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Summary
Background Cerebral complications of pre-eclampsia are a leading cause of maternal mortality. Better understanding
of the pathophysiology may enable the development of novel strategies to protect the maternal brain. We aimed to
investigate blood-brain barrier injury and neuroinflammatory pathways in women with eclampsia and pre-
eclampsia compared to normotensive pregnancies.

Methods This observational cross-sectional study conducted between March 2021 and June 2023, included
women with eclampsia, pre-eclampsia, and normotensive pregnancies admitted to Tygerberg Hospital, Cape
Town, South Africa who underwent caesarean delivery. Cerebrospinal fluid and plasma samples were
collected during caesarean delivery. Blood-brain barrier injury was assessed using immunonephelometry for
albumin and ELISA assays for claudin-5 and matrix metalloproteinase-9 (MMP-9). Neuroinflammatory
markers were analysed on the multiplex Bio-Plex Pro Human Cytokine-Screening assay. Data were analysed
using parametric methods after log transformation and are presented as fold changes (geometric mean
ratios) between groups.

Findings The study included 129 women: Eleven had eclampsia, 17 had pre-eclampsia with end-organ complications,
88 had pre-eclampsia without end-organ complications, and 13 with normotensive pregnancies. Women with
eclampsia had increased cerebrospinal fluid concentrations of claudin-5 (2.7-fold, 95% CI 1.4–5.1, p = 0.002 vs
normotensive control) and MMP-9 (2.5-fold, 95% CI 1.1–5.3, p = 0.024 vs pre-eclampsia with end-organ
complications). They also demonstrated increased cerebrospinal fluid cytokine levels compared to normotensive
controls, reflecting inflammatory recruitment (Interleukin-8: 7.2-fold, 95% CI 2.7–18.5, p < 0.001), cytotoxicity
(Interleukin-6: 20.7-fold, 95% CI 6.4–63.6, p < 0.001), and immune modulation (Interleukin-10: 2.0-fold, 95%
CI 1.2–3.1, p = 0.004). Neuroprotective markers were reduced in eclampsia (stem cell factor: 0.5-fold, 95% CI
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0.3–0.8, p = 0.005) compared to normotensive controls. There was no correlation between cytokine concentrations in
the cerebrospinal fluid and plasma. Women with pre-eclampsia showed less pronounced changes indicative of blood-
brain barrier injury and immune modulation.

Interpretation Eclampsia is associated with blood-brain barrier injury and acute neuroinflammation originating from
cerebral tissue, inducing cytotoxicity. This may be an underlying mechanism for seizures and cerebral injury in
eclampsia and pre-eclampsia.

Funding This study was supported by the Swedish Research Council, Herbert och Karin Jacobsson Stiftelse, Wilhelm
and Martina Lundgren Foundations, and Swedish Society Of Medicine.

Copyright © 2025 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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Research in context

Evidence before this study
Two studies of pre-eclampsia, without cases of eclampsia,
reported no differences in blood-brain barrier injury. In a small
case-series, our group found evidence of blood-brain barrier
injury and neuroinflammation in pre-eclampsia and
eclampsia. However, the pathophysiological mechanisms
remain poorly studied.
We searched the databases Medline, Embase, CINAHL, and
Cochrane library and performed citation tracking from the
previous articles until January 2025, to identify if there were
new articles using the terms including: “Blood-brain barrier
injury”, “Claudin-5”, “Cerebral complications”,
“Neuroinflammation”, “Pre-eclampsia”, “Eclampsia” without
any language or time restriction and did not identify any
other study with analysis of clinical cerebrospinal fluid
samples of women with eclampsia.

Added value of this study
This observational study revealed signs of blood-brain barrier
injury in women with eclampsia, indicated by tight-junction

protein degradation. Those women suffer from acute
neuroinflammation, reflected by increased levels of
inflammatory recruitment, cytotoxic, and immune-
modulating markers in cerebrospinal fluid. The levels of
inflammatory markers in cerebrospinal fluid did not correlate
with levels in plasma which indicates that the
neuroinflammation originates from the cerebral tissue and
not through leakage of systemic inflammatory markers
through the blood-brain barrier.

Implications of all the available evidence
Eclampsia and pre-eclampsia are associated with blood-brain
barrier injury and a subsequent acute neuroinflammatory
response, originating from the cerebral tissue. These
pathophysiological changes resemble those in
neurodegenerative diseases such as Alzheimer’s disease and
traumatic brain injury. Clinical surveillance and long-term
follow-up of women with eclampsia should be considered to
identify persisting neurological sequelae and provide
appropriate support.
Introduction
Pre-eclampsia is a multi-organ endothelial disorder of
pregnancy,1 complicating 5% of pregnancies and
causing over 60,000 maternal deaths globally each year.2

Cerebral complications of pre-eclampsia, such as
eclampsia, cerebral oedema, and intracranial haemor-
rhage, are major contributors to direct maternal mor-
tality.3,4 Women who experience pre-eclampsia and
associated complications face an increased risk for
stroke, dementia, migraine, epilepsy, and cognitive
impairment later in life.5–9 Improved understanding of
the pathophysiology may allow for better detection
and the development of novel interventions to prevent
and treat cerebral complications and long-term
consequences.

Impaired cerebral blood flow autoregulation, blood-
brain barrier injury, and neuroinflammation are
proposed mechanisms underlying cerebral
complications.3,10–12 Animal models of pre-eclampsia and
in vitro studies have demonstrated blood-brain barrier
injury and increased neuroinflammation,13–18 though
clinical data remain limited. An observational study of
women with pre-eclampsia, but without eclampsia,
found no evidence of blood-brain barrier injury or
neuroinflammatory changes in cerebrospinal fluid.19 In
a small case-series, our group found evidence of blood-
brain barrier injury and neuroinflammation in pre-
eclampsia and eclampsia, but the sample size was very
small and restricted by a limited number of markers.20

Pathophysiological mechanisms and the origin of neu-
roinflammation remain unknown.

To address these gaps, we conducted a larger study
with comprehensive analyses to examine blood-brain
barrier injury and neuroinflammation in women
www.thelancet.com Vol 116 June, 2025

http://creativecommons.org/licenses/by/4.0/
http://www.thelancet.com


Articles
with eclampsia, pre-eclampsia, and normotensive
pregnancies.
Methods
Study design
In this observational study, we included women who were
recruited to the Pre-eclampsia Obstetric Adverse Events
(PROVE) biobank at Tygerberg Hospital, a tertiary referral
hospital in Cape Town, South Africa, and who had plasma
and/or cerebrospinal fluid samples collected at caesarean
section between March 2021 and June 2023.21

Informed consent was obtained. Demographics and
outcome data were collected by research staff, and
entered into a REDCap database, hosted by Stellenbosch
University.22 All data was checked for accuracy.

Women with singleton pregnancies giving birth by
caesarean section where cerebrospinal fluid could be
collected were included. Exclusion criteria were preex-
isting neurological or cardiac disease.21

Ethics
Ethics approval was obtained from the Stellenbosch
University Health Research Ethics Committee (Project
ID 25532 N22/06/063_Sub Study N17/05/048) and the
Swedish Ethical Review Authority (Dnr 2023-04689-01).
Informed consent was obtained.

Exposures
Main exposures were pre-eclampsia and eclampsia. Pre-
eclampsia was defined as a pregnancy complicated by
hypertension (systolic blood pressure ≥140 mm Hg
and/or diastolic blood pressure ≥90 mm Hg) together
with significant proteinuria (≥2+ proteinuria on urine
dipsticks and/or protein/creatinine ratio >30 mmol/mol
in 24-h urine collection) after 20 gestational weeks. Pre-
eclampsia was sub-categorised as disease with, or
without end-organ complications according to a modi-
fied Delphi consensus.23 End-organ complications
included pulmonary oedema, haemolysis, elevated liver
enzymes, low-platelet-count (HELLP) syndrome, and
acute kidney injury (creatinine >120 μmol/L)
(Supplementary Table S1).23 Eclampsia was defined as
the occurrence of generalised tonic-clonic seizures
associated with pre-eclampsia where there was no other
neurological cause for the seizure.

Controls were normotensive pregnant women with
blood pressures <140/90 mm Hg, without preexisting
chronic diseases including chronic hypertension.

Procedures
Blood samples were collected in ethylenediaminetetra-
acetic acid-tubes during caesarean section. Cerebrospi-
nal fluid was collected after insertion of the spinal
needle for anaesthesia performed for the caesarean
section. CSF samples were visually inspected and
excluded if blood contaminated.
www.thelancet.com Vol 116 June, 2025
All samples were centrifuged, aliquoted and frozen
within 2 h of collection and stored at −70 ◦C. Frozen
samples were shipped to Gothenburg University, Swe-
den, for analysis.

Outcomes
Blood-brain barrier injury was evaluated by measuring
the cerebrospinal fluid concentrations of dissociated
tight junction protein claudin-5, tight junction protein-
degrading matrix metalloprotease-9 (MMP-9) and the
cerebrospinal fluid to plasma albumin ratio.

Neuroinflammation was assessed by measuring
concentrations of interleukin-6 (IL-6), interleukin-8 (IL-
8), and tumour-necrosis factor alpha (TNF-α) in cere-
brospinal fluid.20 Forty-five cytokines, chemokines, and
growth factors were also analysed in cerebrospinal fluid
as exploratory outcome (Supplementary Table S2).

To identify pathophysiological pathways over the
neurovascular unit, we analysed the correlation between
blood-brain barrier injury markers and neuro-
inflammatory markers in cerebrospinal fluid, as well as
correlations between cerebrospinal fluid and plasma.

Cytokines, chemokines, and growth factors were
measured using the Bio-Plex Multiplex immunoassay
(Bio-Plex Pro Human Cytokine-Screening-Panel, 48-
Plex #12007283, Bio-Rad Laboratories Inc., Hercules,
CA, USA) according to the manufacturer’s protocol.
Cerebrospinal fluid samples were diluted 2-fold and
plasma samples 4-fold and analysed using four 96-well
plates. Cytokines were divided into three physiological
pathways: recruitment of inflammation, cytotoxic sig-
nals, and immune modulation.

Claudin-5 protein and MMP-9 protein concentra-
tions were measured in cerebrospinal fluid using a
human claudin-5 ELISA kit (#CSB-EL005507HU,
Cusabio Technology LLC, Houston, TX, USA), and a
human MMP9 Immunoassay (#DMP900, R&D Sys-
tems, Minneapolis, MN, USA) according to the manu-
facturer’s protocol. The samples were diluted 2-fold.

Albumin concentrations in cerebrospinal fluid and
plasma were measured using immunonephelometry on a
Beckman Immage system (Beckman Instruments,
Beckman Coulter, Brea, CA, USA). The ratio of cere-
brospinal fluid to plasma albumin was calculated as ce-
rebrospinal fluid albumin (mg/L)/plasma albumin (g/L).

Investigators were blinded for all outcome
measurements.

Statistical analyses
Demographics and baseline characteristics were sum-
marised as mean with standard deviation or median
with interquartile range for numeric variables. Cate-
gorical variables were summarised as counts and per-
centages. Outcome variables were log-transformed prior
to analysis accounting for right-skewed distributions
and were descriptively reported as geometric mean and
coefficient of variation (CV), appropriate for strictly
3
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positive data. After transformation, approximate
normality was obtained.

Inflammatory cytokines and blood-brain barrier
markers were analysed using Welch’s analysis of
covariance (ANCOVA) to account for unequal variances
across groups and adjusted for analytic plate effects,
maternal age, body mass index, human immunodefi-
ciency virus status, and chronic hypertension. For vari-
ables with concentrations below the detection limit, a
log-normal Tobit regression model was employed to
address censoring.24,25 Values extrapolated outside the
assay range were analysed as recorded. Results were
reported as fold changes (geometric mean ratios) with
95% confidence intervals.

Exploratory outcomes (Supplementary Table S2)
were assessed using an omnibus F-test adjusted for
plate effects. Multiple testing corrections were applied
using the Benjamini-Hochberg procedure to control the
false discovery rate (FDR) at 10%. Biomarkers meeting
the significance threshold of a 10% FDR were further
evaluated the same ANCOVA model as described above.

Correlation analyses for non-censored data were
conducted using Pearson correlation coefficients on log-
transformed values. For censored data, correlation co-
efficients were estimated using log-Gaussian profile
likelihood methods implemented in the clikcorr R
package.26 Correlation coefficients were interpreted as
follows: ≤0.3, weak; ≥0.3–0.5, fair; ≥0.5–0.7; and
≥0.7–0.9, high; ≥0.9, very high.27

With n = 11 women with eclampsia, n = 13 normo-
tensive controls, n = 17 with pre-eclampsia with end-
organ complications, and n = 88 with pre-eclampsia
without end-organ complications, the study was pow-
ered at 80% to detect large effects when comparing
eclampsia to the other groups (effect sizes >1.20 vs
normotensive, >1.15 vs severe pre-eclampsia, and >0.90
vs pre-eclampsia without end-organ complications), as
well as medium-to-large effects between the two pre-
eclampsia groups (effect size >0.75). Assuming a CV
of 0.5, these effect sizes correspond to fold changes of
approximately 1.61–2.15 for increases in biomarker
levels, or 0.47–0.62 for decreases, respectively.

All statistical tests were two-sided, with a significance
level set at 5%. Statistical analyses were performed us-
ing SAS/STAT® Software, version 9.4 (SAS Institute
Inc., Cary, NC, USA) and R software, version 4.4.1 (R
Core Team, Vienna, Austria).

Role of funders
The funding sources had no role in study design, data
collection, data analysis, data interpretation, or writing
of the report.
Results
Between March 2021 and June 2023, 1244 women in
total were included in the PROVE biobank. Of these,
129 women had cerebrospinal fluid and/or plasma
samples collected. Of these, eleven women had
eclampsia, 17 had pre-eclampsia with end-organ com-
plications, 88 had pre-eclampsia without complications,
and 13 had normotensive pregnancies (Fig. 1). Pre-
eclampsia with end-organ complications included
seven with pulmonary oedema, seven with HELLP
syndrome, and three with severe renal impairment
(creatinine >120 μmol/L). Three women with eclampsia
also had pulmonary oedema and one had HELLP syn-
drome. Three had recurrent eclampsia.

Background characteristics
Women with eclampsia and pre-eclampsia had a lower
mean age, were more likely to be nulliparous and
needed an emergency caesarean section. Women with
pre-eclampsia and end-organ complications, but not
eclampsia, gave birth at an earlier gestation and their
infants had lower mean birthweights (Table 1). None of
the women who experienced eclampsia had chronic
hypertension.

Blood-brain barrier injury
Claudin-5 concentrations in cerebrospinal fluid were 4.0-
fold higher in women with eclampsia compared to
women with pre-eclampsia with end-organ complications
(95% CI 2.12–7.47) and a 3.1-fold increased concentration
compared to women with pre-eclampsia without end-organ
complications (95% CI 1.70–5.61). Women with eclampsia
also had a 2.7-fold increase compared to normotensive
controls (95% CI 1.43–5.11) (Fig. 2a, Table 2).

Women with pre-eclampsia, with or without end-
organ complications, had no significant differences in
claudin-5 cerebrospinal fluid concentrations compared
to normotensive controls.

MMP-9 was increased 2.4-fold in cerebrospinal fluid
when women with eclampsia was compared to women
with pre-eclampsia with end-organ complications (95%
CI 1.08–5.30) (Fig. 2b, Table 2). There were no other
significant differences in MMP-9 concentrations.

There was no difference in cerebrospinal fluid to
plasma albumin ratio in women with eclampsia
compared to normotensive controls. Women with pre-
eclampsia with end-organ complications had a 30%
lower albumin ratio compared to those without end-
organ complications (fold change 0.69, 95% CI
0.50–0.95). Women with pre-eclampsia without end-
organ complications had a 1.5-fold increased albumin
ratio compared to normotensive controls (95% CI
1.17–1.98) (Fig. 2c, Table 2).

Descriptive and unadjusted analyses are presented in
Supplementary Tables S3 and S4.

Neuroinflammation
Inflammatory recruitment
Eclampsia was associated with increased cerebrospinal
fluid concentrations of several chemokines reflecting
www.thelancet.com Vol 116 June, 2025
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Recruited to the PROVE 
biobank (n=1244)

Excluded (n=1115)
    No CSF sample taken (n=1110)
    Not meeting inclusion criteria (n=5)

Included for analysis (n=129) 

Normotensive (n=13)

Plasma analysis (n=12)
CSF/plasma albumin ratio 

(n=7)

Pre-eclampsia without end-
organ complications (n=88)

Plasma analysis (n=72)
CSF/plasma albumin ratio 

(n=61)

Pre-eclampsia with end-
organ complications (n=17)

Plasma analysis (n=12)
CSF/plasma albumin ratio 

(n=11)

Eclampsia (n=11)

Plasma analysis (n=11)
CSF/plasma albumin ratio 

(n=11)

Fig. 1: Flow chart of the study cohort illustrating the number of participants with normotensive pregnancies, pre-eclampsia without end-organ
complications, pre-eclampsia with end-organ complications, and eclampsia. The number of analyses performed is also presented.

Normotensive (n = 13) Pre-eclampsia
without end-organ
complications (n = 88)

Pre-eclampsia
with end-organ
complications (n = 17)

Eclampsia (n = 11)

Age (years), mean (SD) 32.5 (6.3) 28.6 (5.9) 28.4 (8.0) 26.3 (6.9)

Body mass index (kg/m2), mean (SD) 31.3 (6.3) 29.7 (7.1) 34.9 (8.1) 29.2 (5.0)

Nulliparous, n (%) 2 (15%) 36 (41%) 7 (41%) 6 (55%)

HIV, n (%) 3 (23%) 15 (17%) 1 (6%) 2 (18%)

Smoking during pregnancy, n (%) 0 (0%) 11 (13%) 2 (13%) 1 (9%)

Alcohol use during pregnancy, n (%) 0 (0%) 3 (3%) 2 (12%) 0 (0%)

Chronic hypertension, n (%) 0 (0%) 7 (8%) 2 (12%) 0 (0%)

Pulmonary oedema, n (%) 0 0 7 (41%) 3 (27%)

HELLP syndrome, n (%) 0 0 7 (41%) 1 (9%)

Severe renal impairment (creatinine >120 μmol/L), n (%) 0 0 3 (18%) 0

Placental abruption, n (%) 0 0 1 (6%) 0

Recurrent eclampsia, n (%) 0 0 0 3 (27%)

Elective or non-urgent caesarean section, n (%) 8 (62%) 17 (20%) 6 (38%) 1 (9%)

Emergency caesarean section, n (%) 5 (38%) 70 (80%) 10 (63%) 10 (91%)

Gestation at delivery (weeks + days), median (IQR) 38 + 3 (36 + 2–40 + 4) 36 + 3 (32 + 1–38 + 5) 33 + 4 (30 + 2–38 + 5) 37 + 2 (34 + 1–39 + 4)

Liveborn infant, n (%) 13 (100%) 88 (100%) 17 (100%) 11 (100%)

Birthweight (kg), mean (SD) 2.9 (0.8) 2.2 (0.9) 2.0 (0.8) 2.5 (0.7)

Numeric variables are presented as mean with standard deviation (SD) or median with interquartile range (IQR), while categorical variables are reported as counts and percentages. Missing data are as
follows (by group: normotensive, pre-eclampsia without end-organ complications, pre-eclampsia with end-organ complications, and eclampsia): body mass index – 3/3/1/1; smoking status – 0/0/1/0;
chronic hypertension – 0/1/0/0; emergency caesarean section – 0/1/1/0; and birthweight – 0/1/0/0. Abbreviations: HELLP, haemolysis, elevated liver enzymes, low platelet count; HIV, human
immunodeficiency virus; IQR, interquartile range; SD, standard deviation.

Table 1: Characteristics of the study cohort at enrolment.
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Fig. 2: Distribution of blood-brain barrier injury markers in cerebrospinal fluid (CSF) across participant groups. Claudin-5 (a), matrix
metalloprotease-9 (MMP-9) (b), and CSF/plasma albumin ratio (c) are shown for normotensive women, women with pre-eclampsia (without
and with end-organ complications), and women with eclampsia. Points represent observed values, and red lines indicate geometric means. [p-
values were derived using Welch’s analysis of covariance on log-transformed data].
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inflammatory recruitment. Women with eclampsia had
a 6.0-fold increase in IL-8 concentrations when
compared to women with pre-eclampsia with end-
organ complications (95% CI 2.29–15.55), a 7.0-fold
increase when compared to women with pre-
eclampsia without end-organ complications (95% CI
2.80–17.75), and a 7.2-fold increase when compared to
normotensive controls (95% CI 2.76–18.75) (Fig. 3a,
Table 3). Women with eclampsia also had a 4.3-fold
increase in monocyte chemoattractant protein 1
(MCP-1) when compared to women with pre-eclampsia
with end-organ complications (95% CI 2.30–8.19), a
3.3-fold increase when compared to women with pre-
eclampsia without end-organ complications (95% CI
1.82–5.92), and a 2.8-fold increase (95% CI 1.50–5.36)
compared to normotensive controls (Fig. 3b, Table 3).
Women with pre-eclampsia with end-organ complica-
tions had 35% lower levels of MCP-1 compared to
www.thelancet.com Vol 116 June, 2025
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Biomarker Reference Fold change (95% CI) vs reference

Pre-eclampsia
without end-organ
complications (n = 88)

Pre-eclampsia
with end-organ
complications (n = 17)

Eclampsia (n = 11)

Claudin-5 Normotensive (n = 13) 0.88 (0.64, 1.20)
p = 0.37

0.68 (0.46, 1.01)
p = 0.054

2.70 (1.43, 5.11)
p = 0.005

Pre-eclampsia without end-organ complications – 0.78 (0.58, 1.04)
p = 0.085

3.09 (1.70, 5.61)
p = 0.002

Pre-eclampsia with end-organ complications – – 3.97 (2.12, 7.47)
p < 0.001

MMP-9 Normotensive (n = 13) 0.80 (0.42, 1.55)
p = 0.48

0.64 (0.29, 1.38)
p = 0.24

1.52 (0.64, 3.63)
p = 0.32

Pre-eclampsia without end-organ complications – 0.79 (0.47, 1.33)
p = 0.36

1.89 (0.95, 3.78)
p = 0.067

Pre-eclampsia with end-organ complications – – 2.39 (1.08, 5.30)
p = 0.033

CSF/plasma albumin ratio Normotensive (n = 7) 1.52 (1.17, 1.98)
p = 0.004

1.05 (0.73, 1.51)
p = 0.78

1.55 (0.82, 2.96)
p = 0.16

Pre-eclampsia without end-organ complications – 0.69 (0.50, 0.95)
p = 0.026

1.02 (0.54, 1.92)
p = 0.95

Pre-eclampsia with end-organ complications – – 1.48 (0.76, 2.87)
p = 0.22

Analyses adjusted for plate differences, maternal age, BMI, HIV, and chronic hypertension. Bold font indicates p-values below 0.05. Statistical analyses were conducted using
Welch’s analysis of covariance (ANCOVA) on log-transformed variables to account for unequal variances across groups. Results are expressed as fold changes compared to
the reference group, with 95% confidence intervals. Adjustments were made for plate differences, maternal age, BMI, HIV status, and chronic hypertension. Abbreviations:
CI, confidence interval; CSF, cerebrospinal fluid; MMP-9, matrix metalloprotease 9.

Table 2: Pairwise comparisons of blood-brain barrier injury markers in cerebrospinal fluid and CSF/plasma ratio among women with normotensive
pregnancies, pre-eclampsia without end-organ complications, pre-eclampsia with end-organ complications, and eclampsia.

Articles
normotensive controls (95% CI 0.44–0.98). Growth-
regulated protein alpha (GRO-α) was detected in 5/11
women with eclampsia, none with pre-eclampsia with
end-organ complications, 1/88 (1.2%) with pre-
eclampsia without end-organ complications, and none
of the normotensive controls (Supplementary
Table S5).

Cytotoxic signals
Several cytotoxic signalling cytokines were elevated in
women with eclampsia. Cerebrospinal fluid concentra-
tions of IL-6 were 12-times higher when compared to
pre-eclampsia with end-organ complications (95% CI
4.33–33.62), 14-times higher when compared to pre-
eclampsia without end-organ complications (95% CI
6.25–31.95), and 21-times higher compared to controls
(95% CI 6.51–65.70) (Fig. 3c, Table 3). Women with
eclampsia had 2.9-fold higher IFN-γ concentrations
when compared to women with pre-eclampsia with end-
organ complications (95% CI 1.52–5.40) and 2.8-fold
higher concentrations when compared to women with
pre-eclampsia without end-organ complications (95% CI
1.66–4.56) (Fig. 3d, Table 3).

β-nerve growth factor (β-NGF), a sign of neuronal
injury, was found in 6/11 women with eclampsia, 1/17
women with pre-eclampsia with end-organ complica-
tions, 32/88 women with pre-eclampsia without end-
organ complications, and none of the normotensive
controls (Supplementary Table S5).
www.thelancet.com Vol 116 June, 2025
Immune modulation
In acute inflammation, inflammatory modulating sig-
nals counteract the inflammatory response. Women
with eclampsia had a 1.8-fold increase in IL-10 con-
centrations when compared to women with pre-
eclampsia with end-organ complications (95% CI
1.03–2.97) and a 2-fold increase when compared to
women with pre-eclampsia without end-organ compli-
cations (95% CI 1.24–3.13) (Fig. 3e, Table 3). The neu-
ropoietic cytokine leukaemia inhibitory factor (LIF)
regulating pro- and anti-inflammatory actions was 2.6-
times higher in women with eclampsia compared to
women with pre-eclampsia with end-organ complica-
tions (95% CI 1.03–6.66) and 3.8-times higher in
women with eclampsia when compared to women with
pre-eclampsia without end-organ complications (95% CI
1.81–7.74) (Fig. 3f, Table 3). Women with pre-eclampsia
with end-organ complications had similar concentra-
tions of LIF compared to normotensive controls. LIF
was reduced by 65% in women with pre-eclampsia
without end-organ complications compared to normo-
tensive controls (fold change 0.35, 95% CI 0.16–0.77).

Neuroprotective cytokine stem cell factor (SCF)
concentrations were 50% lower in women with
eclampsia (fold change 0.50, 95% CI 0.31–0.81), 57%
lower in women with pre-eclampsia with end-organ
complications (fold change 0.43, 95% CI 0.28–0.67),
and 52% lower in women with pre-eclampsia without
end-organ complications (fold change 0.48, 95% CI
7
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Fig. 3: Distribution of inflammatory cytokines interleukin and growth factors in cerebrospinal fluid across participant groups. Shown are
interleukin-8 (IL-8) (a), monocyte chemoattractant protein 1 (MCP-1) (b), interleukin-6 (IL-6) (c), interferon-γ (IFN-γ) (d), interleukin-10 (IL-10)
(e), leukaemia inhibitory factor (LIF) (f), stem cell factor (SCF) (g), macrophage colony stimulating factor (M-CSF) (h), and tumour necrosis
factor α (TNF-α) (i). Data are presented for normotensive women, women with pre-eclampsia (without and with end-organ complications), and
women with eclampsia. Points represent observed values, and red lines indicate geometric means. [p-values were derived using log-normal
Tobit regression for IL-6, TNF-α, IFN-γ, LIF, SCF, and IL-10, and Welch’s analysis of covariance for IL-8, MCP-1, and M-CSF, all on log-
transformed data].
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Biomarker Reference Fold change (95% CI) vs reference

Pre-eclampsia
without end-organ
complications (n = 88)

Pre-eclampsia
with end-organ
complications (n = 17)

Eclampsia (n = 11)

IL-8 Normotensive (n = 13) 1.02 (0.71, 1.47)
p = 0.91

1.21 (0.76, 1.91)
p = 0.41

7.19 (2.76, 18.75)
p < 0.001

Pre-eclampsia without end-organ complications – 1.18 (0.82, 1.70)
p = 0.35

7.04 (2.80, 17.75)
p < 0.001

Pre-eclampsia with end-organ complications – – 5.96 (2.29, 15.55)
p = 0.002

MCP-1 Normotensive 0.86 (0.63, 1.19)
p = 0.35

0.65 (0.44, 0.98)
p = 0.041

2.84 (1.50, 5.36)
p = 0.003

Pre-eclampsia without end-organ complications – 0.76 (0.55, 1.05)
p = 0.089

3.29 (1.82, 5.92)
p = 0.001

Pre-eclampsia with end-organ complications – – 4.34 (2.30, 8.19)
p < 0.001

IL-6 Normotensive 1.46 (0.61, 3.50)
p = 0.39

1.71 (0.61, 4.81)
p = 0.31

20.7 (6.51, 65.7)
p < 0.001

Pre-eclampsia without end-organ complications – 1.17 (0.58, 2.38)
p = 0.66

14.14 (6.25, 31.95)
p < 0.001

Pre-eclampsia with end-organ complications – – 12.06 (4.33, 33.62)
p < 0.001

IFN-γ Normotensive 0.71 (0.41, 1.22)
p = 0.21

0.68 (0.36, 1.28)
p = 0.23

1.95 (0.95, 3.99)
p = 0.068

Pre-eclampsia without end-organ complications – 0.96 (0.62, 1.48)
p = 0.84

2.75 (1.66, 4.56)
p < 0.001

Pre-eclampsia with end-organ complications – – 2.87 (1.52, 5.40)
p = 0.001

IL-10 Normotensive 0.74 (0.36, 1.50)
p = 0.40

1.29 (0.61, 2.71)
p = 0.51

1.45 (0.66, 3.20)
p = 0.35

Pre-eclampsia without end-organ complications – 1.75 (1.03, 2.97)
p = 0.039

1.97 (1.24, 3.13)
p = 0.004

Pre-eclampsia with end-organ complications – – 1.13 (0.60, 2.14)
p = 0.71

LIF Normotensive 0.35 (0.16, 0.77)
p = 0.009

0.49 (0.19, 1.28)
p = 0.15

1.29 (0.46, 3.63)
p = 0.63

Pre-eclampsia without end-organ complications – 1.43 (0.73, 2.78)
p = 0.29

3.74 (1.81, 7.74)
p < 0.001

Pre-eclampsia with end-organ complications – – 2.62 (1.03, 6.66)
p = 0.043

SCF Normotensive 0.48 (0.34, 0.70)
p < 0.001

0.43 (0.28, 0.67)
p < 0.001

0.50 (0.31, 0.81)
p = 0.005

Pre-eclampsia without end-organ complications – 0.90 (0.67, 1.20)
p = 0.47

1.03 (0.73, 1.46)
p = 0.85

Pre-eclampsia with end-organ complications – – 1.15 (0.75, 1.77)
p = 0.51

M-CSF Normotensive 0.67 (0.53, 0.83)
p = 0.001

0.61 (0.45, 0.83)
p = 0.003

0.73 (0.52, 1.03)
p = 0.069

Pre-eclampsia without end-organ complications – 0.92 (0.72, 1.19)
p = 0.51

1.10 (0.83, 1.46)
p = 0.48

Pre-eclampsia with end-organ complications – – 1.19 (0.84, 1.69)
p = 0.31

TNF-α Normotensive 0.83 (0.38, 1.81)
p = 0.64

0.93 (0.36, 2.40)
p = 0.88

1.06 (0.40, 2.82)
p = 0.91

Pre-eclampsia without end-organ complications – 1.12 (0.57, 2.20)
p = 0.75

1.27 (0.67, 2.43)
p = 0.46

Pre-eclampsia with end-organ complications – – 1.14 (0.47, 2.79)
p = 0.77

Analyses adjusted for plate differences, maternal age, BMI, HIV status, and chronic hypertension. Bold font indicates p-values below 0.05. Statistical analyses for IL-6, TNF-α, IFN-γ, LIF,
SCF, and IL-10 in cerebrospinal fluid were conducted using log-normal Tobit regression to account for censoring of values below the detection limit. Analyses for IL-8, MCP-1, and M-
CSF were performed using Welch’s analysis of covariance on log-transformed variables to address unequal variances across groups. Results are presented as fold changes relative to the
reference group, with 95% confidence intervals, adjusted for plate differences, maternal age, BMI, HIV status, and chronic hypertension. Abbreviations: CI, confidence interval; IFN,
interferon; IL, interleukin; LIF, leukaemia inhibitory factor; M-CSF, macrophage colony-stimulating factor; MCP-1, monocyte chemoattractant protein-1; SCF, stem cell factor; TNF,
tumour necrosis factor.

Table 3: Pairwise comparisons of inflammatory cytokines in cerebrospinal fluid among women with normotensive pregnancies, pre-eclampsia without
end-organ complications, pre-eclampsia with end-organ complications, and eclampsia.
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Claudin-5

MMP-9

CSF/plasma albumin ratio

Values are presented as Pear
transformed data. Bold font
matrix-metalloprotease 9.

Table 4: Correlations betw
CSF/plasma albumin ratio

IL-6 IL-8 TNF-α

IL-6 – 0.74 (0.65, 0.81)
p < 0.001

0.22 (0.02, 0.40)
p = 0.031

IL-8 0.74 (0.65, 0.81)
p < 0.001

– 0.18 (−0.01, 0.35)
p = 0.061

TNF-α 0.22 (0.02, 0.40)
p = 0.031

0.18 (−0.01, 0.35)
p = 0.061

–

Values are presented as bivariate correlation coefficients with 95% confidence
intervals, calculated using log-Gaussian profile likelihood to account for the
censoring of values below the lower detection limit. Bold font indicates p-values
below 0.05. Abbreviations: IL, interleukin; TNF, tumour necrosis factor.

Table 5: Correlations between inflammatory cytokines IL-6, IL-8, and
TNF-α in cerebrospinal fluid.
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0.31–0.81) compared to normotensive controls (Fig. 3g,
Table 3). Macrophage colony stimulating factor (M-CSF)
concentrations were reduced by 39% in women with
pre-eclampsia with end-organ complications (fold
change 0.61, 95% CI 0.45–0.83%) and by 33% in women
with pre-eclampsia without end-organ complications
(fold change 0.67, 95% CI 0.53–0.83) when compared to
normotensive controls (Fig. 3h, Table 3).

TNF-α concentrations were similar across groups
(Fig. 3i, Table 3).

A complete list of results from the multiplex analyses
are presented in Supplementary Tables S3 and S4.

Correlation analysis
We found weak positive correlations between all blood-
brain barrier injury markers in cerebrospinal fluid
(Table 4, Supplementary Figure S1). There was a high
positive correlation between the pro-inflammatory cyto-
kines IL-6 and IL-8 (r = 0.74, 95% CI 0.65–0.81) and a
weak positive correlation between TNF-α and IL-6
(r = 0.22, 95% CI 0.02–0.40) (Table 5, Supplementary
Figure S2). There was no correlation between inflam-
matory markers in cerebrospinal fluid and plasma
(Supplementary Table S6, Supplementary Figure S3).
Discussion
Eclampsia is associated with injury of the blood-brain
barrier and increased neuroinflammatory activity, in-
dependent of systemic inflammation. Increased signals
related to inflammatory recruitment, cytotoxic pathways,
inflammatory modulation, and reduced neuroprotection
all indicate an acute cerebral insult in eclampsia,
potentially leading to neuronal cell death. Women with
pre-eclampsia showed little to no blood-brain barrier
injury and only modest neuroinflammatory changes.

In our prior small pilot study, eclampsia was associ-
ated with increased concentrations IL-6, IL-8, and TNF-α
in cerebrospinal fluid and an elevated albumin ratio,
suggesting blood-brain barrier injury and inflamma-
tion.20 Our findings provide evidence that eclampsia is
Claudin-5 MMP-9 Albumin
CSF/plasma ratio

– 0.18 (0.01, 0.34)
p = 0.039

0.23 (0.02, 0.42)
p = 0.030

0.18 (0.01, 0.34)
p = 0.039

– 0.26 (0.06, 0.45)
p = 0.012

0.23 (0.02, 0.42)
p = 0.030

0.26 (0.06, 0.45)
p = 0.012

–

son correlation coefficients with 95% confidence intervals, calculated from log-
indicates p-values below 0.05. Abbreviations: CSF, cerebrospinal fluid; MMP-9,

een cerebrospinal fluid (CSF) concentrations of claudin-5, MMP-9, and
.

associated with blood-brain barrier injury and increased
neuroinflammation.

Blood-brain barrier injury in pre-eclampsia is not
well studied. Two studies of pre-eclampsia, without
cases of eclampsia, reported no significant differences
whereas we found differences in our studies.19,20,28 This
variance is likely due to differences in disease severity.

We showed increased concentrations of claudin-5 in
cerebrospinal fluid in eclampsia, indicating cerebrovas-
cular tight-junction disruption as a potential cause of
blood-brain barrier injury. A preclinical study suggests
that small extracellular vesicles from pre-eclampsia may
lower claudin-5 levels on blood-brain barrier endothelial
cells.18 Increased cerebrospinal fluid concentrations
and/or dislocated claudin-5 have been reported after
intracranial haemorrhage and epilepsy.29–31 Claudin-5
may be removed from endothelial cell-surfaces by pro-
teolytic cleavage executed by matrix metalloproteases.
Matrix metalloproteases were increased in the cerebro-
spinal fluid in eclampsia. MMP-9 is well studied in
blood-brain barrier injury, particularly for neurodegen-
erative disorders.32 MMP-9 can be activated by micro-
glia, suggesting crosstalk between neuroinflammatory
signals and blood-brain barrier endothelial cells.33

Claudin-5 disruption may occur through the actions of
the chemokine MCP-1, which is elevated in eclampsia.
MCP-1 is released from the blood-brain barrier endo-
thelial cells and binds to the CCR2 receptor on micro-
glia, neurons, astrocytes, and endothelial cells.34 The
binding of MCP-1 to CCR2 triggers alterations in the
cytoskeleton and reduces the expression of tight junc-
tion proteins on the cell surface, potentially worsening
blood-brain barrier injury and serving as an underlying
cause of blood-brain barrier injury.35 Increased MCP-1
signalling have also been associated with other neuro-
degenerative disorders.36

IL-8 and GRO-α were elevated in the cerebrospinal
fluid of women with eclampsia. Both these chemokines
are elevated in other neurodegenerative diseases where
they act as recruitment signals for inflammatory medi-
ators.37,38 Chemokines are secreted by endothelial cells
and immunoreactive glial cells to enhance inflammatory
www.thelancet.com Vol 116 June, 2025
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pathways leading to cytotoxicity.35,39 IL-8 induces
migration and activation of microglia, which subse-
quently release cytotoxic IL-6, amplifying neuro-
inflammatory pathways.40

The proinflammatory cytokines IL-6 and IFN-γ
originate from activated microglia.38,41,42 They initiate
and drive the acute inflammatory responses, leading to
neurotoxicity in neurodegenerative disorders.43 These
cytokines were increased in eclampsia. Further evi-
dence of neuronal injury in eclampsia is demonstrated
by higher concentrations of β-NGF indicating dysre-
gulated metabolism.44 β-NGF is associated with neu-
roinflammation in Alzheimer’s disease and other
neurodegenerative disorders, leading to cognitive
decline.44,45

After acute inflammation and cell injury immune
modulation occurs. Acutely activated microglia express
anti-inflammatory and neuroprotective cytokines such
as IL-10 and LIF. IL-10 and LIF were increased in
women with eclampsia. A similar acute anti-
inflammatory response pattern has been reported in
patients with Alzheimer’s disease, cerebral ischaemia,
and traumatic brain injury.46–49 The reduced concentra-
tions of SCF and M-CSF in women with eclampsia
suggest impaired neuroregeneration, which may
contribute to long-term neurological sequelae.50,51

The blood-brain barrier injury, the increased in-
flammatory response, and the cytotoxic signalling in the
brain in eclampsia are concerning. This is particularly
relevant as women with pre-eclampsia and eclampsia
have been shown to have silent infarcts, impaired
cognition, and subsequent risk of stroke, epilepsy, and
dementia.6–8,52–59 In a recent study, we found that 80% of
women with eclampsia show signs of vasogenic cerebral
oedema, compared to 20% of women with preeclamp-
sia.59 Given the acute neuroinflammatory phenotype in
women with eclampsia characterised in this current
study, cerebral oedema is possibly influenced by neu-
roinflammation and/or trigger further neuro-
inflammation in eclampsia. This hypothesis warrants
further investigation.

Our findings demonstrate parallels between the
blood-brain barrier injury and neuroinflammation
observed in eclampsia and those observed in neurode-
generative diseases and traumatic brain injury. Clinical
surveillance and long-term follow-up are advised for
these neurological conditions in several clinical guide-
lines.60,61 Surveillance and long-term follow-up of
women with eclampsia are not widely recommended in
national or international guidelines. Follow-up of
women who experienced eclampsia should be consid-
ered to identify any long-term sequelae and provide
appropriate interventions.

The lack of correlation between cytokines in cere-
brospinal fluid and plasma show that the neuro-
inflammatory state in pre-eclampsia and eclampsia
likely results from inflammatory factors being produced
www.thelancet.com Vol 116 June, 2025
within the brain. Systemic inflammation seems to play a
lesser role in neuroinflammation.

It is unclear what initiates the blood-brain barrier
injury in pre-eclampsia and eclampsia. Potential con-
tributors include defective cerebral autoregulation,
leading to hypoxia and injury to the blood-brain bar-
rier,62 and unknown signalling proteins in the circula-
tion such as angiogenic factors that may play an
important role in blood-brain barrier activation. Future
studies should focus on identifying the initiators of
blood-brain barrier injury to discover potential drug
targets for neuroprotection. Researchers should
examine the effects of neuroinflammation through
comprehensive analyses of neuronal injury in both the
short- and long-term. This includes both human studies
and pre-eclampsia- and eclampsia-like in vivo and in vitro
models.11,63

This study investigates rare biological samples:
paired cerebrospinal fluid and plasma samples from
women with eclampsia. To assess potential selection
bias, we compared women included in the current study
to larger cohorts recruited to the PROVE biobank, as
reported in previous publications from our group.21,59,62

Overall, maternal baseline characteristics and neonatal
outcomes were similar between our study cohort and
the broader PROVE population. The prevalence and
pattern of maternal complications among women with
eclampsia, including the proportion of recurrent
eclampsia cases, were also consistent across studies
(Supplementary Table S7).21,59 We successfully included
a well characterised cohort and applied extensive and
sophisticated analyses such as multiplex cytokine assays,
to gain a deeper understanding of blood-brain barrier
injury and neuroinflammation in eclampsia. These re-
sults provide thorough insight into the pathophysiology
behind cerebral complications in pre-eclampsia.

Our study has limitations. Samples were only drawn
after the onset of eclampsia. We lack information on
blood-brain barrier injury or neuroinflammation before
the onset of seizures. Thus, we cannot determine
whether the observed changes are causes or conse-
quences of eclamptic seizures. Despite being a unique
study with a substantial number of women with
eclampsia, the low absolute numbers may still pose a
limitation and introduce type 2 errors, i.e., false negative
findings. Despite this limitation, we saw a clear pattern
of inflammatory and blood-brain barrier-proteins altered
in eclampsia.

Women with eclampsia experience acute neuro-
inflammation and blood-brain barrier injury, compara-
ble to patterns observed in neurodegenerative diseases
such as acute traumatic brain injury, stroke or Alz-
heimer’s disease. Clinical follow-up of women with
eclampsia postpartum should be considered. The source
of neuroinflammation lies within cerebral tissue, with
both neuroinflammation and blood-brain barrier injury
most likely progressing simultaneously, triggered by
11
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endothelial dysfunction and altered inflammatory sig-
nalling across the neurovascular unit. Women with pre-
eclampsia had subtle signals of blood-brain barrier
injury and neuroinflammation, potentially indicating a
pre-clinical state on the progression to eclampsia.
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