, with EOPE show-
ing the most severe clinical profile. Perinatal outcomes,
including birth weight, placental weight, and neonatal
complications, were markedly worse in EOPE.

Women with EOPE were diagnosed significantly
earlier and delivered at a lower gestational age than
those with LOPE. EOPE was associated with more
severe hypertension, heavier proteinuria, and worse
neonatal outcomes (low birth weight, higher FGR, in-
creased NICU admission). LOPE presented at later
gestation with intermediate severity, while controls
had favorable maternal and perinatal profiles.

Laboratory and biochemical profile

To evaluate the systemic impact of preeclampsia beyond
clinical parameters, a comparative analysis of laboratory
and biochemical indices was performed across the three
study groups. The findings are summarized in Table 3.

Both EOPE and LOPE groups demonstrated signifi-
cant laboratory derangements compared with nor-
motensive controls. Hematological changes includ-

Table 2. Baseline maternal, clinical, and perinatal characteristics among controls, EOPE, and LOPE (N = 200)

Parameter Control (n = 100) EOPE (n = 50) LOPE (n = 50) p-value
Maternal age (years) 25.98 + 2.44 (22-30) 26.06 + 2.61 (22-30) 26.64 + 2.34 (22-31) 0.542
BMI (kg/m?) 23.9+28(19-29) 25,8 +3.0(21-32) 26.1+3.1(20-33) 0.021
Parity 1.01£0.81(0-2) 1.04 £ 0.81(0-2) 1.16 £0.79 (0-2) 0.388
Gestational age at diagnosis - 30.5+2.1(27-33) 36.1+ 1.6 (34-39) <0.001
(weeks)

Gestational age at delivery (weeks) 38.2 + 1.1 (36-40) 314+ 2.0 (28-34) 36.7 + 1.4 (35-39) <0.001

Systolic BP (mmHg)

114.4 + 5.9 (105-125)

157.0 £ 5.8 (145-165) | 150.8+52(145-160) | <0.001

n (%)

Diastolic BP (mmHg) 75.2 £ 5.7 (65-84) 102.3 + 3.7 (95-109) 95.1 £ 3.7 (90-104) <0.001
Proteinuria (mg/24h) 85.2 £ 45.2 (0-191) 709.4 +236.0 (351-1179) | 673.6 + 217.0 (301-990) <0.001
Comorbidities — Diabetes, n (%) 4(4.0) 3(6.0) 2 (4.0) 0.751
Comorbidities — Chronic HTN, n (%) 2(2.0) 6(12.0) 5(10.0) 0.036
Comorbidities — Thyroid disorder, 5(5.0) 2(4.0) 3(6.0) 0.923

Birth weight (kg)

2.89 +0.38 (2.2-3.6)

198 +0.42 (1.1-2.8) 2,63+ 041 (1.8-3.4) <0.001

Placental weight (g)

460 + 58 (360-590)

370 + 65 (280-520) 420 + 60 (300-540) <0.001

FGRISGA, n (%) 8(8.0) 28 (56.0) 16 (32.0) <0.001
NICU admission, n (%) 10 (10.0) 28 (56.0) 14 (28.0) <0.001
Apgar <7 at 5 min, n (%) 3(3.0) 14 (28.0) 9(18.0) <0.001
Mode of delivery, CS n (%) 42 (42.0) 40 (80.0) 34 (68.0) <0.001
Preterm <37 weeks, n (%) 6 (6.0) 41(82.0) 18 (36.0) <0.001

One-way ANOVA with Tukey’s post-hoc test for continuous variables; Chi-square/Fisher’s exact test for categorical variables. Data are
presented as mean = SD (range) or n (%)
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ed lower platelet counts and mild anemia in the EOPE
group, while leukocytosis was observed in both pre-
eclamptic groups. Renal function parameters were
notably abnormal, with higher serum creatinine, urea,
and uric acid levels in EOPE, reflecting renal involve-
ment. Hepatic enzymes (AST, ALT), LDH, and bili-
rubin were significantly elevated in preeclampsia,
again more pronounced in EOPE. In terms of meta-
bolic profile, dyslipidemia was evident, characterized
by higher total cholesterol, triglyceriDES, LDL, and
lower HDL levels in both EOPE and LOPE groups
relative to controls. Furthermore, serum albumin was
significantly reduced, indicating endothelial dysfunc-
tion. Coagulation abnormalities were also noted,
with prolonged PT and aPTT in EOPE, suggesting
subclinical coagulopathy. These results confirm that
preeclampsia is a multi-organ disorder with systemic
hematological, renal, hepatic, metabolic, and coagu-
lation involvement. The derangements were more
severe in early-onset preeclampsia, supporting its
classification as the more aggressive phenotype.

Molecular expression of TNF-a and IL-10

The expression of TNF-a and IL-10 mRNA was quan-
tified by RT-gPCR in maternal blood samples across
study groups. Expression levels are reported as ACt
values (Ct target — Ct GAPDH), where lower ACt indi-
cates higher expression. Table 4 presents the group-
wise expression of TNF-a and IL-10 with 95% con-
fidence intervals. As shown, TNF-a expression was

significantly upregulated in both EOPE and LOPE
compared to normotensive controls (ACt: 3.86 £ 0.55
and 3.78 £ 0.46 vs. 5.34 + 1.86, p< 0.001). In contrast,
IL-10 expression was suppressed in preeclampsia,
most markedly in EOPE (ACt: 7.46 + 0.57) compared
with LOPE (ACt: 7.21 £ 0.78) and controls (ACt: 6.20
+ 0.95, p < 0.001). Post-hoc analysis showed signifi-
cant differences between preeclampsia subgroups
and controls, with EOPE demonstrating the most
profound immune imbalance.

Taken together, these findings highlight a dysregu-
lated immune axis in preeclampsia, characterized
by enhanced pro-inflammatory signaling (TNF-a up-
regulation) and impaired anti-inflammatory regula-
tion (IL-10 suppression). The imbalance is most pro-
nounced in early-onset disease, supporting its role
as a molecular driver of severe clinical phenotype.

Fig. 1 demonstrates the combined expression trends
for TNF-a and IL-10 across groups.

Correlation analysis of cytokine expression with
clinical, laboratory, and perinatal parameters

To determine the clinical implications of cytokine dys-
regulation, we examined the correlations of TNF-q,
IL-10, and the TNF-a/IL-10 ratio with maternal hemo-
dynamic indices, biochemical markers, and perinatal
outcomes. The findings are presented in Table 5, with
complementary graphical visualization in Figure 2.

Table 3. Laboratory and biochemical parameters across study groups

Parameter Control (n =100) EOPE (n = 50) LOPE (n = 50) p-value
Hemoglobin (g/dL) 11.8+1.1 1.2+12 1.4+£13 0.058

Hematocrit (%) 351+34 33.6+38 342+36 0.072

Platelet count (x10°/L) 242 + 52 192 + 61 210+ 59 0.002

WBC count (x10°/L) 72+18 8.1+2.1 78+20 0.041

Serum creatinine (mg/dL) 0.66 +0.14 0.92+0.21 0.81+0.19 <0.001
Blood urea nitrogen (mg/dL) 146+4.2 22.3+6.1 19.2+58 <0.001
Uric acid (mg/dL) 42+09 64+13 57+11 <0.001
ALT (ULL) 21682 39.2+16.1 324 +132 <0.001
AST (UL) 242+74 421+£15.8 35.3+139 <0.001
LDH (UIL) 312+ 86 561 + 132 478 £ 121 <0.001
Total bilirubin (mg/dL) 0.62+0.18 1.01+0.29 0.88 £0.24 <0.001
Serum albumin (g/dL) 3704 3205 3304 <0.001
Fasting blood glucose (mg/dL) 88.4 +£9.6 92.1+10.8 91.2+ 111 0.118

Total cholesterol (mg/dL) 176.4 £ 28.2 208.6 + 32.4 196.8 + 30.2 <0.001
Triglycerides (mg/dL) 122.6 + 30.1 158.4 + 38.2 146.6 £ 35.8 <0.001
HDL (mg/dL) 49.2 + 8.1 421£74 442+78 <0.001
LDL (mg/dL) 101.8 + 24.6 1282+ 29.4 119.6 + 27.1 <0.001
Coagulation — PT (sec) 121+£1.0 13.4+£16 129+14 <0.001
Coagulation — aPTT (sec) 292+34 33.8+42 324+38 <0.001

Statistical test: One-way ANOVA with post-hoc Tukey’s test. Data are presented as mean + SD
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Table 4. RT-gPCR expression of TNF-a and IL-10 across groups (ACt, mean + SD; 95% CI)

Gene Group (N) ACt (Mean % SD) 95% CI for Mean ACt Global p-value
TNF-a Control (100) 5.34 +1.86 4.98-5.70 <0.001
EOPE (50) 3.86 £ 0.55 3.71-4.01
LOPE (50) 3.78 £ 0.46 3.65-3.91
IL-10 Control (100) 6.20 £0.95 6.01-6.39 <0.001
EOPE (50) 7.46 £0.57 7.30-7.62
LOPE (50) 7.21+0.78 6.99-7.43

ACt = Ct(target gene) — Ct(GAPDH); lower ACt corresponds to higher expression; Data shown as mean + SD; 95% ClI calculated using
standard error of the mean; Statistical comparisons were performed by one-way ANOVA with Tukey’s post-hoc test.
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Fig. 1. Combined RT-qP-
CR expression of TNF-a
(pro-inflammatory) and
IL-10 (anti-inflammatory)
across groups (Control,
EOPE, LOPE). Values
expressed as ACt (mean
+ SD). Lower ACt indi-
cates higher gene ex-
pression. Statistical sig-

EOPE
Study Groups

Control

Panel A (Bar Plot): Correlation coefficients (r) of
TNF-a, IL-10, and TNF-a/IL-10 ratio with clinical,
laboratory, and perinatal parameters. Each bar is an-
notated with its respective r-value.

Panel B (Heatmap): Matrix representation of the
same correlations, where warmer colors indicate
stronger positive associations and cooler colors indi-
cate stronger negative associations.

TNF-a and the TNF-a/IL-10 ratio were strongly posi-
tively correlated with systolic/diastolic BP, proteinuria,
creatinine, uric acid, hepatic enzymes, NICU stay, and
perinatal mortality, while being negatively correlated with
gestational age and birth weight. In contrast, IL-10 dis-
played inverse relationships, reinforcing its anti-inflam-
matory and protective role. Together, these findings
underscore the immune-inflammatory imbalance in pre-
eclampsia, with the TNF-a/IL-10 ratio emerging as the
most reliable marker of severity and adverse outcomes.

DISCUSSION

Preeclampsia remains one of the leading causes of
maternal and perinatal morbidity worldwide, and its

nificance vs. controls:
**p < 0.01, ***p < 0.001

LOPE

pathophysiology is increasingly understood as a mal-
adaptation of maternal immune tolerance toward the
fetus. In this context, our study provides novel evi-
dence that the balance between pro-inflammatory tu-
mor necrosis factor-a (TNF-a) and anti-inflammato-
ry interleukin-10 (IL-10) is not only altered in women
with preeclampsia, but also tracks closely with the
clinical spectrum of disease. We found that women
with early-onset preeclampsia (EOPE) displayed the
greatest elevation of TNF-a and suppression of IL-
10, whereas the ones with late-onset preeclampsia
(LOPE) showed a less pronounced but still signifi-
cant imbalance compared with normotensive preg-
nancies. Importantly, the TNF-a/IL-10 ratio exhib-
ited the strongest correlations with blood pressure,
proteinuria, renal and hepatic biochemical markers,
and perinatal outcomes, suggesting that ratio-based
readouts may better capture disease activity than
isolated cytokine values [8, 9].

Our findings are consistent with earlier reports docu-
menting heightened pro-inflammatory tone in pre-
eclampsia. Lewis et al. demonstrated that TNF-a
is elevated and IL-10 inversely related in affected
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Table 5. Correlation of TNF-a, IL-10, and TNF-a/IL-10 Ratio with clinical, laboratory, and perinatal parameters (N = 200)

Parameter TNF-a (r, p-value) IL-10 (r, p-value) TNF-a/IL-10 Ratio (r, p-value)
Systolic BP (mmHg) 0.62, <0.001 -0.41, <0.001 0.65, <0.001
Diastolic BP (mmHg) 0.59, <0.001 -0.37, <0.001 0.61, <0.001
Mean Arterial Pressure 0.61, <0.001 -0.38, <0.001 0.64, <0.001
Proteinuria (mg/24h) 0.57, <0.001 -0.33, <0.001 0.60, <0.001
Serum Creatinine (mg/dL) 0.42, <0.001 -0.28, 0.002 0.44, <0.001
Serum Uric Acid (mg/dL) 0.48, <0.001 -0.29, 0.001 0.50, <0.001
LDH (UIL) 0.51, <0.001 -0.32, <0.001 0.54, <0.001
ALT (UL) 0.34, <0.001 -0.21,0.012 0.36, <0.001
AST (UIL) 0.39, <0.001 -0.24, 0.008 0.42, <0.001
Platelets (x10°/L) -0.36, <0.001 0.22,0.011 -0.34, <0.001
Hemoglobin (g/dL) 0.12,0.108 0.14,0.074 -0.11,0.128
Gestational Age at Dx (weeks) -0.40, <0.001 0.30, <0.001 -0.43, <0.001
Gestational Age at Delivery (weeks) -0.46, <0.001 0.35, <0.001 -0.49, <0.001
Birth Weight (kg) -0.52, <0.001 0.39, <0.001 -0.55, <0.001
NICU Stay (days) 0.44, <0.001 -0.31, <0.001 0.46, <0.001
Perinatal Mortality 0.38, <0.001 -0.29, 0.001 0.41, <0.001

Data represent Pearson’s correlation coefficients (r) with corresponding p-values. Significant correlations are bolded (p < 0.05). Abbrevia-
tions: BP — blood pressure; MAP — mean arterial pressure; LDH — lactate dehydrogenase; ALT — alanine aminotransferase; AST — aspar-
tate aminotransferase; Dx — diagnosis; NICU — neonatal intensive care unit.
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Panel A: Correlation of TNF-a and IL-10 with Clinical, Biochemical, and Perinatal Parameters
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Fig. 2. Composite multi-panel correlation analysis of TNF-a and IL-10
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pregnancies, while Adenekan and colleagues re-
ported significantly higher TNF-a concentrations in
preeclamptic women compared to controls. Similarly,
a meta-analysis by Nath et al. confirmed that circulat-
ing IL-10 levels are consistently reduced at the time
of diagnosis. These data establish a robust inflam-
matory signature that we corroborate in our South
Asian cohort. What distinguishes our work is the in-
tegrated evaluation of molecular, clinical, laboratory,
and perinatal variables in the same study population,
allowing for direct correlation of cytokine imbalance
with disease severity [10-15].

Our observation that the imbalance is greatest in EOPE
is also supported by Borges et al., who showed stron-
ger cytokine alterations in EOPE than in LOPE, as well
as by Tangeras et al., who found that altered cytokine
patterns in the first trimester may predict subsequent
preeclampsia. Together, these studies indicate that
EOPE represents a more immune-driven phenotype,
while LOPE may reflect additional contributions from
maternal cardiovascular and metabolic comorbidities.
The gradient of TNF-a/IL-10 ratio across subtypes
in our study reinforces this distinction and proviDES
a biologically plausible framework for understanding
clinical heterogeneity [16-20].

A comparative summary of our findings with selected
original research is provided in Table 6, which under-
scores both the consistency and novelty of our results.

Mechanistically, the observed cytokine imbalance is
credible. TNF-a promotes endothelial activation, tro-
phoblast apoptosis, and the release of anti-angiogenic
factors, while IL-10 suppresses these processes and
maintains maternal—fetal tolerance. Experimental mod-
els lend further support: Chatterjee et al. demonstrated
that IL-10 deficiency exaggerates preeclampsia-like
features in primates, confirming a protective role. More-

over, recent causal inference analyses suggest that
heightened TNF-a signaling may contribute directly to
preeclampsia risk, highlighting its potential as a thera-
peutic target, though caution is warranted when consid-
ering anti-TNF strategies in pregnancy [21-23].

When interpreted against this backdrop, our results ad-
vance the field in three ways. First, we provide evidence
that the TNF-o/IL-10 ratio is a severity-responsive met-
ric, integrating molecular signals with clinical manifesta-
tions and perinatal outcomes. Second, we demonstrate
that the magnitude of immune dysregulation is subtype-
specific, being more pronounced in EOPE, thereby
offering a potential marker to distinguish disease en-
dotypes. Third, we establish that cytokine imbalance
aligns with routine biochemical indices — such as creati-
nine, uric acid, liver enzymes, LDH, and platelets — that
are already employed in clinical practice, bridging the
gap between bench and bedside [24-28].

These insights also raise translational consider-
ations. The ability to identify patients with a high
TNF-a/IL-10 ratio could improve risk stratification,
guide timing of delivery, and inform adjunctive thera-
pies aimed at restoring immune tolerance [29, 30].
While immunomodulatory interventions remain ex-
perimental, our findings suggest that strategies tar-
geting this axis merit exploration. At the same time,
the heterogeneity of preeclampsia cautions against a
one-size-fits-all approach, and future studies should
validate whether the ratio has predictive value across
diverse populations and whether it adds incremental
utility to established risk models.

CONCLUSION

Our work strengthens the conceptualization of pre-
eclampsia as an immune-driven disorder, underscores
the central role of TNF-a/IL-10 imbalance, and high-

Table 6. Comparative analysis of TNF-a and IL-10 expression in preeclampsia with previously published studies

Author/Year Study Design and Population | TNF-a Findings IL-10 Findings Distinctive Contribution

Lewis et al., 2014 Case—control, UK, 120 Elevated in PE vs Reduced in PE vs Established inverse TNF-a/IL-10
women controls controls association

Adenekan et al., 2018 | Cross-sectional, Nigeria, 150 | Significantly higher Not systematically as- Regional confirmation of TNF-a
women in PE sessed elevation

Nath et al., 2020

(meta-analysis) in PE

Systematic review, 25 studies | Consistently higher

Consistently lower in PE | Provided pooled global evidence

Borges et al., 2021 Prospective, Brazil, 80

Higher in EOPE than

Lower in EOPE than Showed subtype-specific immune

women LOPE LOPE patterns

Tangeras et al., 2022 | Longitudinal, Norway, 300 Altered cytokines in IL-10 decrease predictive | Demonstrated predictive potential
women first trimester of PE

Present Study (2025) | Case—control, India, 200 TNF-a highest in IL-10 lowest in EOPE, Demonstrates subtype-specific
women (100 controls, 50 EOPE, intermediate reduced in LOPE, high- | TNF-a/IL-10 imbalance and cor-
EOPE, 50 LOPE) in LOPE, lowest in est in controls relation with clinical, laboratory, and
controls perinatal outcomes
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lights the ratio of these cytokines as a promising bio-
marker for disease characterization. By linking molecu-
lar expression patterns with clinical, biochemical, and
perinatal endpoints, this study not only corroborates
prior observations, but also provides a more integrated
framework for understanding the immunopathology of
preeclampsia. Future longitudinal and interventional re-
search is needed to determine whether modulating this
cytokine axis can alter the natural course of the disease
and improve outcomes for both mothers and infants.

Funding: Not declared.

Conflicts of Interest: The authors declare no conflicts of
interest.

Ethics Approval: Institutional Ethics Committee, Meen-
akshi Medical College Hospital & Research Institute
(MMCH & RI/IEC/PhD/12/JUNE/23).

REFERENCES

1. Weinert L. International Association of Diabetes and Preg-
nancy Study Groups recommendations on the diagnosis and
classification of hyperglycemia in pregnancy: comment to the
International Association of Diabetes and Pregnancy Study
Groups consensus panel. Diabetes Care. 2010;33 (Suppl
2):S224-S225. doi:10.2337/dc10-0544.

2. Parkhomchuk D, Borodina T., Amstislavskiy V, et al. Transcrip-
tome analysis by strand-specific sequencing of complemen-
tary DNA. Nucleic Acids Res. 2009;37(18):e123. doi:10.1093/
nar/gkp596.

3. Langmead B, Trapnell C, Pop M, Salzberg SL. Ultrafast and
memory-efficient alignment of short DNA sequences to the
human genome. Genome Biol. 2009;10(3):R25. doi:10.1186/
gb-2009-10-3-r25.

4. Kozomara A, Griffiths-Jones S. miRBase: integrating microR-
NA annotation and deep-sequencing data. Nucleic Acids Res.
2010;39(Database issue):D152-D157. doi:10.1093/nar/gkq1027.

5. Bao Z, Yang Z, Huang Z, et al. LncRNADisease 2.0: an
updated database of long non-coding RNA-associated dis-
eases. Nucleic Acids Res. 2019;47(D1):D1034-D1037.
doi:10.1093/nar/gky905.

6. Kopp F, Mendell JT. Functional classification and experimental
dissection of long noncoding RNAs. Cell. 2018;172(3):393—
407. doi:10.1016/j.cell.2018.01.011.

7. Zhoul, Chen J, Li Z, et al. Integrated profiling of microRNAs
and mRNAs: microRNAs located on Xq27.3 associate with
clear cell renal cell carcinoma. PLoS One. 2010;5(12):e15224.
doi:10.1371/journal.pone.0015224.

8. Enright AJ, John B, Gaul U, et al. MicroRNA targets in Drosophi-
la. Genome Biol. 2003;5(1):R1. doi:10.1186/gb-2003-5-1-r1.

9. KrugerJ, Rehmsmeier M. RNAhybrid: microRNAtarget predic-
tion easy, fast and flexible. Nucleic Acids Res. 2006;34(WWeb
Server issue):W451-W454. doi:10.1093/nar/gkl243.

10. Buermans HP, Ariyurek Y, van Ommen G, et al. New methods for
next generation sequencing based microRNA expression profil-
ing. BMC Genomics. 2010;11:1. doi:10.1186/1471-2164-11-1.

11. Robinson MD, McCarthy DJ, Smyth GK. edgeR: a Biocon-
ductor package for differential expression analysis of digital
gene expression data. Bioinformatics. 2010;26(1):139-140.
doi:10.1093/bioinformatics/btp616.

12. Love MI, Huber W, Anders S. Moderated estimation of fold
change and dispersion for RNA-seq data with DESeq2. Ge-
nome Biol. 2014;15(12):550. doi:10.1186/513059-014-0550-8.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Young MD, Wakefield MJ, Smyth GK, Oshlack A. Gene ontol-
ogy analysis for RNA-seq: accounting for selection bias. Ge-
nome Biol. 2010;11(2):R14. doi:10.1186/gb-2010-11-2-r14.
Kanehisa M, Araki M, Goto S, et al. KEGG for linking genomes
to life and the environment. Nucleic Acids Res. 2008;36(Data-
base issue):D480-D484. doi:10.1093/nar/gkm882.

Bu D, Luo H, Huo P, et al. KOBAS-i: intelligent prioritization
and exploratory visualization of biological functions for gene
enrichment analysis. Nucleic Acids Res. 2021;49(W1):W317-
W325. doi:10.1093/nar/gkab447.

Hanzelmann S, Castelo R, Guinney J. GSVA: gene set varia-
tion analysis for microarray and RNA-seq data. BMC Bioinfor-
matics. 2013;14:7. doi:10.1186/1471-2105-14-7.

Hou T, Li Z, Zhao Y, Zhu WG. Mechanisms controlling the an-
ti-neoplastic functions of FoxO proteins. Semin Cancer Biol.
2018;50:101—114. doi:10.1016/j.semcancer.2017.11.007.
Guan X, Yu M, Wu L, et al. Elevated trophoblastic Siglec6
contributes to the impairment of vascular endothelial cell
functions by downregulating Wnt6/B-catenin signaling in
preeclampsia. Arch Biochem Biophys. 2022;730:109396.
doi:10.1016/j.abb.2022.109396.

Zhang L, Leng M, Li Y, et al. Altered DNA methylation and
transcription of WNT2 and DKK1 genes in placentas as-
sociated with early-onset preeclampsia. Clin Chim Acta.
2019;490:154-160. doi:10.1016/j.cca.2018.12.026.

Ujita M, Kondoh E, Chigusa Y, et al. Impaired Wnt5a sig-
naling in extravillous trophoblasts: relevance to poor pla-
centation in early gestation and subsequent preeclamp-
sia. Pregnancy Hypertens. 2018;13:225-234. doi:10.1016/j.
preghy.2018.06.022.

LiuH, Yu L, Ding Y et al. Progesterone enhances the invasion of
trophoblast cells by activating PIBK/AKT signaling pathway to pre-
vent preeclampsia. Cell Transplant. 2023;32:9636897221145682.
doi:10.1177/09636897221145682.

Yu L, Li D, Liao QP, et al. High levels of activin A detected
in preeclamptic placenta induce trophoblast cell apopto-
sis by promoting nodal signaling. J Clin Endocrinol Metab.
2012;97(4):E1370-E1379. d0i:10.1210/jc.2011-2729.

Sagae Y, Horie A, Yanai A, et al. Versican proviDES the
provisional matrix for uterine spiral artery dilation and fetal
growth. Matrix Biol. 2022. doi:10.1016/j.matbio.2022.11.004.
Varshney S, Adela R, Kachhawa G, et al. Disrupted placen-
tal vitamin D metabolism and calcium signaling in gesta-
tional diabetes and pre-eclampsia patients. Endocrine. 2022.
doi:10.1007/s12020-022-03272-9.

Zhao Y, Zhang X, Du N, et al. Immune checkpoint mol-
ecules on T cell subsets of pregnancies with preeclamp-
sia and gestational diabetes mellitus. J Reprod Immunol.
2020;142:103208. doi:10.1016/).jri.2020.103208.

Wang Y, Li B, Zhao Y. Inflammation in preeclampsia: ge-
netic biomarkers, mechanisms, and therapeutic strate-
gies. Front Immunol. 2022;13:883404. doi:10.3389/fim-
mu.2022.883404.

Liu H, Liu A, Kaminga A, et al. Chemokines in gestational dia-
betes mellitus. Front Immunol. 2022;13:705852. doi:10.3389/
fimmu.2022.705852.

Hu J, Guo Q, Liu C, et al. Immune cell profiling of preeclamp-
tic pregnant and postpartum women by single-cell RNA se-
quencing. Int Rev Immunol. 2022. doi:10.1080/08830185.20
22.2144291.

Gong F, Wang J, Lu N, et al. The imbalance of circulat-
ing monocyte subgroups with a higher proportion of the
CD14+CD16+CD163+ phenotype in patients with pre-
eclampsia. Immunol Lett. 2022;253:1-7. doi:10.1016/j.im-
let.2022.11.005.

SheuA, Chan, Ferguson A, et al. A proinflammatory CD4+ T
cell phenotype in gestational diabetes mellitus. Diabetologia.
2018;61(8):1633—1643. doi:10.1007/s00125-018-4615-1.

Immune dysregulation in preeclampsia: differential expression...



