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ABSTRACT

Objective: The aim of this study was to investigate how maternal cell-free fetal hemoglobin and heme impact the
scavenger enzyme systems Hemopexin and Heme Oxygenase-1 in patients with preeclampsia (PE). The sec-
ondary aims were to evaluate these proteins as biomarkers for severity of the clinical manifestation i.e. hy-
pertension, in early- and late onset PE.

Material and methods: Plasma samples taken within the last 24 h before delivery from 135 patients were ana-
lyzed, 89 PE and 46 normal pregnancies. All samples were analyzed for cell-free fetal hemoglobin (HbF), heme,
hemopexin enzymatic activity (Hx activity), hemopexin concentration (Hx), and heme oxygenase 1 con-
centration (HO-1). Logistic regression analysis with ROC-curve analysis was performed to evaluate the possible
use as biomarkers for preeclampsia.

Results: There were significantly higher levels of HbF (p = 0.01) and heme (0.01) but significantly lower Hx
activity (p = 0.02), Hx (p < 0.0001) and HO-1 (p = 0.03) in PE plasma as compared to plasma of normal
pregnancies. The Hx activity was significantly inversely correlated (p = 0.04) to the diastolic blood pressure.
The HO-1 concentration was significantly inversely correlated to both the systolic and diastolic blood pressure
(p = 0.01 and p = 0.003). ROC-curve analysis showed a combined detection rate for these biomarkers of 84% at
10% false positive rate.

Conclusions: Increased maternal plasma levels of heme and HbF in PE are associated with decreased HO-1 and
hemopexin protein levels as well as reduced hemopexin activity. By measuring the consumption of the scavenger
protein Hx, and the proteins in the Hb degradation system, clinical information about the dynamics of the
disease can be obtained.

1. Introduction

Preeclampsia (PE) is a pregnancy related syndrome that causes
major maternal and fetal morbidity and mortality worldwide [1]. It is
estimated that PE causes up to 75,000 maternal and 500,000 fetal
deaths worldwide each year, but especially in low and middle income
countries [2]. The International Society for the Study of Hypertension
in Pregnancy (ISSHP) defines PE by its clinical findings: de novo hy-
pertension and proteinuria [7,8].

The pathogenesis underlying PE is still not fully understood but the
two-stage model is up to date the most accepted way to describe how
the syndrome progresses [3,4]. Early onset PE, defined by onset before
34 gestational weeks, is in general the more severe form of PE

characterized by placental involvement and often intra-uterine growth
restriction (IUGR). In early onset PE the first stage is initiated by im-
paired remodeling of the maternal spiral arteries, which induces oxi-
dative stress in the placenta due to uneven blood flow [5]. Several
placental factors have been suggested to leak over into the maternal
blood circulation where inflammation causes vascular damage and
vasoconstriction. The second stage of early onset PE is characterized by
the maternal symptoms, hypertension and proteinuria [6]. In late onset
PE, maternal constitutional risk factors such as body mass index (BMI)
and other diseases, play an important role in the etiology. Also in late
onset PE, in the second phase a diseased placenta produces factors into
the maternal circulation inducing vascular damage and vasoconstric-
tion.
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Increased synthesis and accumulation of cell free fetal hemoglobin
(HbF) has been demonstrated in PE placentas [9]. The free HbF causes
placental tissue damage and oxidative stress, which consequently leads
to leakage of free HbF over the blood-placenta barrier into the maternal
circulation [10,11]. In fact, increased concentrations of HbF have been
shown in maternal plasma/serum in both early-[12,13] and late onset
PE suggesting it to be an important etiological factor linking stage one
and two of the two-stage model [11,14].

To prevent toxicity of free hemoglobin as well as its degradation
metabolites heme and free iron, several scavenger proteins and de-
gradation enzymes protect the body. Haptoglobin (Hp) is the most well
described hemoglobin scavenging protein that binds free hemoglobin
and transports it to macrophages and hepatocytes where the uptake is
facilitated by CD163 receptor-mediated endocytosis [15]. In the in-
tracellular compartment of primarily macrophages hemoglobin is de-
graded to heme in the lysosomes and then furthermore catabolized by
the rate limiting enzyme heme oxygenase 1 (HO-1) to biliverdin, carbon
monoxide (CO) and free iron [16]. Biliverdin is reduced to bilirubin
which is excreted via the bile system. Carbon monoxide relaxes the
smooth muscle layer of vessels causing a vasodilatating effect that
lowers the blood pressure [17]. Yet another heme scavenger is o-mi-
croglobulin (A1M) a lipocalin protein, that in addition to heme also
binds radicals and has enzymatic reducing capacity. Recently, A1M has
been shown to be up-regulated in early [12,13] and late onset PE
[11,14] as well as having therapeutic properties in several PE animal
models [18].

Hemopexin (Hx) is a circulating plasma glycoprotein mainly syn-
thesized in the liver. It acts as an acute phase reactant and binds free
heme with high affinity [19,20]. The heme affinity of Hx is affected by
several factors, such as decreased pH, reducted state of the heme iron
atom, binding of nitric oxide (NO) to the heme iron or the presence of
chloride anions and divalent metal ions [17]. Sodium cations increase
heme affinity to Hx [17]. The Hx-heme complex is transported to
macrophages and hepatocytes expressing the LDL receptor-related
protein 1 (LRP1), which facilitates uptake of the Hx-heme complex
[21]. In this way Hx serves a backup system to Hp. When the Hp-system
is overwhelmed, Hx clears the blood from free heme [17]. Hemopexin
has in fact been shown to prevent endothelial damage in a mouse model
[22].

Hemopexin also has serine protease activity [23]. This enzymatic
activity can be measured by a method described by Bakker et al.
[23,24]. Data from in vitro studies showed a down-regulating effect by
Hx activity on the renin-angiotensin system (RAS). Hemopexin activity
was shown to down-regulate the angiotensin II receptor in monocytes,
endothelial cells, and rat aortic rings [25]. Therefore, the Hx activity
has been suggested as a regulator of the vascular responsiveness to
angiotensin II [26]. This suggestion is in line with the fact, that Hx
activity in normal pregnancy is described to increase from 10 weeks of
gestation onwards [25], and could be an explanation to the decreasing
angiotensin II sensitivity in pregnancy. Moreover, during PE the Hx
activity is decreased and the vascular angiotensin II sensitivity conse-
quently increased [25].

The primary aim of the present study was to investigate the role of
free HbF in relation to the hemoglobin/heme degrading pathways in
subtypes of PE. The secondary aims were to evaluate how these sca-
venger proteins and their enzyme activities can be used as biomarkers
to evaluate the severity of PE in early- and late onset PE.

2. Materials and methods
2.1. Patients and demographics

140 pregnant women were retrospectively included in the study.
The patients were randomly selected from an on-going prospective

cohort study, including both normal pregnancies and complicated
pregnancies. The collection started 1999 at the delivery ward at
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Lund University Hospital, Sweden. All plasma samples were taken
within the last 24 h before delivery. Exclusion criteria were gestational
hypertension, essential hypertension or gestational diabetes. In total 5
cases were excluded due to pre-gestational diabetes or gestational
diabetes. A total of 135 patients were included, 89 developed PE (cases)
and 46 were normal pregnancies, used as controls. The controls were
randomly selected normal pregnancies at term (37 + 0-42 + 0 weeks
of gestation). A detailed patient demographic was previously described
by Gram et al. [27].

2.2. Sample collection

The study was approved by the ethical committee review board for
studies on human subjects at Lund University, Sweden. The patients
signed informed consent after oral and written information. Maternal
venous samples were taken in 6 ml EDTA Vacuette® plasma tubes
(Greiner Bio-One GmbH, Kremsmiinster, Austria) within the last 24 h
prior to delivery from patients admitted to the Department of Obstetrics
and Gynecology, Lund University Hospital, Sweden. The samples were
then centrifuged at 2000g for 20 min in room temperature. The plasma
was then transferred into cryo tubes and stored in —80 °C until time of
analysis. Pregnancy outcome for the patients were retrospectively ob-
tained from their individual charts.

Aliquots from the samples were shipped on dry ice from Lund,
Sweden to Groningen, The Netherlands for the Hx activity analysis. The
samples were still frozen upon arrival.

Preeclampsia was defined as de novo hypertension after 20 weeks of
gestation with 2 readings at least 4h apart of blood pressure = 140/
90 mmHg and proteinuria = 300 mg per 24 h according to the ISSHP
definition [7]. Dipstick analysis was accepted if there was no quanti-
fication of proteinuria. Furthermore, the PE group was sub-classified
into early-onset PE (diagnosis < 34 + 0 weeks of gestation) and late
onset PE (diagnosis > 34 + 0 weeks of gestation).

2.3. Hx activity

Plasma Hx activity was measured in EDTA plasma samples using the
Hx-MCA substrate (synthesized by Pepscan, Lelystad, the Netherlands).
The plasma samples (40 pl) were diluted 1:4 with the substrate solution
(0.2 M Tris + 0.9% NaCl pH 7.6 (substrate concentration 80 uM/L) to a
final volume of 200 ul. The emission was measured at 460 nm on a
Varioskan spectrophotometer (Thermo Fisher) at 37 °C. The Hx activity,
as measured by fluorescent intensity, was measured after 0 min, 30 min
(Hx30), 60 min (Hx60) and 24 h. The value measured for Hx activity
was on an arbitrary scale. If the value was < 5 after 24 h of incubation,
the activity was considered too low, due to technical problems with
either the assay or the samples, and the samples were expelled from
further analysis. The area under the curve analysis was based on Hx30
and Hx60 measurements (HXAUC). The measures Hx30, Hx60 and
HxAUC showed similar results; therefore, only the Hx30 data was used
for further analysis and referred to as the Hx activity.

2.4. Measuring the potential biomarkers

The Hx concentration was measured with a Human Hemopexin
ELISA Kit (Genway Biotech Inc). The analysis was performed according
to manufacturer’s instructions and the absorbance read at 450 nm with
a Wallac 1420 Multilabel Counter. Cell free HbF was measured with a
monoclonal Sandwich ELISA as previously described by Gram et al.
[27]. Heme was measured with the QuantiChrom Heme Assay Kit
(BioAssay Systems, Hayward, CA) according to the manufacturer’s in-
structions. The HO-1 concentration was measured with ELISA (Enzo
Lifesciences Inc., Farmingdale, New York) according to the manu-
facturer’s instructions. The concentration of total cell-free Hb was
measured with a Human Hb ELISA Quantification Kit (Genway Biotech
Inc., San Diego, CA, USA). The analysis was performed according to the
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Table 1
Description of pregnancies.

Outcome Normal Preeclampsia  Early-onset PE'  Late-onset PE”
pregnancy — (n=89) (n=17) (n=72)
controls
(n = 46)

Age 29 31" 32 NS 30 NS
(28-30) (30-32) (30-34) (29-32)

BMI (kg/m*)  25.0 26.1 NS 27.1 NS 25.9 NS
(23.7-26.3) (25.1-27.0)  (24.3-29.9) (24.9-26.9)

Parity (n) 0.2 0.5 0.82" 0.37"
(0.02-0.32) (0.28-0.64)  (0.23-1.41) (0.20-0.54)

Systolic BP® 123 161" 176" 157"

(mmHg) (120-126) (157-165) (167-185) (153-160)

Diastolic BP* 77 101" 108" 99"

(mmHg) (75-79) (99-103) (103-112) (97-101)
Proteinuria 0.02 2.32" 3.35" 2.08"
(g/1) (0.00-0.04) (2.02-2.61)  (2.68-4.02) (1.77-2.39)
Gestational 282 256" 212" 269"
age at (279-285) (250-262) (199-225) (265-273)
delivery
(days)
Gestational 281 253" 208" 266"
age at (278-284) (247-260) (196-220) (262-270)
sampling
(days)

Patient demographics of PE cases and normal pregnancies (controls). Values are shown as
mean (95% confidence interval) or number (%). Statistical comparison of the groups was
performed with ANOVA. A p-value < 0.05 was considered significant.
NS: Not significant; : p = < 0.05; ":p = < 0.001.

! Early-onset PE was defined as diagnosis before 34 + 0 weeks of gestation.

2 Late-onset PE was defined as diagnosis after 34 + 0 weeks of gestation.

3 Highest systolic blood pressure recorded within two weeks prior to delivery.

4 Highest diastolic blood pressure recorded within two weeks prior to delivery.

manufacturer’s instructions and the absorbance was red at 450 nm
using a Wallac 1420 Multilabel Counter.
2.5. Correlation to previous findings

The same cohort has previously been used for HbF, A1M, Hp, Hx

and CD163 measurements [27]. Previous data was used as complement
to build the new algorithms presented in this study.

Table 2
Plasma concentrations.
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2.6. Statistical analysis

All statistical analysis was performed with the software Statistical
Package for the Social Sciences (SPSS Inc., Chicago, IL) version 21 for
Apple computers (Apple Inc., Cupertino, CA).

Mann-Whitney test was used to compare Hx activities, Hx, HO-1,
heme, HbF and total Hb concentrations between PE and controls
(Table 2). Subgroup-analyses were performed for early- and late onset
PE.

2.7. Correlation analysis

Correlation between Hx activity and Hx concentration was calcu-
lated using the non-parametric Kendall’s correlation coefficient.
Furthermore, correlation analysis was performed between Hx activity
and maternal blood pressure (defined as the highest measured blood
pressure within 24 h before delivery). Correlation analyses were also
done between cell-free Hb (HbF and Total Hb), heme, HO-1 and he-
mopexin concentrations. Furthermore, heme and HO-1 both were cor-
related to both systolic and diastolic blood pressure.

2.8. Logistic regression analysis

The detection rate was determined by ROC-curve analysis for each
of the potential biomarkers. The detection rates were obtained at 10%
and 20% false positive rates. The combined detection potential for the
biomarkers was obtained by stepwise logistic regression analysis of the
biomarkers and ROC-curve analysis.

3. Results
3.1. The cohort

Description of the patient cohort is displayed in Table 1. In total 89
patients with PE were included in the study matched with 46 un-
complicated pregnancies as controls. Of the 89 PE cases, 17 were di-
agnosed with PE before 34 + 0 weeks of gestation, classified as early-
onset PE. The groups were comparable concerning maternal age, BMI
and parity.

The systolic and diastolic blood pressures along with proteinuria
were significantly higher in the PE group. Due to increased incidence of

Controls Preeclampsia Early onset preeclampsia Late onset preeclampsia
N =139 n =89 n=17 n=72
Hemopexin activity (mean) 0.80 (0.66-0.93) 0.59 (0.49-0.69) 0.81 (0.54-1.07) 0.54
p = 0.019 p = 0.96 (0.44-0.65)
p = 0.004
Hemopexin plasma concentration’ 0.93 0.69 0.69 0.69
(mean) (0.88-0.98) (0.66-0.73) (0.61-0.77) (0.56-0.73)
p < 0.0001 p < 0.0001 p < 0.0001
HbF' 3.85 15.26 18.72 14.60
(mean) (2.51-5.20) (7.0-23.6) (1.6-39.05) (5.10-24.0)
p=0.01 p = 0.006 p=0.17
Heme 59.86 75.03 69.54 77.55
uM (52.34-67.38) (67.43-82.62) (55.07-84.02) (68.37-86.74)
(mean) p=0.01 p=0.26 p = 0.02
HO -1 5.29 4.48 4.67 4.42
ng/ml (4.69-5.9) (4.04-4.93) (3.37-5.97) (4.69-5.89)
(mean) p =0.03 p = 0.02 p=0.01

Table 2 shows the mean Hpx activity, hemopexin concentration, fetal hemoglobin (HbF), heme and heme oxygenase 1 in the different groups. All groups were compared with one-way

ANOVA. p =< 0.05 was considered statistically significant.
! Previously published by Gram et al. (13).
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preterm labor in the PE group the blood sampling was consequently
performed earlier in the PE group.

3.2. Hx activity

Eleven of the samples (8 controls and 3 PE) showed “too low value”,
indicating no activity after 24 h of incubation and were therefore ex-
cluded from further analysis based on technical problems with either
the sample or the measurement.

The Hx activity was significantly lower in the PE groups compared
to controls (p = 0.02, Table 2). However, when subdividing the PE
patients into early- and late-onset, the early-onset group, the results
showed similar values to the control group (0.81 vs 0.80) (Table 2). In
contrast, the late onset group showed a clearer decrease in activity
compared to the control group compared to all the PE patients (Hx
activity = 0.54, p = 0.007) (Table 2).

3.3. Heme

The heme concentration was significantly higher in patients with PE
compared to controls (75.03pM vs. 59.86 uM p = 0.01). The con-
centration was higher in the early onset PE group (69.54 uM) than in
the control group but this was not statistically significant (p = 0.26). In
the late onset PE group, there was a statistically significantly higher
concentration (77.55 pM, p = 0.02) (Table 2) as compared to the con-
trol group.

3.4. Heme oxygenase 1

The HO-1 concentration was significantly lower in the PE group
compared to controls (4.48 ng/ml vs. 5.29 ng/ml p = 0.03). Both early-
and late onset PE showed significantly lower HO-1 concentrations
(4.67 ng/ml, p = 0.02 and 4.42ng/ml, p = 0.01 respectively), com-
pared to controls (table 2).

3.5. HbF and hemopexin protein concentration

There was a significantly higher HbF-concentration in all PE groups
[27] compared to controls. The Hx concentration was significantly
lower in the PE groups compared to controls as described in Gram et al.
[27]. The total Hb was however not different between the groups
(p = 0.53).

3.6. Correlation analysis

The Hx activity was not correlated to the Hx plasma concentration
(p = 0.90), nor in early onset PE (p = 0.17) or late onset PE (p = 0.24).

The Hx activity was significantly inversely correlated to the dia-
stolic blood pressure in all patients (p = 0.04). When the early onset PE
patients were excluded from the analysis the correlation between the
diastolic blood pressures and Hx activity was stronger (p = 0.009).

The heme concentration was not correlated to the HbF level
(p = 0.31) but did significantly correlate to the total Hb concentration
(Correlation coefficient = 0.18, p = 0.002). Furthermore, there were
no correlations between heme and Hx activity (p = 0.82) or heme and
HO-1 (p = 0.08).

The HO-1 level was significantly inversely correlated to both the
systolic (p = 0.01, correlation coefficient = —0.15) and the diastolic
blood pressure (p = 0.003, correlation coefficient = —0.25). The HO-1
concentration did not correlate to the Hx activity (p = 0.92).

3.7. Logistic regression analysis
The results from the logistic regression and ROC-curve analyses are

presented in Table 3. The Hx activity showed a detection rate (DR) of
30% at a 10% false positive rate (FPR) with 0.66 AUC. The HO-1
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Table 3
Preeclampsia detection rates:

10% 20% Area under the ROC-curve

Hx activity 30% 44% 0.66
HO-1 21% 31% 0.64
Heme 22% 31% 0.63
Combination of biomarkers 84% 87% 0.93

The results from the logistic regression analysis for PE vs. controls. Detection rates are
displayed at fixed false positive rates (10% and 20%). All analyses were statistically
significant p < 0.05.

* Combination of HbF, Hemopexin activity, Hemopexin concentration, Heme and HO-
1.

1.0

0.8

0.67

0.4

Detection rate

AUC: 0.93
0.2

0.0 T
0.0

0.4 06 0.8

False positive rate

1.0

Fig. 1. Receiver operating characteristic curve (ROC-curve) for the combination of the
biomarkers fetal hemoglobin, hemopexin activity, hemopexin concentration, heme and
HO-1. The combination showed a detection rate of 84% at 10% false positive rate and an
area under the ROC-curve of 0.93

concentration showed 21% DR at 10% FPR, AUC = 0.64 and the heme
concentration showed 22% DR at 10% FPR and AUC = 0.63.

The combination of HbF, Hx activity, Hx concentration, heme and
HO-1 together showed a DR of 84% at 10% FPR, AUC = 0.93 (Table 3,
Fig. 1).

4. Discussion

The main results showed that elevated levels of heme and HbF were
associated with a decrease in hemopexin concentration indicating
consumption of hemopexin. We also observed a decrease in both Hx-
and HO-1 activity. Furthermore, the Hx activity and the HO-1 levels,
correlated to maternal blood pressure, i.e. the severity of PE, indicating
that the toxicity of free HbF may be an important etiological factor in
PE. By monitoring the dynamics of these factors as biomarkers of the
pathophysiological process, HbF, Hx activity, Hx concentration, heme
and HO-1 could be particularly useful for prediction and diagnosis of
late-onset PE. The ROC curve show a detection rate of 84% of all the PE
patients at 10% FPR.

The results complement the recently published study in which de-
creased levels of haptoglobin were shown in PE patients. The heme
scavenger A1M was in contrast, shown to be up-regulated in early onset
[12,13] and late onset PE [11,14]. In concordance with previous find-
ings, a decreased Hx activity has been shown in patients with manifest
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PE [24]. Interestingly, the present result showed that the Hx activity
was significantly decreased in patients with late-onset PE only, al-
though previous studies have shown plasma Hx activity to be sig-
nificantly decreased in early onset PE [24]. The main reason for this
discrepancy could be the present study set-up; early onset patients were
compared with term controls, while in the previous study, gestational
age matched controls were used. If instead gestational age matched
controls had been used the results might have been more in line with
previous studies [24]. The set-up is clearly a limitation for the present
study and will have to be confirmed in a study with controls matched
for gestational age. In the perfect world, all samples should be trans-
ferred to multiples of the median (MOM) values. In the given study,
however we did not have the needed number of controls to establish a
median and normal range according to gestational age. The findings
therefore need to be validated in a larger cohort.

In vitro studies suggest that the increase in Hx activity seen in
normal pregnancy may contribute to the down-regulation of the vas-
cular expression of Angiotensin II receptor 1 thereby promoting a re-
laxed and dilated maternal vascular bed [25]. It has further been sug-
gested that the decreased Hx activity seen in PE may increase the
maternal blood pressure, since less Angiotensin II receptor 1 is ex-
pressed in the vascular endothelium [24]. The data in this study show a
significantly inverse correlation between Hx activity and the diastolic
blood pressure supporting this mechanism.

Several factors may influence the Hx activity in the PE patients, but
in vitro studies indicate that extra-cellular adenosine triphosphate (ATP)
is an important inhibitor of Hx activity [23]. Although both Hx con-
centration and Hx activity were decreased in PE patients, the current
data show that the Hx activity did not correlate to the Hx concentration
suggesting that the activity is not solely dependent on its concentration.
The decreased Hx concentration seen in PE may be a consequence of the
elevated HbF concentrations as cell-free HbF is degraded by HO-1
causing elevated levels of heme that in turn consume Hx in PE
[11,14,27].

Reduced circulating HO-1 levels have previously been described in
patients with PE [28]. Furthermore, HO-1 has also been shown to be
protective against inflammation, apoptosis, and to be involved in reg-
ulation of angiogenesis [28]. In line with previous studies, the present
results indicate that the HO-1 concentration is reduced in PE, particu-
larly in the late onset PE. As a result, the HO-1 enzyme may be gra-
dually depleted, therefore lower in late onset PE compared to early
onset PE. It is well described that HO-1 also has anti-inflammatory
properties [29]. Reduced circulating levels of HO-1 could therefore
aggravate the maternal inflammatory response contributing to the
characteristic maternal endotheliosis and increasing blood pressure
[29]. Furthermore, degradation of heme by HO-1 produces CO, a gas
that has potent vasodilatory effects. Diminished levels of HO-1 conse-
quently lead to decreased degradation of heme and thereby less pro-
duction of CO. Free heme in turn, binds to the endothelial derived NO
which contributes to vasoconstriction [30]. The net effect is an in-
creased vasoconstriction leading to the main PE manifestation — hy-
pertension.

The plasma heme concentration was elevated in late onset PE and
obviously correlated well with total Hb concentration. Previously
published studies indicated that the increased levels of HbF in PE slowly
put a strain on the Hb- and heme scavenging systems [11,12,14,27]. A
constant placental over-production of HbF cause damage to the blood-
placenta barrier, eventually leading to damage to the maternal en-
dothelium [11,12,14,27]. The strength of the maternal scavenger and
enzyme systems may be important constitutional factors that determine
how and when the clinical manifestations of PE present, early or late.
The more the maternal protective systems are strained and/or depleted,
the earlier and more severe the clinical symptoms will become.
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5. Conclusions

The results from this study indicate that increased maternal plasma
levels of heme and HbF in PE consume the natural protective scavenger
proteins causing decreased levels of HO-1 and hemopexin. It might even
reduce hemopexin activity. By measuring components in the Hb me-
tabolism pathway as potential biomarkers, an indication and support of
the PE diagnosis could be made. Future studies are needed to evaluate
the role of these biomarkers as predictive biomarkers for maternal and
neonatal outcome and as first trimester predictive biomarkers for PE,
particularly late-onset PE.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in the
online version, at http://dx.doi.org/10.1016/j.preghy.2018.02.005.
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