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ABSTRACT

Objective: Preeclampsia, one of the most serious obstetric complications, is a heterogenous
disorder resulting from different pathologic processes. However, placental oxidative stress and an
anti-angiogenic state play a crucial role. Mitochondria are a major source of cellular reactive oxygen

species. Abnormalities in mitochondrial structures, proteins, and functions have been observed in
the placentae of patients with preeclampsia, thus mitochondrial dysfunction has been implicated
in the mechanism of the disease. Mitochondrial nuclear retrograde regulator 1 (MNRR1) is a newly
characterized bi-organellar protein with pleiotropic functions. In the mitochondria, this protein
regulates cytochrome ¢ oxidase activity and reactive oxygen species production, whereas in the
nucleus, it regulates the transcription of a number of genes including response to tissue hypoxia
and inflammatory signals. Since MNRR1 expression changes in response to hypoxia and to an
inflammatory signal, MNRR1 could be a part of mitochondrial dysfunction and involved in the
pathologic process of preeclampsia. This study aimed to determine whether the plasma MNRR1
concentration of women with preeclampsia differed from that of normal pregnant women.

2023
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Methods: This retrospective case-control study included 97 women with preeclampsia, stratified by
gestational age at delivery into early (<34weeks, n=40) and late (=34weeks, n=57) preeclampsia and
by the presence or absence of placental lesions consistent with maternal vascular malperfusion (MVM),
the histologic counterpart of an anti-angiogenic state. Women with an uncomplicated pregnancy at
various gestational ages who delivered at term served as controls (n=80) and were further stratified
into early (n=25) and late (n=55) controls according to gestational age at venipuncture. Maternal
plasma MNRR1 concentrations were determined by an enzyme-linked immunosorbent assay.

Results: 1) Women with preeclampsia at the time of diagnosis (either early or late disease) had
a significantly higher median (interquartile range, IQR) plasma MNRR1 concentration than the
controls [early preeclampsia: 1632 (924-2926) pg/mL vs. 630 (448-4002) pg/mL, p=.026, and late
preeclampsia: 1833 (1441-5534) pg/mL vs. 910 (526-6178) pg/mL, p=.021]. Among women with
early preeclampsia, those with MVM lesions in the placenta had the highest median (IQR) plasma
MNRR1 concentration among the three groups [with MVM: 2066 (1070-3188) pg/mL vs. without
MVM: 888 (812-1781) pg/mL, p=.03; and with MVM vs. control: 630 (448-4002) pg/mL, p=.04].
There was no significant difference in the median plasma MNRR1 concentration between women
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with early preeclampsia without MVM lesions and those with an uncomplicated pregnancy (p=.3).
By contrast, women with late preeclampsia, regardless of MVM lesions, had a significantly higher
median (IQR) plasma MNRR1 concentration than women in the control group [with MVM: 1609
(1392-3135) pg/mL vs. control: 910 (526-6178), p=.045; and without MVM: 2023 (1578-8936) pg/

mL vs. control, p=.01].

Conclusions: MNRR1, a mitochondrial regulator protein, is elevated in the maternal plasma of
women with preeclampsia (both early and late) at the time of diagnosis. These findings may
reflect some degree of mitochondrial dysfunction, intravascular inflammation, or other unknown
pathologic processes that characterize this obstetrical syndrome.

Introduction

Preeclampsia, an obstetrical syndrome [1] characterized
by hypertension accompanied by either proteinuria or
signs of systemic involvement [2,3], is a leading cause of
maternal death and indicated preterm birth [4-6]. This
condition is a heterogenous disorder [7] resulting from
different pathologic processes [7-40]. Uterine ischemia
leading to placental oxidative stress [22,41-51] is thought
to be the principal mechanism of disease [52-59]. Stressed
trophoblasts then release products, such as anti-angiogenic
factors, pro-inflammatory cytokines, trophoblast debris,
and extracellular vesicles, among others [60], into the
maternal circulation causing systemic intravascular inflam-
mation, endothelial dysfunction [46,47], and multi-organ
damage [8,10,61-64]. Due to the differences in the clinical
presentation and frequency of adverse perinatal out-
comes, preeclampsia has been classified into early
(<34weeks) and late (=34 weeks) disease according to the
gestational age at diagnosis or at delivery [65,66].
Subsequently, experts recognized that disaggregation of
preeclampsia by gestational age alone does not capture
the complexity of this syndrome and its clinical needs
[66]. Recently, the presence of placental lesions of mater-
nal vascular malperfusion (MVM) [67], the histologic coun-
terpart of the anti-angiogenic stage, has been proposed
to be of use in the development of a new taxonomy of
obstetrical syndromes, including preeclampsia [68]. A
sub-classification of preeclampsia according to placental
pathologic findings or concentrations of angiogenic/
anti-angiogenic factors in maternal blood, which reflect
the mechanisms of disease, may facilitate the discovery
and implementation of biomarkers to improve the predic-
tion and prevention of preeclampsia [68,69].
Mitochondria are intracellular organelles responsible
for the generation of adenosine triphosphate (ATP) for
cellular energy [70,71], and they also represent the
main source of reactive oxygen species (ROS) [72,73].
Indeed, several studies observed abnormalities in the
mitochondrial structures, proteins, and functions in the
placentae of patients with preeclampsia. Thus, mito-
chondrial dysfunction, in this case, defined as an

inability to control excessive ROS generation, has been
implicated in the mechanisms of disease leading to
preeclampsia. Mitochondrial nuclear retrograde regula-
tor 1 (MNRR1), also known as Coiled-Coil-Helix-Coiled-
Coil-Helix Domain-Containing Protein 2 (CHCHD?2), is a
newly characterized bi-organellar protein with pleio-
tropic functions. In the mitochondria, this protein reg-
ulates cytochrome ¢ oxidase (COX) activity, the
rate-limiting enzyme of mitochondrial respiration [74-
76]. Reduced cellular levels of MNRR1 can lead to a
reduction in oxygen consumption and an increase in
ROS production [74]. In response to tissue hypoxia,
MNRR1 accumulates in the nucleus where it is a tran-
scriptional activator of itself and other genes involved
in the cellular response to hypoxia [74,77].

Recently, our group reported that lipopolysaccharide,
a bacterial endotoxin, can lower MNRR1 expression in
trophoblast cells and that these changes are associated
with mitochondrial dysfunction [78]. Since MNRR1
expression changes in response to hypoxia and inflam-
matory signals, MNRR1 could indicate mitochondrial
dysfunction and could be involved in the pathogenesis
of preeclampsia. Moreover, the concentration of MNRR1
in the maternal blood of women diagnosed with pre-
eclampsia has not yet been examined. This study aimed
to determine whether the plasma concentration of
MNRR1 in women with preeclampsia differed from that
of normal pregnant women. The preeclampsia group
was stratified by gestational age at delivery into early or
late disease and by the presence or absence of MVM
lesions in the placenta.

Materials and methods
Study design and population

This case-control study was conducted by searching
the clinical database and bank of biological samples of
Wayne State University, the Detroit Medical Center,
and the Perinatology Research Branch, NICHD/NIH/
DHHS, and included women diagnosed with pre-
eclampsia (n=97: 40 early and 57 late disease) and



uncomplicated pregnant women in the control group
(n=80). Women with preeclampsia had a blood sam-
ple collected at the time of diagnosis, whereas those
in the control group had a blood sample collected at
different gestational-age intervals after 20weeks of
gestation and delivered at term. Each patient contrib-
uted one maternal blood sample only. All patients
with preeclampsia had a placental histologic examina-
tion. Patients with a multiple pregnancy or a fetus
with congenital and/or chromosomal anomalies were
excluded from the study.

All women provided written informed consent prior
to the collection of maternal blood samples. The
Institutional Review Boards of the NICHD and Wayne
State University approved the collection and utilization
of samples for research purposes. Many of these sam-
ples had been used in past studies that examined can-
didate biomarkers for preeclampsia.

Clinical definitions

Preeclampsia was defined as new-onset hypertension
developing after 20weeks of gestation (systolic and/or
diastolic blood pressure of 140 mmHg and/or 90 mmHg)
and proteinuria (300mg in a 24-h urine collection, or
two random urine specimens obtained 4h to 1week
apart containing =1+ protein by dipstick) [79].
Superimposed preeclampsia was diagnosed if preg-
nant women with hypertension before 20weeks of
gestation developed new-onset proteinuria or a sud-
den increase in proteinuria or in blood pressure from
their individual baselines [79]. Pregnant women who
had severely high blood pressure levels (systolic
>160mmHg or diastolic 2110 mmHg) or clinical symp-
toms (i.e. headache, visual disturbances, epigastric
pain), or who developed thrombocytopenia (platelet
count <100x10%L), elevated liver enzymes (alanine
aminotransferase  or  aspartate  aminotransferase
>701U/L), renal dysfunction (creatinine >1.1mg/dL), or
pulmonary edema, were classified as having pre-
eclampsia with severe features [3]. Women with pre-
eclampsia were stratified into early (<34weeks of
gestation) or late (=34weeks of gestation) disease
according to the gestational age at delivery. Each
group was further subdivided into those with and
without placental lesions of MVM.

The control group was defined as women who had
an uncomplicated pregnancy and met the following
conditions: 1) no medical, obstetrical, or surgical com-
plications; 2) not in labor; and 3) delivery of a term
neonate (>=37weeks of gestation) with a birthweight
appropriate for gestational age (between the 10th and
90th percentiles) [80]. Like women with preeclampsia,
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women in the control group were stratified into early
(n=25) and late disease (n=55) according to gesta-
tional age at venipuncture (<34 weeks or =34 weeks of
gestation, respectively).

Sample collection and determination of human
MNRR1 concentration in maternal plasma

Maternal blood samples were obtained by venipuncture
and collected in EDTA (ethylenediaminetetraacetic
acid)-containing tubes. The samples were centrifuged at
1300 X g for 10min shortly after collection and stored at
—80°C until analysis. The MNRR1 concentrations in the
plasma samples were determined by a commercially
available immunoassay (Human MNRR1 ELISA Kit, Abbexa
LTD, Cambridge, UK). Briefly, 100uL of maternal plasma
or calibrator were dispensed into separate wells of the
assay plates and incubated for 90min at 37°C. After
removal of the remaining sample and calibrator, the
plates were washed twice with 1X wash buffer and
100uL of detection reagent. A working solution was
added to each well. Plates were then incubated for
60min at 37°C. Next, the plates were washed three times
with 1X wash buffer, 100 L of detection reagent B work-
ing solution were added to each well, and the plates
were then incubated for 30min at 37°C. Subsequently,
the plates were washed five times with 1X wash buffer
and 90uL of TMB substrate were added to each well.
Plates were then mixed thoroughly and incubated for
20min at 37°C. Finally, 50 uL of stop solution were added
into each well to halt the reaction. SpectraMax iD5
(Molecular Devices, San Jose, CA, USA) was used to read
the plates and MNRR1 concentrations were calculated
with SoftMax Pro 7 (Molecular Devices). The inter- and
intra-assay coefficients of variation were 8.3% and 7.1%,
respectively, with an assay sensitivity of 12.3pg/mL.

Placental histologic examination

Sampling of the placentae was performed according to
standardized protocols of the Perinatology Research
Branch, as previously described [81]. Placental lesions con-
sistent with MVM were diagnosed according to the crite-
ria established by the Perinatology Section of the Society
for Pediatric Pathology [82] and the Amsterdam Placental
Workshop Group Consensus [83]. These criteria include
the presence of at least one of the following: (1) villous
changes, which can be categorized into abrupt onset
(remote and recent villous infarcts), gradual onset with
intermediate duration (increased syncytial knots, villous
agglutination, increased intervillous fibrin), or gradual
onset with prolonged duration (distal villous hypoplasia),
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and (2) vascular lesions (persistent muscularization of the
basal plate arteries, mural hypertrophy of the decidual
arterioles, and acute atherosis of the basal plate arteries
and/or of the decidual arterioles).

Statistical analysis

Demographic categorical data were summarized as pro-
portions. The distribution of continuous data was assessed
by a Kolmogorov-Smirnov test and visual plot inspection.
Continuous data were summarized by medians and inter-
quartile ranges (IQR). Differences between groups were
examined by using a chi-square or a Fisher’s exact test for
categorical data and a Kruskal-Wallis or Mann-Whitney U
test for continuous data. Quantile regression was applied
to assess the differences in MNRR1 concentration between
groups while adjusting for the effect of possible con-
founders (i.e. gestational age at venipuncture, duration of
sample storage, and nulliparity). Spearman’s correlation
was used to assess the relationship between two contin-
uous variables. A two-tailed p value of <.05 was consid-
ered statistically significant. The statistical package was
SPSS v.19.0 (IBM Corporation, Armonk, NY, USA). Quantile
regression was conducted by using the package quantreg
from CRAN: http://cran.r-project.org available for R statisti-
cal language and environment (www.r-project.org).

Results
Characteristics of the study population

Demographics and clinical characteristics of pregnant
women with preeclampsia and controls are reported in
Table 1. Nulliparity was significantly more frequent
among women with late preeclampsia compared to
the controls [42.1% (24/57) vs. 7.3% (4/55); p<.001].
Table 2 displays the severity features of preeclampsia
according to early or late disease. Severe features were

present in 95% (38/40) and 86% (49/57) of women in the
early and late preeclampsia groups, respectively. Even
though the frequency of clinical symptoms (i.e. headache,
visual disturbances, and epigastric pain) was not signifi-
cantly different between the two groups, women diag-
nosed with early preeclampsia had higher systolic blood
pressure levels [175 (167-188) mmHg vs. 162 (155-175)
mmHg; p=.007] and higher concentrations of liver
enzymes than those with late preeclampsia (Table 2).
Moreover, MVM lesions were more frequently observed in
the placentae of women with early compared to late pre-
eclampsia [73% (29/40) vs. 42% (24/57); p=.003; Table 2].

Plasma MNRR1 concentration in women with
preeclampsia

The median (IQR) plasma concentrations of MNRR1 in
early and late preeclampsia were 2.6- and 2-fold
higher, respectively, than those in the controls at the
same gestational age range [early preeclampsia 1632
(924-2926) pg/mL vs. early control 630 (448-4002) pg/
mL; p=.03, and late preeclampsia 1833 (1441-5534)
pg/mL vs. late control 910 (526-6178) pg/mL; p=.001].
These differences remained significant after adjusting
for potential confounders (gestational age at veni-
puncture and duration of sample storage for early pre-
eclampsia: p=.026; gestational age at venipuncture
and nulliparity for late preeclampsia: p=.02; Figure 1).

Plasma MNRR1 concentration in women with
preeclampsia stratified by the presence or absence
of placental lesions of MVM

Among women with early preeclampsia, those with
MVM lesions had the highest median (IQR) plasma
concentration of MNRR1 among the three groups
[with MVM 2066 (1070-3188) pg/mL vs. without MVM

Table 1. Demographics and clinical characteristics of the study population.

Early controls Early preeclampsia

Late controls Late preeclampsia

(n=25) (n=40) p (n=55) (n=57) p
Maternal age (y) 24 (20.5-28) 25 (20.3-30.8) 0.4 22 (20-26) 23 (19.5-26) 8
African American 88% (22) 77.5% (31) 0.3 92.7% (51) 89.5% (51) 5
Nulliparity 24% (6) 27.5% (11) 0.8 7.3% (4) 42.1% (24) <.001
Tobacco use 8% (2) 20% (8) 0.2 14.5% (8) 10.5% (6) 5
Pre-pregnancy BMI (kg/m?) 27.2 (23.5-35.6) 27.8 (22.7-32.3)2 0.7 28.3 (23.3-35.5)°  27.5 (23.7-32.7)¢ 6
GA at venipuncture 28.1 (25.8-30.7) 30.7 (27.6-32.7) 0.052 39.1 (38.7-39.3) 37.9 (35.9-39.3) .002

(weeks)

GA at delivery (weeks) 39.1 (38.8-39.8) 31.3 (28.4-33.4) <0.001 39.1 (39.0-39.6) 37.9 (36.2-39.4) <.001
Birth weight (g) 3235 (3162.5-3395) 1297 (848.5-1678.8) <0.001 3325 (3155-3510) 2705 (2202.5-3132.5) <.001
Birthweight percentile 41.5 (31.1-54.1) 14.1 (6.9-23.1) <0.001 449 (32.8-59.4) 22 (3.3-38.2) <.001
Duration of sample 13.3 (12.3-13.5) 15.1 (13.9-16.4) <0.001 13.3 (12.2-13.9) 13.5 (12.5-14.2) N

storage (years)

BMI: body mass index; GA: gestational age.

Data are presented as median (interquartile range) or percentage (number of patients).
Mann-Whitney U-tests were used for continuous variables and Chi-square tests for categorical variables.

an = 36; °n = 53; °n = 55.
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Table 2. Severity features of pregnant women with early and late preeclampsia.

Early preeclampsia (n=40) Late preeclampsia (n=57) p
Severe features 95% (38) 86% (49) 2
Highest systolic blood pressure (mmHg) 175 (167.3-188) 162 (155-175) .007
Highest diastolic blood pressure (mmHg) 108 (100-114.5) 103 (95.5-112) 2
Systolic blood pressure =160 or diastolic blood pressure 80% (32) 70.2% (40) 3

>110mmHg

Headache 42.5% ( 42.1% (24) 9
Visual disturbances 22.5% ( 19.3% (11) 7
Epigastric pain 15% ( 12.3% (7) 7
Highest serum AST (IU/L) 41 (26.3-89.8) 28 (21.3-33.8)° <.001
Highest serum ALT (IU/L) 28 (21.8-67.8)° 19 (13.5-25)¢ <.001
Elevated liver enzymes (AST or ALT >701U/L) 35% ( 3.6% (2)? <.001
Highest serum creatinine (mg/dL) 0.8 (0.6-0.9)4 0.7 (0.6-0.8)¢ 2
Renal insufficiency (serum creatinine >1.1mg/dL) 7.7% (3)¢ 2% (1)° 2
Lowest platelet count (x10%/L) 175.5 (123.8-218) 199 (147.3-242.5) A
Thrombocytopenia (platelet count <100 x 10%/L) 17.5% ( 10.7% (6)° 3
Pulmonary edema 2.5% ( 1.8% (1) 8
Placental lesions of maternal vascular malperfusion 72.5% ( 42.1% (24) .003

AST: aspartate aminotransferase; ALT: alanine aminotransferase.

Data are presented as median (interquartile range) or percentage (number of patients).
Mann-Whitney U-tests were used for continuous variables and Chi-square tests for categorical variables.

an = 56; bn = 30; ‘n = 41; 9n = 39; ¢n = 50.

888 (812-1781) pg/mL, unadjusted and adjusted
p=.03; and with MVM vs. control 630 (448-4002) pg/
mL, unadjusted p=.02, adjusted p=.04; Figure 2].
There was no significant difference in the median
plasma MNRR1 concentrations between women with
early preeclampsia without MVM lesions and those
with an uncomplicated pregnancy (unadjusted p=.4,
adjusted p=.3). By contrast, patients with late pre-
eclampsia, regardless of the presence or absence of
MVM lesions, had a significantly higher median (IQR)
plasma MNRR1 concentration than women in the
control group [with MVM 1609 (1392-3135) pg/mL
vs. control 910 (526-6178), unadjusted p=.1, adjusted
p=.045; and without MVM 2023 (1578-8936) pg/mL
vs. control, unadjusted and adjusted p=.01; Figure 2].
There was no significant difference in the median
plasma MNRR1 concentration between patients with
and without MVM lesions in late preeclampsia (unad-
justed and adjusted p=.1).

Discussion
Principal findings of the study

1) Women with preeclampsia, either early or late dis-
ease, had a plasma MNRR1 concentration 2- to 2.6-fold
higher than uncomplicated pregnant women; 2)
among women with early preeclampsia, those with
MVM lesions had a higher MNRR1 concentration com-
pared to those without MVM lesions and to women
with an uncomplicated pregnancy; and 3) women with
late preeclampsia had a higher plasma MNRR1 concen-
tration than uncomplicated pregnant women

regardless of the presence or absence of MVM lesions
in the placenta.

Preeclampsia and mitochondrial dysfunction

Given that placental oxidative stress can cause mito-
chondrial dysfunction and vice versa [51,84], several
lines of evidence suggested that mitochondrial dys-
function plays a role in the pathogenesis of preeclamp-
preeclampsia is a condition frequently
encountered in families with mitochondrial disorders

sia. First,

[85-87]. Second, signs of mitochondrial dysfunction,
such as changes in architecture (including size [88]
and structure [89,90]) of the mitochondria in both the
syncytiotrophoblast and the cytotrophoblast layers [88],
decreased number of COX-positive mitochondria [91]
and COX enzyme activity [88,92], impaired mitochon-
drial fusion [93,94], decreased lipid metabolism [94],
and ATP production [93,94], have all been observed in
the placentae of women with preeclampsia [49,51,88-
96]. Third, the serum concentrations of mitofusin-2
[97], a mitochondrial fusion protein, and the circulat-
ing cell-free mitochondrial DNA copy number [98-100],
a marker of mitochondrial dysfunction and inflamma-
tion, are higher in women with preeclampsia at the
time of diagnosis than in those with an uncomplicated
pregnancy. The increase in circulating mitochondrial
DNA in women with preeclampsia could be observed
as early as 20weeks of gestation, supporting the role
of mitochondrial dysfunction as a cause rather than a
consequence of preeclampsia [101].
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Figure 1. Plasma MNRR1 concentrations in pregnant women with preeclampsia and controls. The median (IQR) plasma concen-
tration of MNRR1 was significantly higher in patients with early [1632 (924-2926) pg/mL vs. 630 (448-4002) pg/mL; p=.03,
adjusted p=.026] and late [1833 (1441-5534) pg/mL vs. 910 (526-6178) pg/mL; p=.001, adjusted p=.021] preeclampsia com-
pared to uncomplicated pregnant women. Y-axis data are presented in logarithmic scale.

MNRR1 in health and disease

MNRR1, a recently characterized bi-organellar protein
encoded by the homonymous gene [102-104], is a
member of the coiled-coil-helix-coiled-coil-helix (CHCH)
domain-containing protein family, a group of evolution-
arily conserved proteins [105,106] found in the mitocon-
drial intermembrane space and now recognized as
cellular factors regulating cellular respiration, redox
equilibrium, lipid homeostasis, and membrane dynam-
ics. MNRR1 is mainly localized in the mitochondria [75]
and plays a key role in oxidative phosphorylation by
regulation of COX activity [74,75,107]. In the nucleus,
MNRR1 is a transcription factor that promotes the tran-
scription of the COX subunit 4 isoform 2 (COX4/2) gene
and of MNRR1 itself under cellular hypoxic conditions
[74,77]. Recently, our group reported that LPS-induced
trophoblast inflammation is associated with a reduction
in MNRR1 expression and organellar dysfunction [78].
Additional evidence for the role of MNRR1 in the patho-
genesis of diseases comes from genetic studies which
showed that mutations of MNRR1 are associated with
neurodegenerative disorders such as Parkinson’s disease
[108-111], Alzheimer’s disease, and Charcot-Marie-Tooth
type 1A [78]. Moreover, an alteration of protein or

transcript levels [75] is associated with Huntington’s dis-
ease [112], lissencephaly [113], endometriosis [114], and
malignancies such as hepatocellular carcinoma [115,116],
non-small cell lung carcinoma [117-119], and invasive
ductal carcinoma of the breast [120]. Little is known
about the role of MNRR1 in pregnancy complications.
Recently, Bosco et al. reported that MNRR1 is detectable
in the plasma of non-pregnant woman, and its concen-
tration does not differ from that of an uncomplicated
pregnant woman [121]. Moreover, plasma MNRR1 con-
centration does not change with spontaneous labor at
term but increases in the plasma of pregnant women
complicated by infection and/or inflammation, such as
clinical chorioamnionitis [121].

Plasma MNRR1 concentration is elevated in
patients with preeclampsia

In the current study, maternal plasma MNRR1 concen-
tration was higher than the controls in both early and
late preeclampsia. However, there was no significant
difference in plasma MNRR1 concentration between
the two subgroups. Moreover, no significant correla-
tions were observed between plasma MNRR1
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Figure 2. Plasma MNRR1 concentrations in women with preeclampsia stratified by the presence of placental lesions of maternal
vascular malperfusion (MVM) in early and late preeclampsia compared to their respective controls. For early preeclampsia, the
patients with MVM lesions in the placenta had the highest median (IQR) plasma concentration of MNRR1 among the three groups
[with MVM 2066 (1070-3188) pg/mL vs. without MVM 888 (812-1781) pg/mL, p=.03; and with MVM vs. controls 630 (448-4002)
pg/mL, p=.018, adjusted p=.04]. By contrast, in late preeclampsia, patients with and those without MVM lesions in the placenta
had a significantly higher median (IQR) plasma MNRR1 concentration than women in the control group [with MVM 1609 (1392-
3135) pg/mL vs. controls 910 (526-6178), p=.1, adjusted p=.045; and without MVM 2023 (1578-8936) pg/mL vs. controls,

p=.01]. Y-axis data are presented in logarithmic scale.

concentration and severity of preeclampsia as deter-
mined by blood pressure levels, gestational age at
delivery, or birthweight. Due to substantial overlap-
ping of plasma MNRR1 concentration between women
with preeclampsia and those with an uncomplicated
pregnancy, this mitochondrial protein, if used solely, is
unlikely to be a good biomarker to differentiate pre-
eclampsia from normal pregnancy.

Plasma MNRR1 concentration is elevated in early
preeclampsia with placental lesions of MVM

Preeclampsia is currently viewed as a vascular disorder
resulting from multiple and overlapping pathologic
processes [1,7]. However, an anti-angiogenic state has
emerged as a major mechanism of disease in pre-
eclampsia, especially in  early-onset  disease
[14,26,27,122]. An imbalance between plasma concen-
trations of angiogenic [low placental growth factor
(PIGF)] and anti-angiogenic [high soluble fms-like

tyrosine kinase (sFlt)-1] factors has been observed in
women with preeclampsia both prior to [123-129] and
at the time of clinical diagnosis [14,130-132]. These
abnormalities  correlate  with  disease  severity
[14,123,130] and can identify women who will develop
adverse perinatal outcomes better than clinical symp-
toms and standard laboratory tests [133-143]. Patients
with preeclampsia and the presence of placental
lesions consistent with MVM are associated with an
anti-angiogenic state or a low maternal plasma angio-
genic index-1 (PIGF/sFIt-1 ratio) concentration [67,68].

In the current study, women diagnosed with early
preeclampsia and with placental lesions of MVM had a
median plasma MNNR1 concentration approximately
3-fold higher than the controls. An experimental study
by Jiang et al. reported that repeated administration of
recombinant sFlt-1 agents to pregnant mice not only
induced clinical symptoms of preeclampsia but also
mitochondrial swelling and apoptosis markers in the
placenta (upregulation of apoptotic Bax and cleaved
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caspase-3 proteins as well as downregulation of antia-
poptotic Bcl-2 protein) as well as markers of oxidative
stress in maternal blood (i.e. increased serum malondi-
aldehyde and decreased superoxide dismutase concen-
trations) compared to controls [144]. These findings
suggested that an anti-angiogenic state can induce
mitochondrial dysfunction in the placenta. Moreover, in
a rat model of preeclampsia, reduced uterine perfusion
pressure can induce mitochondrial dysfunction (i.e.
impaired mitochondrial respiration as measured by oxy-
gen usage per weight of mitochondria) and increased
mitochondrial ROS production in the placenta and kid-
ney as well as in endothelial cells exposed to circulating
factors from the ischemic placenta [145]. However, in
the human placenta, mitochondrial COX activity
inversely correlates with syncytiotrophoblast sFlt-1 pro-
tein expression [88]. Therefore, it is possible that excess
MNRR1 in the maternal blood of women with early pre-
eclampsia with placental lesions of MVM was released
from stressed or injured trophoblasts in response to
uteroplacental ischemia or to an anti-angiogenic state
in the placenta. Of note, mitochondrial abnormalities in
the human placenta have been observed more fre-
quently in early rather than late preeclampsia
[49,146-148].

Women with early preeclampsia without MVM lesions
had a slightly higher plasma MNRR1 concentration than
those in the control group. However, the difference did
not reach statistical significance. This finding is consis-
tent with the observation of Rana et al. who reported
that among women with preterm preeclampsia, those
with a normal serum angiogenic-antiangiogenic profile,
had fewer maternal complications [149] and, therefore,
probably a lesser degree of injured trophoblasts, pla-
cental oxidative stress, and systemic inflammation.

Patients with late preeclampsia regardless of
placental lesions of MVM had a higher plasma
MNRR1 concentration than controls

Traditionally, late preeclampsia is considered a mater-
nal syndrome (also known as “maternal preeclampsia”)
rather than a placental syndrome, since this subtype
frequently occurs in patients with a high body mass
index (BMI) and preexisting vascular disease, and the
placenta has MVM lesions less frequently than in
preterm preeclampsia [150,151]. Patients with late pre-
eclampsia had evidence of mitochondrial dysfunction;
however, the mechanisms seems to be different from
early preeclampsia [49,146,148]. Indeed, Holland et al.
reported that hydrogen peroxide production and anti-
oxidant activity were increased in term preeclamptic
placentae, whereas preterm preeclamptic placentae

had reduced hydrogen peroxide production and
reduced function of the antioxidant superoxide dis-
mutase compared to control placentae [148]. In addi-
tion, the expression level of mitochondrial complexes
and markers of mitochondrial fission/fusion and apop-
tosis were differentially affected in term compared to
preterm preeclamptic placentae [148]. For example,
mitochondrial respiration and content (assessed by the
mtDNA/nDNA ratio) were higher in term compared to
those in preterm preeclamptic placentae. However, a
lower respiratory reserve capacity was observed in the
mitochondria of placentae from women with term pre-
eclampsia, possibly indicating a placental mitochon-
drial adaptation characterized by a compensatory
antioxidant and mitochondrial response. However, the
findings of mitochondria abnormalities in late pre-
eclampsia are inconsistent among studies
[49,93,94,97,146-148].

Recently, we reported that patients with preeclamp-
sia at term can be classified into two clusters accord-
ing to the PIGF/sFlt-1 ratio [69]. These two clusters
have different clinical characteristics and frequency of
adverse perinatal outcomes [69]. About one-half of
women with preeclampsia at term had an abnormal
angiogenic profile. Women in this group were younger
and more often had placental lesions consistent with
MVM. Unlike early preeclampsia when defective deep
placentation is believed to be a culprit, syncytiotro-
phoblast stress, caused by physical constraints on pla-
cental growth, and cytotrophoblast senescence have
been proposed to explain the excess trophoblastic
release of anti-angiogenic factors in this subgroup [28].
However, another one-half of women with preeclamp-
sia at term had a normal angiogenic profile. Women in
this group had a higher frequency of chronic hyper-
tension and were more likely to have a higher BMI
than those with an abnormal angiogenic profile [69].
The frequency of placental lesions of MVM in this
group is only slightly higher than that observed in
normal pregnancies, suggesting that other pathologic
mechanisms (i.e. metabolic syndrome) may be impli-
cated [69]. These observations might explain the
inconsistent findings of mitochondrial research in the
placentae of women with late preeclampsia.

Findings that indicate the median plasma MNRR1
concentration was 1.5-fold higher in women with late
preeclampsia with placental lesions consistent with
MVM compared to that in the control group could be
explained by the presence of the anti-angiogenic state,
similar to that observed in early preeclampsia, albeit at
a lower level of anti-angiogenic factors and a milder
degree of stressed trophoblasts and/or mitochondrial
dysfunction. By contrast, the 2-fold elevation of plasma



MNRR1 concentration in women with late preeclamp-
sia without MVM lesions in the placenta is likely to
result from different pathways other than injured or
stressed trophoblasts. One possibility is that MNRR1 is
released from vascular endothelial cells or leukocytes
since most of these patients might have a mild degree
of leukocyte activation and intravascular inflammation
due to preexisting conditions, such as obesity or
chronic hypertension. Since the pathologic pathway of
this subgroup of preeclampsia is currently unclear, fur-
ther studies are needed to understand the source and
consequence of the excess MNRR1 release. Nevertheless,
the plasma MNRR1 concentration cannot be used as a
biomarker to differentiate between late preeclampsia
with and without MVM lesions in the placenta.

Strength and limitations of the study

This is the first study to report the maternal plasma
concentration of MNRRT1, a recently characterized mito-
chondrial regulator protein, in patients with pre-
eclampsia stratified by gestational age at delivery into
early and late disease. Moreover, all patients with pre-
eclampsia had a placental histologic examination and
sampling of the placenta according to standardized
protocols. The patients were further subclassified
according to the presence or absence of MVM lesions,
which is considered the histologic counterpart of the
anti-angiogenic state, the major established pathway
to clinical syndromes of preeclampsia.

A limitation of this study is that the temporal rela-
tionship between changes in MNRR1 concentrations
and the clinical diagnosis of preeclampsia could not
be elucidated due to the cross-sectional nature of the
study. In addition, we did not measure plasma PIGF or
sFIt-1 concentrations and thus could not correlate
these results with angiogenic or anti-angiogenic fac-
tors concentrations. The patients with late preeclamp-
sia enrolled in this study had a high prevalence of
severe features [49/57 (86%)]. This could be attributed
to the nature of severe features in patients who were
more likely to be admitted or referred to a single ter-
tiary care center in the area at that time than those
without severe features. The predominance of
African-American participants [155/177 (88%)] in the
study might affect generalizability.

Conclusions

Maternal plasma concentration of MNRR1, a mitochon-
drial regulator protein, is elevated in women with pre-
eclampsia at the time of diagnosis, and this is
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particularly the case in women with early preeclampsia
and placental lesions consistent with MVM. It is of
interest that plasma MNRR1 concentrations were ele-
vated in patients with late preeclampsia regardless of
the presence or absence of placental lesions of MVM.
Excess concentrations of MNRR1 in the maternal plasma
of women with preeclampsia could be a part of mito-
chondrial dysfunction, intravascular inflammation, or
other unknown pathologic processes.
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