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Abstract

Background. Neuropsychiatric disorders in preeclampsia (PE) women are prevalent and worsen
PE outcome. Immune-related biomarkers including soluble sCD80 and cytotoxic T-lymphocyte
antigen-4 (sCTLA-4) are not well studied in relation to depression, anxiety, and chronic fatigue
due to PE.

Methods. The aim is to study serum immune-inflammatory biomarkers of PE and delineat . their
associations with the Hamilton Depression (HAMD), Anxiety (HAMA), and Fibro-Fatigu. (FF)
rating Scale scores. sCD80, sCTLA-4, vitamin D, granulocyte-macropage olony-
stimulating factor, zinc, copper, magnesium, and calcium were measured in‘v> PE compared
with 60 non-PE pregnant women.

Results. PE women show higher depression, anxiety and FF rating scale-ccuies as compared with
control women. sCTLA-4, sCD80, and copper were significantly higi.>r and zinc, magnesium,
and calcium significantly lower in PE women than in controi.. Multiple regression analysis
showed that around 55.8%-58.0% of the variance in the HAi.iD, HAMA and FF scores was
explained by the regression on biomarkers; the top 2. ast “inportant biomarkers were SCTLA-4,
sCD80, and vitamin D. The sCTLA-4/sCD80 ratio wvas significantly and inversely associated
with the HAMD/HAMAJ/FF scores. We 4cund that'around 70% of the variance in systolic blood
pressure could be explained by sCTLA-4 vita.1in D, calcium, and copper.

Conclusions. The findings underscore that PE and depression, anxiety, and chronic fatigue
symptoms due to PE are accon.panied by activation of the immune-inflammatory response
system. More specifically, & sbalences among soluble checkpoint molecules seem to be involved

in the pathophysiology 2f'hyaer.>nision and neuropsychiatric symptoms due to PE.

Keywords. Meurcimmune, inflammation, chronic fatigue syndrome, affective disorders,

biomar :or<
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Significant Outcomes

1 | Compared to control women, preeclamptic (PE) women exhibit significantly higher levels of
depression, anxiety, and chronic fatigue syndrome (CFS), which are associated with immune-

inflammatory response activation.

2 | Soluble CTLA-4 (sCTLA-4), soluble CD80 (sCD80), and vitamin D are the three most
significant biomarkers contributing to variations in depression, anxiety, and fatigue sco. s,
with an inverse correlation between the SCTLA-4/sCD80 ratio and these neurops/chictric
symptoms.

3 | Imbalances in soluble checkpoint molecules contribute to both hypertens an «<nd
neuropsychiatric symptoms in PE, with SCTLA-4, membrane CT! A-4, sCD80, and
membrane CD80 emerging as novel drug targets for treating Pt eleied conditions, including

hypertension, depression, anxiety, and CFS.

Limitations

1 | The study could have been strengthenec 1y evaluating T effector and T regulatory cells
through flow cytometry, as well as-2ss =sing membrane-bound CTLA-4, CD28, CD80, and
CD86 expression on T cells.

2 | Further analyses on oxic'<tive and nitrosative stress markers would be beneficial to provide a

more comprehensive Lnders anding of their role in PE pathology.

3 | Although the semple size may appear relatively small, it was determined through power
analysis, achiev ng a power of 1.0 for primary outcome variables based on multiple

regrass. -2.analyses of biomarkers.
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#1 in CFS, #1 in oxidative stress, #1 in encephalomyelitis, #1 in nitrosative stress, #1 in nitrosation, #1 in
tryptophan, #1 in aromatic amino acids, #1 in stress (physiological), #1 in neuroimmune; #2 in bacterial
translocation; #3 in inflammation, #4-5: in depression, fatigue and psychiatry.

Introduction

Preeclampsia (PE) is a common and potentially fatal condition that manifests during
pregnancy. It is distinguished by the abrupt onset of hypertension, cephalalgia, and '.*sual
impairments (Brown et al., 2018, Amon and Dickert, 2021, Narkhede and Karnad. 2021). I fteen
percent of annual maternal fatalities in developing countries are attributed to PE; .cco: ‘ing to
estimates (Helmo et al., 2018). Reportedly, in addition to pain, hypertension, anu 2dema, women
with PE experience chronic fatigue, depression, and anxiety (Hoedjes et ¢!, 2011b, Hu et al.,
2015). Furthermore, several research studies have demonstrated .a curr:lation between the
severity of PE symptoms and an elevated prevalence of depressicii ‘Blc. et al., 2010, Hoedjes et
al., 2011a).

PE is characterized by endothelial dysfuriciians, immune abnormalities, and
syncytiotrophoblast stress (Jung et al., 2022). PE s requently associated with biomarkers of
oxidative stress, inflammation, immune activatirn, ar. '-autoimmune responses (Grill et al., 2009,
Wang et al., 2022). Placental apoptosis «nd necrosis may result from chronic hypoxia in the
intervillous region, which may induce o::idati.e stress in the tissues (Soleymanlou et al., 2005).
Pro-inflammatory T helper (Th)1 ¢nd Th1l7 cytokines, along with suppressive Treg and Th2
cytokines (IL-10 and IL-4), have «=en found to be associated with PE at both the systemic and
local levels (Toldi et al., 211, ‘Darmochwal-Kolarz et al., 2012, LaMarca et al., 2016). The
transition to a Th1 resgpense chevacterized by increased IFN-y secretion, is a critical element in
PE (Laresgoiti-Seritje it al., 2010).

The cy.*okic T-lymphocyte antigen-4 (CTLA-4 or CD152) gene may serve as a risk
factor forPE during pregnancy, according to the findings of prior research (Dehaghani et al.,
2005). C"LA-4 is a protein receptor that downregulates immunological responses and functions
as an immune checkpoint (Syn et al., 2017). An inhibitory signal is generated when CLTA-4
binds to cluster of differentiation 80 (CD80) (or CD86), which is expressed on antigen-
presenting cells. This signal prevents the activation of CD28 (Qureshi et al., 2011). CD80,

classified as a B7, type | membrane protein within the immunoglobulin superfamily, functions as
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a costimulatory molecule for T-cells and is implicated in T-cell activation (Novelli et al., 2018,
Garin et al., 2009). Interestingly, soluble CTLA-4 (sCTLA-4) and CD80 (sCD80) are
measurable in serum (Magistrelli et al., 1999, Hock et al., 2006), and have roles in modulating
the immune response and autoimmune responses (Simone et al., 2014, Saverino et al., 2010).
High concentrations of sCTLA-4 were observed in sera of patients with autoimmune thyroid
diseases (Saverino et al., 2007), as well as in patients with type 1 diabetes, diffuse cuté ‘eous
systemic sclerosis (Sato et al., 2004), systemic lupus erythematosus (Wong et al., 20U5, and
rheumatic arthritis (Cao et al., 2012). An increase in sSCD80 levels may lead to z..inc.=ase in
IFN-y production by active T cells (Gu et al., 2018). sCD80 levels increaseu significantly in
patients with autoimmune disease including SLE (Pratama et al., 2023) and' rheumatoid arthritis
(Malkawi et al., 2023) compared to the healthy population.

Granulocyte-macrophage colony-stimulating factor (GM-TSF) s an additional immune
biomarker that should be considered in the context of PE. Endowielial cells, macrophages, mast
cells, T cells, and fibroblasts are responsible for producirig he luiter glycoprotein (Cousins et al.,
1994, Nimer and Uchida, 1995, Mukai et al., 2€:?). "The induction of differentiation and
activation of macrophage and dendritic cells by GN'-CSF suggests that it might play a crucial
role in the pathogenesis of PE (Huang €. al., 2010,. GM-CSF, lipopolysaccharide (LPS) and/or
IFN-y polarize macrophages toward an M1 1 ‘enotype, which is characterized by the increased
expression of proinflammatory cytokines and CD80 (Jaguin et al., 2013, Wisitpongpun et al.,
2022). Prevalence estimates for vitamin D deficiency during pregnancy range from 8 to 70%,
contingent upon factors sucn as UV exposure and skin pigmentation (Chacham et al., 2020,
Judistiani et al., 2019). Vitamin > deficiency is more prevalent among mothers with PE and their
neonates; therefore, patients may be advised to take higher doses of vitamin D supplementation
(Fogacci et al./ 2029, Tammo and Y1ildiz, 2022).

*»._activated immune-inflammatory response (IRS), which includes Thl and Th17
responses, has been found to be associated with affective disorders and chronic fatigue syndrome
(CFS) (Maes, 1993, Maes et al., 2023b, Morris and Maes, 2012). Reduced levels of albumin,
zinc, calcium, and magnesium accompany this IRS response (Al-Dujaili et al., 2019, Al-Hakeim
et al., 2022). Furthermore, it has been observed that prenatal chronic fatigue and perinatal
depression are associated with decreased serum zinc and IRS activation (Roomruangwong et al.,

2017, Maes et al., 2023a). However, the correlations between affective symptoms and CFS due
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to PE and immune biomarkers, including sCTLA4, sCD80, vitamin D, zinc, copper, albumin,
calcium, and magnesium, remain largely unknown.

Therefore, the current study aimed to examine the correlations between immune-related
biomarkers (sCD80, sCTLA-4, GM-CSF, vitamin D, zinc, calcium, magnesium, copper) in
women with PE versus controls and their associations with depression, anxiety, and CFS due to
PE.

Material and methods
Subjects

From November 2022 to February 2023, the present study recruited sixty healthy
expectant control women of comparable age and gestational age and r.iw.c.y PE women with an
average age of 32.67+£5.88 years. The participants were recru’ted “om maternity teaching
institutions and selected private clinics. The diagnosis of PF ' we> made in accordance with the
criteria established by the American College of ObstetriCi.ns e.id Gynecologists (Espinoza and
Vidaeff, 2019). After 20 weeks of pregnancy, PC w2 identified in women who exhibit
proteinuria and have a systolic and diastolic hloou nressure higher than 140 mmHg and 90
mmHg, respectively. Each patient in /e invesugation fulfilled the specified criteria, and
proteinuria was detected in all cases using dipstick tests. In addition, the patients were
administered methyldopa (Aldomet®)-and were required to fast overnight. The patient's gravidity
was characterized as the cumulctive count of pregnancies, encompassing abortions, ectopic
pregnancies, and any other/, regnancies recorded in the medical record. Parity denotes the count
of births that transpire after the 2Sth week of gestation, encompassing stillbirths and intrauterine
fetal fatalities (IUF-D). Sixty women who were at least 20 weeks expectant and lacked any PE
symptoms were chosen to comprise the control group. The controls were matched for gestational
age to 1 .2.BE pauents. Their blood pressure was normal at <120/80 mmHg.

+- comprehensive medical history evaluation was conducted on each participant to
exclude any pre-existing systemic conditions that could potentially impact the results, including
liver and renal disease, infection, and cardiovascular events. All female subjects who were taking
immunosuppressants or had compromised immune systems were precluded from the study.
There were no prenatal abnormalities observed in any of the participants. There were no reports

of active ailments, including uterine contractions or membrane ruptures. Other exclusion criteria
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for patients and controls were autoimmune and immune disorders including diabetes mellitus
type 1, psoriasis, CFS, lupus erythematosus, arthritis, and inflammatory bowel disease. All
subjects with axis 1 neuropsychiatric disorders present before the pregnancy were excluded, such
as major depression, bipolar disorder, autism, psycho-organic disorder, and substance use
disorders. All subjects showed CRP levels below 6 mg/l (Al-Hakeim et al., 2015). Patients who
ever had suffered from severe phase 2 (pneumonia) or phase 3 (admission into ICU) COV -19
were excluded to participate. Women who had suffered from mild COVID-19 infec.ior were
allowed to participate if the symptoms had resided at least three months before inc::isio. in this
study.

Before participating in the study, all control and patient participan's, or their respective
parents or legal guardians, provided written consent after receiving coinsicnensive information.
Under Document No. 103/2022, the University of Hawler's app:aval »ommittee in Erbil, Iraq,
granted ethical approval for the research endeavor. All praceu 'res contributing to this work
comply with the ethical standards of the relevant nationai a4 it stitutional committees on human

experimentation and with the Helsinki Declaration of .27% -as revised in 2008.

Clinical assessments

The severity of CFS and fibromvalg,.” was assessed by a senior psychiatrist using the
Fibro-Fatigue scale (Zachrisson et ai., 2002). The level of anxiety was evaluated using the
Hamilton Anxiety Rating Scale (r'/AMA) (Hamilton, 1959). Hamilton's Depression Rating Scale
(HAMD) (Hamilton, 196C" wes completed by every participant to measure severity of
depression. The senieci’ sy hiatrist conducted semi-structured interviews to collect
sociodemographic (and clinical information. When diagnosing tobacco use disorder (TUD),
DSM-IV-TR criteria were applied. By dividing weight in kilograms by length in meters, BMI
was coi nited.
Measurernents

Fasting venous blood samples were taken from the participants between 8.00 a.m. and
9.00 a.m. and collected into plain tubes. Samples were aliquoted and stored at -80 °C before
assay. After separation, the sera were distributed into three Eppendorf® tubes. Serum albumin,

calcium, magnesium, copper, and zinc were measured spectrophotometrically using Kits supplied
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by Spectrum Diagnostics Co. (Cairo, Egypt). The CRP latex slide test (Spinreact®, Barcelona,
Spain) was used for CRP assays in human serum. The test is based on the principle of latex
agglutination. ELISA sandwich Kits, supplied by Nanjing Pars Biochem Co., Ltd. (Nanjing,
China), were used to measure serum sCD80, GM-CSF, sTCLA-4, and vitamin D. The
procedures were followed exactly without modifications according to the manufacturer’s
instructions. The intra-assay coefficients of variation (CV) (precision within an assay) v.re <
10.0%. We computed two indices: a) the ratio of SCTLA-4/sCD80; and b) a z-u.nut hased
composite as z SCTLA-4 + z sCD80.

Statistical analysis

The researchers utilized analysis of variance (ANOVA) to examin.c uie variations in scale
variables between control and PE women, while analysis of centingacy tables (x>-test) was
employed to determine the relationships between nominal varia.'as. To ascertain the impact of
diagnosis on the biomarkers, we utilized multivariate gt 2era.” linear model (GLM) analysis,
which accounted for confounding variables such as cae“xid BMI. As a result, we conducted
between-subjects effect tests in order to examine v 2 associations between the diagnosis and
biomarkers. Estimated marginal mean (5.) values generated by the model using GLM analysis
were calculated. By utilizing manual an ste, wise multiple regression analysis, the biomarkers
that best predict the symptoms wezre identified. Collinearity was assessed in all regression
analyses through the utilization o1 *olerance and VIF values. We employed a manual method and
an automatic stepwise appr.ach t1at incorporated variables with a p-to-entry of 0.05 and a p-to-
remove of 0.06. In cases wherc -homoscedasticity was deemed invalid through comprehensive
examination of plcts comparing standardized residuals to standardized predicted values and the
White and Breusch-Pagan test, we employed heteroscedasticity-consistent standard error (SE) or

~—

robust =7 estimates (utilizing the HC3 method). All analyses were checked using bootstrapped
methods ' (n=1000), and discrepancies between the bootstrapped and other approaches are
reported if needed. For statistical significance, two-tailed tests were conducted using a p-value of
0.05. Al statistical analyses were conducted utilizing version 29 of IBM SPSS for Windows.

The estimated a priori sample size was calculated using G*Power 3.1.9.4 and applied to
the primary analysis, which involved conducting a multiple regression analysis of the rating scale

scores on the biomarkers. Based on an effect size of f=0.11 (which accounts for approximately
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10% of the variance), along with a maximum of 6 explanatory variables, an alpha value of 0.05,
and a power of 0.8, it was determined that a minimum sample size of 130 was necessary. It

should be added that the post-hoc estimated power for the same analysis was 1.0.

Results
Sociodemographic and clinical data

The results of demographic and clinical data of the healthy controls (HC) and P'= pcients
are presented in Table 1. The duration of symptoms in the PE group is 8.0£3.5 vixeks :nd the
age of onset at 29.3+5.2 years. BMI, education level, residency, smoking sw.tus, number of
pregnancies, and gestational age did not significantly differ between PE pa‘ients and the control
group. PE patients show a significantly increase in systolic and “Zuswlic blood pressure
compared with the control group. PE patients have a significantly igh..» abortion rate, FF score,
HAMA score, and HAMD score compared with the non-PE nreg. ant group. The PE group has a

lower number of pregnancies and higher abortion rates thai, the Lontrol group.

Biomarkers of PE

Table 2 shows the results of mulu ‘ariate G_M analysis which examines the associations
between the biomarkers (albumin, magnesiun, calcium, Vitamin D, sSCTLA-4, GM-CSF, sCD80,
zinc, and copper) and the diagnosis  (PE wversus HC) while adjusting for age and BMI. Tests for
between-subject effects showed . at there were significant associations between diagnosis and
(in descending order of i oortance) vitamin D, sCTLA-4, calcium, sCD80, copper, zinc,
albumin, and magnesium:

Table 3 shcws the model-generated estimated mean (= SE) biomarker values in the study
groups. Serum levels of SCTLA-4, sCD80, copper, and z SCTLA-4 + z sCD80 (z score) show a
signific =t increase in the PE group compared with the control group. There are significant
decreases in serum levels of albumin, magnesium, calcium, Vitamin D, zinc, and sCTLA-4 /

sCD80 ratio in PE women compared with the healthy pregnant women group.

Multiple regression analyses of clinical scores on biomarkers
Table 4 shows the results of different multiple regression analyses with the psychiatric

rating scale scores as dependent variables and blood pressure and biomarkers as explanatory
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variables, while allowing for the effects of age, BMI, and education. Regression #1 shows that
68.2% of the variance in the total FF score was explained by the regression on systolic and
diastolic blood pressure and sCD80 (all positively) and magnesium (inversely). In Regression #2,
62.4% of the variance in the HAMA score was explained by the regression on systolic and
diastolic blood pressure, sCD80, and copper (all positively), and albumin (inversely). Regression
#3 shows that 59.4% of the variance in the total HAMD score was explained by the regress n on
systolic and diastolic BP, sCD80, and sSCTLA-4.

In Table 5, we have recomputed these associations after deleting the blood . essu = data.
A significant part of the variance (58.0%) in the total HAMD score can be’c.:nlained by the
regression on sCTLA-4, sCD80, and BMI (all positively), vitamin D, c&'ciuni, and GM-CSF
(negatively) (regression #1). Figure 1 shows the partial regression plot=7"u @ HAMD total score
on serum sCTLA-4. Regression #2 shows that 56.2% of the variance v the HAMA total score
was explained by the regression on sCD80, SCTLA-4, coppar (" nositively), and albumin and
vitamin D (both negatively). Figure 2 shows the partial ey, ess on plot of the HAMA total score
on serum sCD80. In Regression #3, 55.8 % of the vaiicace in the FF score could be explained by
the regression on SCTLA-4, copper, SCD80 (all mosi  eiy), vitamin D, calcium, and magnesium
(inversely associated).

The z unit based composite z SCTLA« - z CD80 was significantly correlated with the FF
(r=0.645, p<0.001), HAMA (r=0.634, p<0.001), and HAMD (r=0.702, p<0.001) scores. The
SCTLA4 / sCD80 ratio was in.arsely and significantly correlated with the FF (r=-0.229,
p=0.005), HAMA (r=-0.22Z, 0=0 006), and HAMD (r=-0.210, p=0.010) score.

Multiple regressior ana'yses of BP data on biomarkers

Table © shows the results of the multiple regression analyses with blood pressure as
depena .2t variavie and biomarkers and clinical data as explanatory variables. Regression #1
shows tiiat 71.6% of the variance in the systolic blood pressure can be explained by the
regression on sCTLA-4, copper, and having a child (positively) and calcium and vitamin D
(inversely). Figure 3 shows the partial regression plot of the systolic blood pressure on the serum
SCTLA-4. Regression #2 shows that 48.0% of the variance in the diastolic blood pressure was
explained by sCTLA-4 and serum copper (both positively), and vitamin D, calcium, and GM-
CSF (all negatively).

Downloaded from https://www.cambridge.org/core. IP address: 52.14.238.102, on 26 Apr 2025 at 04:59:01, subject to the Cambridge Core terms of use, available at https://www.cambridge.org/core/terms.
https://doi.org/10.1017/neu.2025.10


https://doi.org/10.1017/neu.2025.10
https://www.cambridge.org/core
https://www.cambridge.org/core/terms

Discussion
Increased neuropsychiatric symptoms in PE.

One significant discovery from this study is that PE women exhibit higher scores in all
three neuropsychiatric areas (depression, anxiety, and CFS) compared to healthy pregnant
women. In this study, women with pre-existing depression, anxiety, and chronic fatigue were not
included. This suggests that the findings of this research demonstrate a link between PE a A the
development of new neuropsychiatric symptoms.

Previous research has found that there is a significant connection betwee.. .PE " ad the
development of depression, as well as an increase in the severity of depre.tive ‘symptoms
(Caropreso et al., 2020, Hu et al., 2015). A significant proportion of wome with PE experience
perinatal or postpartum depression (Mbarak et al., 2019). Furthermore; i 1as been established
that PE itself is a contributing factor to the development ¢ po.‘-partum depression, as
highlighted by the study conducted by Ye et al. (Ye et al., 20?1).

Research has indicated a significant increase in an ety ievels among women who have
been diagnosed with PE (Abedian et al., 2015). Howc.2r, ."comprehensive review indicated that
there seemed to be a connection between PE :and ‘epression, while no link was found with
anxiety (Delahaije et al., 2013). Women ho have :Xxperienced PE tend to report higher levels of
depression and fatigue compared to thcse wio have not had PE (Mommersteeg et al., 2016,
Agrawal and Yamamoto, 2015).

One could make the casu that the concern over potential fetal loss and other future
repercussions would lead tc increased levels of depression, anxiety, and fatigue in patients with
PE. In addition, unexpecteil i >dical procedures and the possibility of mortality can cause
feelings of depression and anxiety in pregnant women (Szita et al., 2015). However, it is worth
noting that a/significant portion of the variation in the severity of these neuropsychiatric
symptc »=.can ve attributed to immune-inflammatory biomarkers. This suggests that these
biologicci factors may hold more significance than psychological factors, as will be explored in

the following section.

Biomarkers of PE
In the present study, it was observed that the PE group had higher levels of serum

SCTLA-4, sCD80, and copper, while magnesium, calcium, zinc, and albumin were found to be
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significantly lower in PE. These findings suggest a correlation between PE and activation of
immune-inflammatory responses system. PE is commonly recognized as an immune-
inflammatory disorder (Redman et al., 1999, Harmon et al., 2016). Administering anti-
inflammatory compounds could potentially provide benefits for women experiencing PE, as it
may help address issues related to maternal immune system failure and excessive inflammation
(Chatterjee et al., 2015).

In previous studies, researchers explored the potential link between gene polymorp.isms
in CTLA-4 and the risk of PE. However, a meta-analysis did not yield any significa. * ass. :1ation
between the two (Liu et al., 2022). In a separate study, RT-PCR revealed a fecrease in the
expression of checkpoint inhibitory markers, such as CTLA-4, in the decit'ual fissue of women
with PE compared to the control group (Madadi et al., 2022). Lawver levels of CTLA-4
expression were observed in women with miscarriages, specifica’'v oi. peripheral lymphocytes,
T regulatory cells, and decidual lymphocytes. Additionall\.' the.ratio of CTLA-4+/CD28+ in
Treg cells was found to be decreased (Jin et al., 200y, Jin et al., 2011). In patients with
preeclampsia, dendritic cells exhibit elevated expressic2 0.-CD80 (and CD86), which is linked to
enhanced differentiation of Thl and Thl7 cel's (v ang et al., 2014). Women with recurrent
spontaneous abortion also show elevateu 'evels ot sCD80 (Zych et al., 2023). All in all, in the
pathophysiology of PE, there is an imktalanc: among immune checkpoint molecules (such as
CTLA-4) and stimulatory signals (\Vanget al., 2014, Collier et al., 2023, BOULANGER et al.,
2024).

However, in this st:dy, ve focused on measuring the soluble forms of CTLA-4 and
CD80 molecules, specifically s>TLA-4 and sCD80. It is important to note that these soluble
forms do not per ‘se ponssess the same functions as the cell-bound molecules. SCTLA-4 can
suppress immune \responses both in laboratory settings, animal studies, and individuals
diagno: o~ with rneumatoid arthritis (Kremer et al., 2003, Linsley et al., 1991, Oaks et al., 2000,
Linsley, 1995). Increased sCD80 may restore CD4+ and CD8+ T cell activation (Haile et al.,
2013). Based on our findings, it seems that the decreased sCTLA-4 / sCD80 ratio in PE could
suggest a shift towards heightened immune activation, possibly due to a decrease in
immunosuppressive signals and a relative increase in immune-stimulatory signals. These

findings align with the inflammatory biomarkers (such as decreased albumin, zinc, and
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magnesium) identified in our study and support the immune-inflammatory theory of PE (Toldi et
al., 2011, Darmochwal-Kolarz et al., 2012, LaMarca et al., 2016).

Our study found no notable variation in GM-CSF levels between women with PE and
those in the control group. Prior research has indicated a notable rise in serum and placental GM-
CSF levels in women with preeclampsia when compared to the control group (Hayashi et al.,
2004). In a study conducted by Gratacos et al., a similar lack of significant difference ir GM-
CSF was observed during the second trimester, which aligns with the findings of our cwn stuay
(Gratacts et al., 1998). Nevertheless, at other gestational ages, there may be’ . siy sificant
increase in GM-CSF compared with controls (Gratacos et al., 1998).

It has been suggested that the decrease in calcium, magnesium, axd zinc levels in the
blood during pregnancy could potentially play a role in the develogiicit of PE. Therefore,
adding these elements to the diet through supplementation may.::e be.eficial in preventing PE
(Jain et al., 2010). Possible reasons for the decline in these 2lements could be heightened
inflammatory reactions and the demands of the developiiiy fetus (Kumru et al., 2003, Sukonpan
and Phupong, 2005, Ma et al., 2015). One likely rezson 12: the decrease in vitamin D levels in
women who are pregnant may be the increasea ne>d for calcium metabolism to support the
growth of the fetus. Several studies havc consiste.tly shown a strong link between vitamin D
deficiency and a higher risk of PE (Serraho et ., 2018, Achkar et al., 2015, Bodnar et al., 2007),

although there are some authors who o ot agree with this finding (Mirzakhani et al., 2016).

Associations between biomz kers and severity of neuropsychiatric symptoms

An essential discovery ~in this study is the connection observed between the
neuropsychiatric reting scales and the serum biomarker levels. Therefore, a significant portion of
the variation in the clinical scores (ranging from 55.8% to 58.0%) could be attributed to the
presenc.w2f a combination of up to six distinct biomarkers. When it comes to predicting
depressicn, anxiety, and chronic fatigue caused by PE, sCD80, sSCTLA-4, and vitamin D are the
top-3 most important predictors.

As previously mentioned, affective disorders such as major depression and associated
generalized anxiety disorder, as well as CFS, are classified as neuro-immune disorders (Maes et
al., 1990, Maes et al., 1995, Maes and Carvalho, 2018, Twisk and Maes, 2009, Maes, 2011).
Thus, the inverse associations between the SCTLA4 / sCD80 ratio and the FF, HAMA, and
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HAMD scores may play a role in the immune pathophysiology of depression, anxiety, and CFS
associated with PE. It is important to emphasize that a higher T effector /T regulatory ratio plays
a significant role in major depression (Maes et al., 2024). CTLA-4 is found on the surface of
both T regulatory and conventional T cells, playing a crucial role in regulating the activation of T
effector cells by providing negative feedback (Gardner et al., 2014). In addition, CTLA-4 has the
ability to compete with CD28 for ligand binding, effectively acting as a counteractive ‘orce
against CD28-mediated co-stimulation (Walker and Sansom, 2011). Interestingly, somz, 1 't not
all studies reported a significant association between CTLA-4 gene polymorphisi. s ari" “major
depression (Liu et al., 2011, Jun et al., 2001). Decreased levels of zinc, magnesicm, and vitamin
D, along with elevated copper, are significant indicators of conditions suct as depression,
perinatal depression, anxiety, CFS, and perinatal fatigue (Maes et al.,25o.}, Maes et al., 2006,
Roomruangwong et al., 2018, Jung et al., 2017, Wang et al., 2018 We sels et al., 2017, Kanwar
and Sharma, 2022, McCarty, 2010, Lee et al., 2012, Aghajafari et 2l., 2018, Wang et al., 2018a).

One noteworthy discovery from the present stuu « is the strong predictive power of
SCTLA-4, copper, calcium, and vitamin D in relaticn tosystolic and diastolic hypertension.
Previously, it was shown that there is a conrecticn between depressive symptoms in early
pregnancy and the mother's blood pressu.» during «he first trimester (Bilbul et al., 2022). Other
researchers have found that women wi'h hi'ier blood pressure in the third trimester tend to
experience increased depression (Hoedjes et al., 2011a, Ye et al., 2021). There is a correlation
between immune activation ana oxidative and nitrosative stress, which has been linked to
hypertension in individuals ‘vith depression (Boniféacio et al., 2021). Inflammation is linked to
hypertension through the“active *on of pathways related to oxidative stress, immune activation
caused by sodium, and the inflammasome (Patrick et al., 2021). Vitamin D plays a crucial role in
promoting angiogenesis and reducing blood pressure by affecting the renin-angiotensin system
(Bodna =t.al., zu07, Evans et al., 2004, Fischer et al., 2007, Halhali et al., 2000, Tarcin et al.,
2009, Runinson et al., 2010). Therefore, vitamin D is expected to play a role in repairing the
endothelium and promoting angiogenesis, while also regulating blood pressure (Behjat Sasan et
al., 2017).
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Limitations of the study

It would have been intriguing to evaluate T effector and T regulatory cells through flow
cytometry, as well as assess membrane-bound CTLA-4, CD28, CD80, and CD86 on T cells. It
would be beneficial to conduct further analyses on oxidative and nitrosative stress. One could
make the case that the sample size is relatively small. Nevertheless, the sample size was
determined through power analysis, and the subsequent power achieved in the primary ou. ome
variables (as analyzed through multiple regression on the biomarkers, as shown in Takie <> was
1.0.

Conclusions

Compared to control women, PE women exhibit higher deprvzciun, anxiety, and CFS
scores. Approximately 55.8%-58.0% of the variance in the HAM.D, H.>MA, and FF scores was
accounted for by the regression on biomarkers, and sSCTLA-4, s=D80, and vitamin D were the
three most significant biomarkers. The HAMD/HAMAGr - scures exhibited a significant and
inverse correlation with the sCTLA-4/sCD80 ratis. A, ioximately 70% of the variance in
systolic blood pressure was predicted by copper.'sC.' A-4, vitamin D, and calcium. The results
emphasize that symptoms of depressior, anxiety, and chronic fatigue associated with PE are
accompanied by immune-inflammatorv re ponse activation. Imbalances among soluble
checkpoint molecules contribute to the pathogenesis of both hypertension and neuropsychiatric
symptoms associated with PE. 2CTLA-4 and membrane CTLA-4 as well as sCD80 and
membrane CD80 are new ¢ Ig tergets to treat PE and depression, anxiety, and CFS due to PE.
Moreover, SCTLA-4 and”cappeand lowered calcium and vitamin D are new drug targets to

treat hypertension in PE women.
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Table 1. Sociodemographic and clinical parameters in preeclampsia (PE) women and healthy pregnant women groups

Variables Control PE Fly daf |
(n=60) (n=90) |

Age Yrs 30.7+6.3 32.75.9 394 | 2142 049 |
BMI kg/m? 30.71%3.30 31.40+4.29 1127 | 1448 0.201
Smoking No/Yes 58/2 87/3 0 1 1
Rural/Urban 28/32 40/50 0.07 1 | 0789
Education Yrs 6.10+3.32 6.20£3.0Z. ../ 0.04 [1/148| 0.850
SystolicB.P  mmHg 117.98+2.27 156.88+1.50 | MWU - | <0.001
Diastolic B.P  mmHg 78.37+3.16 89.00+4.51 MWU - | <0.001
Gestational age WKks 29.60+4.84 30..0+4.39 0.43 1/148 | 0.513
Duration Symptoms Wks 0 8.01£3.55 - - -
No of pregnancies 2.3t)4 1.8+1.2 5.02 1/148 | 0.027
Previous abortion No/Yes SO0 38/52 25.09 1 <0.001
Age of Onset Yrs. Q@ 29.3+5.2 - - -
FF score | L 17%23 21.745.3 MWU - | <0.001
HAMA score 6.0+2.4 16.4+4.9 MWU - | <0.001
HAMD score - 5.0+1.3 14.6+4.8 MWU - | <0.001

MWU: Mann-Whitney LU test; £>%: body mass index, B.P: blood pressure, HAMA: Hamilton Anxiety Rating Scale, HAMD:
Hamilton Depression Ratir.g-Scaie, FF: fibro fatigue scale.
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Table 2. Results of multivariate GLM analysis that examine the associations between the biomarkers and the diagnosis of

preeclampsia.

Tests Dependent variables Explanatory variables F 0. | p
Diagnosis 59.980 | 9/138'| <0.001
Multivariate All biomarkers Age 0'349) | 9/138 | 0.956
BMI 4; 2215 9/138 0.291
Albumin Diagnosis 1 15.834 1 <0.001
Magnesium Diagnosis N 10.461 1 0.002
Calcium Diagnosis Yy 105.750 1 <0.001
Vitamin D Diagnecs 156.003 1 <0.001
Between-subject i i
SsCTLA-4 Diagncis 143.135 1 <0.001
effects
GM-CSF Diagriosis 3.535 1 0.062
sCD80 _y Diagnosis 87.777 1 <0.001
Zinc | | Diagnosis 32.821 1 <0.001
Copper N Diagnosis 41.235 1 <0.001

BMI: body mass index, SCTLA-4: soluble cytctox ¢ T lymphocyte-associated antigen-4, GM-CSF: Granulocyte-macrophage colony-

stimulating factor.
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Table 3. Model-derived estimated marginal means of the biomarkers in pre-eclampsia (PE) patients and control pregnant women.

Biomarkers Control PE p-value ol
Albumin g/l 48.29(0.77) 44.32(0.62) <€ 101 |
Magnesium mM 0.984(0.029) 0.861(0.024) 00z |
Calcium mM 2.480(0.021) 2.201(0.017)" | <0.001
Vitamin D ng/ml 12.88(0.30) 8.02(6.24) <0.001
SCTLA-4 pg/ml 365.9(17.6) 635.1(14.3) <0.001
GM-CSF pg/ml 170.5(15.1) 207.5(12.3) 0.062
sCD80  pg/ml 265.4(19.2) L_4990.(15.6) <0.001
zinc ppm 0.775(0.02G, | /| 0.624(0.017) <0.001
Copper  ppm 0.906{2 03y, 1.231(0.032) <0.001
SCTLA-4 / sSCD80* 1.915-0.140 1.419+0.114 0.007
zSCTLA-4 + 2 sCD80* (z score) 1.622+0.130 1.081+0.106 <0.001

*Results of univariate GLM with age and body m.3s 1.2x as covariates; all other comparisons: results of tests of between-subjects
effects after performing multivariate GLM (se€ la. le 2). SCTLA-4: soluble cytotoxic T lymphocyte-associated antigen-4, GM-CSF:

granulocyte-macrophage colony-stimulating .actc
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Table 4. Results of multiple regression analysis with neuropsychiatric rating scale scores as dependent variables and biomarkers and

blood pressure (BP) data as explanatory variables.

Regression Explanatory B t p FmOdeli d. T p R?
variables :
#1. FF score Model 7771 | %145 | <0.001 | 0.682
Systolic BP 0503 [ 7.13 [ <0.001
sCD80 0.188 | 348 | 0.00%. |
Diastolic BP 0.225 | 321 [.0.0c2/
Magnesium -0.114 | -2.36 LT(JZO—
#2. HAMA score Model 47.79 | 5/144 | <0.001 | 0.624
Diastolic BP 0.270" 3.430 | 0.001
sCD80 0.317.] '5.31 | <0.001
Systolic BP i 3204 | 256 | 0012
Albumin 0.148 | -2.69 | 0.008
Copper 0.150 2.45 0.016
#3. HAMD score Model \ 53.130 | 4/145 | <0.001 | 0.594
Systolic 8P 0.239 | 2.470 | 0.015
sSCusL 0.282 | 4.63 | <0.001
“Dicswolic BP 0.263 | 332 | 0.001
ETCTLA-4 0.166 | 2.13 | 0.035

SCTLA-4: soluble cytoto./i¢ T lymphocyte-associated antigen-4, HAMA: Hamilton Anxiety Rating Scale, HAMD: Hamilton
Depression Rating Scale, FF. fibro fatigue scale.
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Table 5. Results of multiple regression analysis with neuropsychiatric rating scale scores as dependent variables and biomarkers

(without blood pressure data) as explanatory variables.

Regression Explanatoryvariables | g | t | p Frogel § <5 [ p R’
#1. HAMD score Model 32,90 1"v145 ! <0.001 | 0.580
Vitamin D 0192 | 266 | 0.009 |

SCTLA-4 0.360 5.48 | <0.001
sCD80 0.267 | 3.915 | <0.001 /
BMI 0.140 251 | 0017 |
Calcium -0.158 -2.41 0017
GM-CSF -0.127 | -2.30 .| v023 |
#2. HAMA score Model 36.99 | 5/144 | <0.001 | 0.562
sCD80 0.345 595 <0.001
SCTLA-4 0.191 292 | 0.004
Copper 0.230 | 365 | <0.001
Albumin 1,-0.178  -2.99 | 0.003
Vitamin D |7-0157 | -2.16 | 0.033
#3. FF score Model 30.07 | 6/143 | <0.001 | 0.558
Vitamin D 120271 | -3.64 | <0.001
Calcium N -0.176 | -2.61 | 0.010
SCTLA-4 \ 0.202 3.02 | 0.003
Copper N 0.142 | 227 | 0.025
MagnesiL™ -0.141 | -2.44 | 0.016
sCD30 0.163 229 | 0.023

BMI: body mass index, sT 7! A-4: soluble cytotoxic T lymphocyte-associated antigen-4, GM-CSF: Granulocyte-macrophage colony-
stimulating factor, HAMA: iHamilton Anxiety Rating Scale, HAMD: Hamilton Depression Rating Scale, FF: fibro fatigue scale.
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Table 6. Results of multiple regression analyses with blood pressure (BP) data as dependent variables and biomarkers and clinical data

as explanatory variables.

SCTLA-4: soluble cytotoxic T lymphocyte<assaci “ed antigen-4, GM-CSF: Granulocyte-macrophage colony-stimulating factor.

Regression Explanatory variables B t p F model daf Al ) R’
#1. Systolic BP | Model 7550 | /1441 <0001 | 0.716
SCTLA-4 0.467 | 871 [ <0.001
Vitamin D -0.266 -4.89 | <0.001
Calcium -0.172 | -3.24 | 0.001
Copper 0.148 | 3.01 | 0.003 |
Having a child 0.109 2.33 0.721
#2. Diastolic BP | Model 70 4 26.59 | 5/144 | <0.001 | 0.480
Vitamin D -0.270 | ~7.70 | <0.001
SCTLA-4 0276 | 379 | <0.001
Copper 01s? 2.86 0.005
Calcium -0.252 | -2.85 | 0.005
GM-CSF __i 0141 | 231 | 0.022

Downloaded from https://www.cambridge.org/core. IP address: 52.14.238.102, on 26 Apr 2025 at 04:59:01, subject to the Cambridge Core terms of use, available at https://www.cambridge.org/core/terms. https://doi.org/10.1017/neu.2025.10



https://www.cambridge.org/core
https://www.cambridge.org/core/terms
https://doi.org/10.1017/neu.2025.10

15 R? Linear = 0.365
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HAMD score

500 -250 0 250 509
sCTLA-4 (pg/ml)

Figure 1 Partial regression plot of the Hamilton Deoressinn Rating Scale (HAMD) score on
serum soluble cytotoxic T-lymphocyte antigen-4 < TL~A.-4) (after adjusting for age, body mass

index, education) p<0.001
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R? Linear = 0.367
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Figure 2 Partial regression plot of the Hamilton Au. siety rating Scale (HAMA) score on soluble
CDB80 (sCD80) (after adjusting for age, bady mass ‘ndex, education) p<0.001
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60 R? Linear = 0.342

Systolic blood pressure (mm Hg)
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Figure 3 Partial regression plot of the systolic blsc? pressure on the serum soluble cytotoxic T-
lymphocyte antigen-4 (sSCTLA-4) (after adjusting “ar age, body mass index, calcium, vitamin D,
zinc) p<0.001
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