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Abstract

Background: Alterations in mitochondrial signatures such as mitochondrial DNA (mtDNA) content in maternal
blood have been linked to pregnancy-related complications. However, changes in maternal mtDNA content, their
distribution and associated signaling during normal pregnancies are not clear; which could suggest their physiologi-
cal role in maternal adaptation to pregnancy related changes and a reference threshold. The aim of this study: to
assess the distribution of mtDNA in peripheral blood and their association with circulatory ROS levels across different
trimesters of healthy pregnancy.

Methods: In this pilot cross sectional study, blood samples of normal pregnant women from each trimester

(total =60) and age-matched non-pregnant (NP) women as control group (n = 20) were analyzed for a) the relative
distribution of mtDNA content in cellular and cell free (plasma) fractions using relative quantitative polymerase chain
reaction (QPCR) and b) the levels of circulating reactive oxygen species (ROS) by measurement of plasma H,O,. The
results were compared between pregnant and NP groups and within trimesters for significant differences, and were
also analyzed for their correlation between groups using statistical methods.

Results: While, we observed a significant decline in cellular mtDNA; plasma mtDNA was significant increased across
all trimesters compared to NP. However, from comparisons within trimesters; only cellular mtDNA content in 3rd
trimester was significantly reduced compared to 1st trimester, and plasma mtDNA did not differ significantly among
different trimesters. A significantly higher level of plasma H,O, was also observed during 3rd trimester compared to
NP and to 1st trimester. Correlation analysis showed that, while cellular mtDNA content was negatively correlated to
plasma mtDNA and to plasma H,O, levels; plasma mtDNA was positively correlated with plasma H,O, content.

Conclusions: This study suggested that normal pregnancy is associated with an opposing trend of reduced cellular
mtDNA with increased circulatory mtDNA and H,O, levels, which may contribute to maternal adaptation, required
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during different stages of pregnancy. Estimation of mtDNA distribution and ROS level in maternal blood could show
mitochondrial functionality during normal pregnancy, and could be exploited to identify their prognostic/ diagnostic

potential in pregnancy complications.

Keywords: Pregnancy, Mitochondrial DNA, Reactive oxygen species, Oxidative stress

Background

Mitochondria play a central role in multiple functions
such as cellular growth and apoptosis through bioen-
ergetics and metabolism [1]. Therefore, mitochondrial
defects and oxidative stress have been linked to preg-
nancy related complications leading to developmental
delay and other neonatal disorders [2]. Pregnancy is a
systemic process of development of fetus; driven by cell
growth, migration and differentiation process leading to
tissues and organ development [3]. Several studies have
shown that mitochondria play an important role in the
maintenance of pregnancy and neonatal development
through regulation of energy, metabolism, hormone
synthesis and oxygen sensing capacity [4—6]. Therefore,
mitochondrial signatures including mtDNA content and
free radicals in circulation have now been investigated
for their potential to show mitochondrial functional-
ity, oxidative stress and link to pregnancy complica-
tions [7]. Mitochondria contain its own genetic material;
mitochondrial DNA (mtDNA), which is approximately
16.5kb in size and transmitted by the maternal lineage.
Somatic cells contain hundreds to thousands of mito-
chondria, each having 2 to 10 copies of mtDNA per
mitochondrion [8]. However, it varies in post-mitotic
tissues, which highly depend on energy and oxidative
metabolism, and mitochondria are present in high num-
bers with higher mtDNA content. Similarly, a physiologic
state with high-energy demand, such as fertilization and
pregnancy, also requires greater mitochondrial activity
[9]. A higher mitochondrial number with increased vol-
ume of ooplasm has been linked to a high rate of fertili-
zation [10]. Since mitochondria are the major source of
reactive oxygen species (ROS), mitochondrial dysfunc-
tion and oxidative stress have been observed in preg-
nancy complications [11]. Altered mtDNA content has
been reported in pre-eclampsia (PE), intrauterine growth
restriction (IUGR) and placental disruption cases, show-
ing mitochondrial stress during pregnancy complica-
tions [12-14]. Compared to pregnancy complications,
limited information is available regarding the regulation
of mtDNA content during normal pregnancies. Very few
studies have reported progressive changes in mtDNA
content from whole blood or serum during normal
pregnancy [13, 15]. However, the opposing patterns of
mtDNA change from these studies also raise a possibility
that mtDNA could be differentially distributed in cells or

circulation and their relative distribution could show the
mitochondrial response during physiological pregnancy.
A comparative investigation on mtDNA content in blood
cells and circulation and associated signaling during nor-
mal pregnancy is largely lacking, which could indicate
mitochondrial contribution in maternal adaptation dur-
ing physiological changes in pregnancy. In this study, we
partly addressed this issue by investigating the relative
distribution of mtDNA content in cellular and plasma
fractions of blood from different trimesters of healthy
pregnancy and compared with age-matched non-preg-
nant females. Since mitochondria are the major source
of free radical generation, association with free radical
signaling in different trimesters of healthy pregnancy was
investigated through measuring plasma H,O, levels and
their correlation with mtDNA content.

Methods

Subject information

This is a pilot cross sectional study on normal pregnant
women and age-matched non-pregnant (NP) females
as controls who visited the department of maternal and
reproductive health (MRH) of Sanjay Gandhi Post Grad-
uate Institute of Medical Sciences (SGPGIMS); a tertiary
care center in north India. Subjects visited the center for
routine antenatal care during their pregnancy or rou-
tine gynecological issues and screened to take part in
this study through written informed consent. The insti-
tutional ethics committee approved the study (IEC code:
2019-86-IP-109, Ref. no: PGI/BE/492). The study popu-
lation comprised total 80 participants, including 20 each
from different trimesters: 1st (0-13th week), 2nd (14th—
26th week) and 3rd (27th week-till delivery) as pregnancy
group along with 20 NP females from reproductive age
group as control group. Subjects were included in the
study based on screening of medical history along with
physical examination. Exclusion criteria for pregnancy
group included an overt history of chronic disease, ges-
tational hypertension or preeclampsia, twin pregnan-
cies, gestational diabetes, use of recreational drugs or
hormonal contraceptives within the previous 6 months,
use of fertility treatments or supplements, and menstrual
irregularities and smoking. Inclusion criteria included all
those pregnant females who were in their 1st /2nd/3rd
trimester and above 18years of age. For the control
group, non-pregnant females of reproductive age group
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with normal menstrual cycles and no previous history
of chronic illness, no gynecological problems and not on
any medication were included. As applicable, the vari-
ables such as age, blood pressure (BP), body mass index
(BMI), gestational age (GA) were recorded at the time of
enrolment, and followed for measuring BP and GA weeks
during their visits and baby weight at the time of deliv-
ery. In pregnant women, GA was estimated based on the
first day of their last menstrual period and confirmed by
trans-vaginal ultrasound at the time of recruitment. Rou-
tine hematological investigations in pregnancy subjects
such as hemoglobin, hematocrit, total leukocyte counts,
and differential leukocyte (monocytes, lymphocytes,
eosinophils, neutrophils, and platelets) were done in clin-
ical laboratory using automated hematology analyzer and
data was collected retrospectively. All women included
in this study were free of apparent infections within the
uterus or amniotic cavity. Routine ultrasound scans and
normal intrauterine fetal growth (as and when required)
were performed to ensure healthy pregnancy in the preg-
nancy group.

Sample collection

Peripheral venous blood sample (5ml) from the subjects
was collected via an intravenous catheter inserted into
the antecubital vein of the left arm and collected in BD
Vacutainer® spray-coated K2EDTA Tubes (BD Inc.). The
samples were immediately processed for blood cells and
plasma separation by centrifugation at 3000rpm at 4°C
for 10 min, which provided plasma in the supernatant
and the lower part with RBCs and bufty coat enriched in
WBCs and platelets. Plasma was carefully removed using
pasture pipette to avoid mixing with the buffy coat. The
bufty coat and RBCs were mixed gently for cellular frac-
tion. Aliquots of these plasma and cellular fractions were
processed for DNA isolation on the same day. Remaining
samples were stored in aliquots at —80°C until further
processing.

DNA isolation and quantitative PCR (qPCR)

Total DNA from 250l from cellular or plasma samples
was isolated by QIAamp DNA isolation Kit as per the
manufacturer protocol (Qiagen India Pvt. Ltd). Quan-
tification of DNA was done using Nanodrop ND2000
UV-visible spectrophotometer (Thermo-Fisher Scientific
Inc.) at Aygonm and quality was assessed by A,q)/Aqg,
ratio (ranged from 1.8-2). An amount of 20ng of total
DNA was used for mt-DNA copy number determina-
tion through relative amplification of mt-DNA or nuclear
DNA in separate reactions using qPCR. Mitochondrial
ND1 (mtND1) gene primers (fwd: 5-CACCCAAGA
ACAGGGTTTGT-3 and rev: 5-TGGCCATGGGTA
TGTTGTTAA-3') and nuclear 18s r-RNA gene primers
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(fwd: 5-TAGAGGGACAAGTGGCGTTC-3’ and rev-
5-CGCTGAGCCAGTCAGTGT-3') were used. Nuclear
185 RNA gene was used as an internal reference gene for
normalizing mtND1 gene amplification in each case. TB
green based relative amplification was performed using
qPCR following manufacturer’s instructions (Takara
Bio.) and run on 7900HT Fast Real-Time PCR System
(Applied Biosystem). The qPCR conditions were as fol-
lows: initial denaturation for 3min at 95°C; followed by
40cycles at 95°C for 15sec; and 60°C for 60sec. Relative
expression of mtDNA verses nDNA was calculated by 2~
ACt (AC,=C, mtDNA - C, nDNA), following previously
published method [16], and fold changes were calculated
compared to NP as control group.

Reactive oxygen species measurement

H,0, is the most common ROS and therefore H,O, lev-
els were estimated in the plasma samples by H,0O, con-
tent assay kit according to the manufacturer’s instruction
(Immunotag, USA). The kit is based on the principle
that H,O, reacts with titanium sulfate and generates yel-
low titanium peroxide complex with the characteristic
absorption at 415nm. Briefly, 100l of plasma samples
were de-proteinated with reagent I (0.9ml) and centri-
fuged at 8000g at 4°C for 10 minutes. The supernatant
was collected and mixed with reagent 2 and 3, centri-
fuged at 4000g at room temperature for 10minutes.
Resulting pellet was dissolved in reagent 4 and absorb-
ance was taken at 415nm. The absorbance of samples
was normalized with reference control and calculated as
pumole per ml from standard graph. The final values were
presented as relative fold change to NP.

Statistical analysis

Kolmogorov Simonov test (KS test) was used to test
the normal distribution of the continuous variables.
One way ANOVA test/ Kruskal-Wallis H-test was used
to compare the means/median respectively, between
the four groups (1st, 2nd, 3rd trimester and NP). Con-
tinuous normally distributed variables are presented in
mean *standard deviation (SD) and for non-normal
variables the median with interquartile range (IQR) are
included. When result was significant at p <0.05, multi-
ple comparison using Bonferroni correction was used. To
test the linear relationship between the continuous vari-
ables [among different groups for mtDNA content (cellu-
lar vs plasma) vs plasma H,O, levels], Pearson correlation
coefficient was used. The Cohen effect size (Cohen’s d)
[using formula: mean difference / pooled standard devia-
tion], was calculated to present the actual change in cel-
lular mtDNA, plasma mtDNA and plasma H,O, between
the four groups (1st, 2nd, 3rd trimester and NP). The
comparison graphs were prepared using GraphPad
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version 9 and statistical analysis was done using Statis-
tical package for social sciences, version-23 (SPSS-23,
IBM, Chicago, USA). A p value <0.05 was considered as
statistically significant.

Results

In this study, age matched non-pregnant females: NP
(n=20) and healthy pregnant females (#=60), 20 from
each trimester were selected following institutional ethi-
cal guidelines.

As listed in Table 1, the participant baseline charac-
teristics such as age, BP and BMI of pregnant group did
not differ significantly compared to NP group. Among
different trimesters; except GA, all other parameters
such as BP at delivery, weeks at delivery and baby weight
showed no significant variations in pregnant group. Simi-
larly, from hematological analyses of blood samples, only
platelet counts were significantly lower in 3rd trimester
(p=0.003) compared to 1st trimester participants, while
other blood analysis result did not differ significantly
among different trimesters. Changes in mtDNA con-
tent in the total DNA isolated from cellular and plasma
fractions from these participants were analyzed. In addi-
tion, plasma H,O, level was also measured from these
subjects.

Reduced mt-DNA content in peripheral blood cells

during pregnancy

Analysis of mtDNA content was performed by rela-
tive quantitation based on qPCR by amplifying mtDNA
(mtND1 gene) and normalizing to nuclear reference 18S
rRNA gene amplification (Fig. 1). Relative fold changes in
mtDNA content in different trimesters (1st/2nd/3rd tri-
mester) of pregnancy were calculated using 2" method
and compared to NP females as control. As shown in
Fig. 1, mtDNA content was decreased in cellular fraction
of blood throughout pregnancy compared to NP. Com-
pared to NP as 100% [mean=£SD: 8.70£3.17, median
(IQR): 8.01 (6.21, 10.72)] mt-DNA content was signifi-
cantly reduced;-to 38.14% in 1st trimester [mean=SD:
3.32+1.86, median (IQR): 3.65 (1.78, 4.57), p <0.001];
—to 28.10% in 2nd trimester [mean=+SD: 2.44+1.34,
median (IQR): 2.44 (1.24, 3.20) p <0.001]; and -to 18.44%
in 3rd trimester [mean +SD: 1.60+1.22, median (IQR):
1.21 (0.97, 2.11) p <0.001]. While comparison among dif-
ferent trimesters; a significant reduction (48.34%) was
observed in 3rd trimester only (p=0.027), compared to
1st trimester and did not differ significantly between 1st
vs 2nd and 2nd vs 3rd trimesters. However, normaliza-
tion of mtDNA copy number with their respective plate-
let count in different trimesters resulted in no significant
differences among different trimesters including the dif-
ference between 3rd vs 1st trimester (supplementary
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Fig. 1 Relative quantification of mtDNA content in cellular fraction:
Total DNA from cellular fraction of blood from non-pregnant (NP)
and from pregnant women of different trimesters (1st, 2nd and 3rd)
was used for quantitative PCR. Amplification of mtDNA gene (ND1)
was normalized to 18sRNA nuclear gene amplification, using 2t
method, and presented as relative to NP as control. Significance
(P value as indicated) from NP and within different trimester was
calculated by Kruskal-Wallis H-test and post-hoc analysis by
Bonferroni Correction. ns: non-significant

Fig. 1). Overall, relative quantitation of mtDNA copy
number in cellular fraction suggested a progressive and
significant decline in mtDNA content in all three tri-
mesters during pregnancy compared to NP group. How-
ever, within different trimesters, cellular mtDNA content
was significantly reduced only in the late gestation (3rd
trimester), possibly because of reduced platelet counts
compared to early gestation period (1st trimester).

Increased circulating mt-DNA content during pregnancy

The level of mtDNA content in circulation was deter-
mined in the total DNA isolated from plasma samples
using similar relative quantitation method as mentioned
earlier. Compared to the NP group, a significant increase
was observed in plasma mtDNA content throughout
all trimesters (Fig. 2). As shown in Fig. 2, compared
to NP control [mean=+SD: 0.3440.14, median (IQR):
0.29 (0.23, 0.41], mtND1 copy number was significantly
increased to 3.45-fold in 1st trimester [mean-SD:
1.17+0.35, median (IQR): 1.30(1.09, 1.37), p <0.001];
3.05-fold in 2nd trimester [meanZ4SD: 1.0440.60,
median (IQR): 0.85(0.55, 1.52), p <0.001] and 4.74-fold
in 3rd trimester [mean=+SD: 1.61 +1.87, median (IQR):
0.97(0.60, 1.93), p =0.039]. However, no significant dif-
ference was observed when compared among different
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Table 1 Clinical characteristics of the study population

Characteristics Non-Pregnant (NP) 1st trimester 2nd trimester 3rd trimester PValue*
(n=20) (n=20) (n=20) (n=20)

At enrolment

Age (Years) 27.69£4.85 2811+£3.87 285+£3.51 3141+£6.38 0.112

BMI (Kg/m?) 2341£250 25.52+£3.65 24.88+3.93 24.25+3.69 0.764

SBP/DBP (mmHg) 117.724+9.80/ 120.76 £11.17/ 117261162/ 1153141088/ 0.592/
78.36+£8.22 75.53+10.29 70.53+9.92 712141015 0.142

Gestational Age (weeks) N/A 7724190 16+2.67 3284130 0.000*

Haematological changes during pregnancy

Haemoglobin (g/dL) 10.83 2.14 11.814+0.83 11.7£1.19 0.128

Hematocrit (%) 3556+£5.20 37.96+£235 38.2245.20 0.258

TLC (x10°/L) 9.77£262 8974236 1039£269 0317

Monocytes (%) 330137 253+£0.99 326+£1.33 0.178

Lymphocytes (%) 23.30+£5.79 21.86+7.44 238+£1261 0.839

Eosinophils (%) 2.75£245 213£1.18 293+£1.57 0.440

[2(1.33)] [2(1,3)] 223)]

Neutrophils (%) 70.84£6.01 73+£7.79 70£1342 0.690

Platelets (x 1000/mm?) 258.07£108.63 182.2£57.10 15743 4+56.23 0.003A

At delivery

SBP/DBP (mmHg) 121.1+£5.56/ 12084733/ 118364934/ 0.557/

at delivery 796+577 79.33+£7.88 79.63+£8.93 0.994

Gestational Age (weeks) 37314080 37124079 36.94+1.87 0.809

at Delivery

Baby weight (kg) 2.66+0.84 2.77+0.54 2.76£0.39 0.920

Data are presented in mean =+ standard deviation (SD). One-way ANOVA test used to compare the means among four groups followed by multiple comparisons

(Bonferroni correction)
*P-value represents post ANOVA significance between groups and within groups

# Multiple comparisons of GA in trimesters: Between 1 and 2 (p<0.001), 1-3 (p<0.001) and 2-3 (p<0.001)

A Multiple comparisons of platelets in trimesters:: Between 1 and 2 (p=0.103), 1-3(p =0.003), 2-3 (p =0.542)

2 Data are also presented as median interquartile range (IQR) within parenthesis compared by Kruskal Wallis H test

trimesters. Altogether circulating mtDNA content was
significantly elevated during pregnancy than non-preg-
nant condition, but did not change significantly within
different trimesters of pregnancy.

Increased circulatory H,0, levels during pregnancy

Circulating level of H,O, was measured in plasma sam-
ples of NP, and pregnant women in different trimester
using colorimetry based H,O, content assay kits follow-
ing protocol as described in materials and methods. The
circulating plasma H,O, levels in different trimesters
were compared relative to NP and within different tri-
mesters (Fig. 3). Compared to the NP control (mean & SD:
1.53£0.53), a significant 1.85 fold increase was observed
in 3rd trimester (mean =+ SD: 2.82+0.99, p <0.001) only.
In addition, within different trimesters, the increase in
3rd trimester was significant (1.74 fold, p=0.001) only
in comparison to 1st trimester (mean 4 SD 1.62 £ 0.855).
Altogether, a significant increase in H,0O, level was
observed in maternal plasma in late gestation period (3rd

trimester) compared to 1st trimester or non-pregnant
group.

Size effect analysis

To compare the absolute differences in the mean val-
ues of variables (mtDNA and H,0,) among these four
groups, Cohen effect size (Cohen’s d) was calculated.
The effect size between 0.2-0.49 was considered as
small, while 0.5-0.79 and > 0.8 were considered as
moderate and large effect size respectively. As shown
in Table 2, the higher difference was observed between
value of the NP to the value of the 1st, 2nd and 3rd tri-
mesters for cellular mtDNA (ranging from 2.06-2.94)
as well as for plasma mtDNA (ranging from 0.95-3.05).
Similarly, within different trimesters, the higher differ-
ence was observed only in 1st vs 3rd trimester (1.08)
for cellular mtDNA. However, for plasma H,O,, higher
differences were recorded only between NP vs 3rd and
1st vs 3rd trimester (1.62 and 1.29 respectively). Alto-
gether, it suggested that the observed significant dif-
ferences in cellular/plasma mtDNA in pregnant group
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Fig. 2 Relative quantification of mt-DNA content in plasma fraction: NP |1 2 3 .
Total DNA from plasma of non-pregnant (NP) and pregnant women Trimesters
of different trimesters (1st, 2nd and 3rd) was used for quantitative X '
PCR using similar methods as described earlier. Significance (P value, Fig. 3 Measurement of plasma H,0, coment: Equal volume Of,
as indicated) from NP and within different trimester was calculated by p\asma Was used for measuring HZQZ level using manufgctgrers
Kruskal-Wallis H-test and post hoc analysis by Bonferroni Correction. instructions and presented as relative to NP as control. Significance
ns: non-significant (P values as indicated) from NP and within different trimester was
i analyzed by One way ANOVA (data was normally distributed) and
post-hoc analysis by Bonferroni correction for multiple comparison.
ns=non-significant

(in all three trimesters) compared to NP group was
due to larger size effect. However, for plasma H,O, the
larger size effect within trimesters was observed only
in 3rd trimester compared to NP or 1st trimester.

Correlation of mtDNA levels with H,0, levels

To measure the overall correlation of changes in
mtDNA content between cellular vs plasma fraction,
or mtDNA content to plasma H,O, levels, Pearson’s
correlation analysis was performed. As summarized
in Table 3, among all groups together; cellular mtDNA
was negatively correlated with plasma mtDNA content
(Pearson’s r=—0.350, p=0.002) as well as to plasma
H,0, levels (Pearson’s r=—0.301, p=0.007). Con-
trastingly, plasma mtDNA content was positively cor-
related with plasma H,O, content (Pearson’s r=0.255,
p=0.026). However, there was no significant cor-
relation when analyzed among NP vs 1st/2nd/3rd
or within trimesters (data not shown in table). Over-
all, from all groups together a negative correlation
between cellular mtDNA with plasma mtDNA/H,0,,
and a positive correlation between plasma mtDNA
with plasma H,0, levels were detected.

Discussion

Present study reports the trend of 1) mtDNA at cellular
level and cell-free state, and 2) circulating ROS levels
in the blood of normal pregnant females in compari-
son with non- pregnant females as controls. To the best
of our knowledge, this is the first study to simultane-
ously analyze the mtDNA content in cellular and plasma
fractions of blood along with plasma H,O, levels in dif-
ferent trimesters of pregnancy and their comparison
with non-pregnant group. Our results show that during
normal pregnancy, the maternal mtDNA content dis-
plays an opposing trend in cellular vs plasma factions,
compared to the non-pregnant group. We found that
cellular mtDNA content declines significantly and cir-
culating plasma mtDNA content increases significantly;
in all three trimesters compared to non-pregnant con-
ditions. However from the comparisons across dif-
ferent trimesters in pregnant group, the decrease in
cellular mtDNA was significant only in 3rd trimester
compared to 1st trimester and no significant difference
was observed for plasma mtDNA content in different
trimesters. Our results are in accordance with previous
independent reports on the analyses of mtDNA content
in whole blood or in circulation [13, 15]. For example, in
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Table 2 Cohen’s Effect Size (Cohen’s d) of the mean difference between different groups

Groups— NP vs 1st Trimester NP vs 2nd Trimester NP vs 3rd Trimester 1stvs2nd  1stvs 3rd Trimester 2nd vs 3rd Trimester
Variable| Trimester

Cellular mtDNA  2.068024 2.565929 2948257 0.537623 1.085961 0.651487

Plasma mtDNA  3.054079 1.590088 0.955076 0.272926 0.324564 0411512

Plasma H,0, 0.135034 0641112 1622518 0.450437 1.294916 0.780974

“ Cohen's d was determined by calculating the mean difference between indicated groups, and then dividing the result by the pooled SD using the formula Cohen’s

d=(M2-M1)/SDpygieqr
indicate higher difference as underlined

Table 3 Correlation between cellular, plasma mtDNA and H,0,
levels (N=80)

Correlation between the Variables Pearson P value
Correlation

Cellular mtDNA & Plasma mtDNA —0.350 0.002

Cellular mtDNA & Plasma H,0, —0.301 0.007

Plasma mtDNA and Plasma H,0, 0.255 0.026

Pearson correlation coefficient was calculated using SPSS. P<0.05 significant (at
2-tailed)

a cross-sectional study on analyzing mtDNA content in
normal pregnancy, Colleoni et al. reported a progressive
decline in the mtDNA content in the whole blood from
different trimesters, compared to non-pregnant women;
and the maximum decline in mtDNA was observed in
3rd trimester compared to 1st and 2nd trimester [13].
In our study, we used cellular and plasma fractions from
whole blood, and our cellular mtDNA analysis result
suggested a significant decline in mt-DNA content in all
three trimester compared to non-pregnant; similar to the
previous report by Colleoni et al. [13]. However, while
comparing among different trimesters; the reduction
in mtDNA content was significant only in 3rd trimes-
ter compared to 1st trimester. Such a difference in our
results from previous report could be because of the use
of cellular fractions instead of whole blood for mtDNA
analysis. Still, our results are partly in agreement that
the late stages of pregnancy (3rd trimester) show signifi-
cantly reduced mtDNA content in the cellular fraction of
maternal blood (almost half) compared to early gestation
or non-pregnant conditions. We observed larger mean
differences in these comparisons during effect size analy-
sis, which suggests that the difference in cellular mtDNA
levels in different trimesters has practical significance.
One of the potential reasons of such reduction in the
mtDNA content might be because of infrequent feto-
maternal hemorrhage (FMH) during late stages of physi-
ological pregnancy during which, passage of fetal blood
into maternal circulation through placenta may cause
destruction of blood cells [13, 17]. Similarly, women with

where SDpcoled = \/((SD12 + SDZZ) / 2). Criteria for size effect: 0.2-0.49 = small, 0.5-0.79 = medium and > 0.8 = large size effect. Higher values

non-complicated pregnancy have relatively lower counts
of platelets compared to non-pregnant women, and
lowest at the time of delivery, which could be linked to
reduced mtDNA content during pregnancy [18]. How-
ever, significant reduction in platelet counts with mod-
erate-to-severe thrombocytopenia has been reported in
pregnancies complicated with hypertensive disorders,
such as preeclampsia [19]. Although we did not meas-
ure feto-maternal hemorrhage during pregnancy and
excluded the pregnant women with hypertensive disor-
ders, as discussed earlier; we retrospectively analyzed the
blood profiling of pregnant group from different trimes-
ters to understand the changes during pregnancy. While
most hematological parameters in different trimesters
(hemoglobin hematocrit, total leukocyte count, lympho-
cytes, eosinophils, and neutrophils) did not show any sig-
nificant variations from 1st trimester, interestingly lower
level of platelet in 3rd trimester was observed in our
study cohort and it was significantly low compared to 1st
trimester (Table 1). Although we did not have hemato-
logical data for the non-pregnant control group for com-
parison to pregnancy group, yet all these parameters are
well within their normal range, including platelet counts
during pregnancy according to the standard international
reference values [20, 21].

Platelet count may significantly influence the mtDNA
content measurement in the whole blood; and cell sorting
could provide a better idea of changes in mtDNA content
through a relative proportion of cell mixtures (i.e., leuco-
cytes, lymphocytes, and platelets) [22]. Since the amount
of sample was limiting in our pregnancy cohort and due
to lack of hematological analysis in non-pregnant control
samples, measurement of mtDNA content in different cell
types could not be possible. However, to partly address
the influence of platelet counts on mtDNA content, we
reanalyzed the data and normalized the cellular mtDNA
copy number values to the platelet counts. We found that
there was no significant difference in mtDNA copy num-
ber among different trimesters upon normalizing with
their respective platelet count, including the difference
between 3rd vs 1st trimester (Supplementary Fig. 1). It
shows that the observed significant difference of reduced
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cellular mtDNA content in 3rd trimester could be due to
reduced platelet counts. However, it is important to men-
tion that platelet activation upon stress conditions is also
known to release mitochondria in circulation [23], which
could cause reduced mitochondrial numbers in the plate-
let without altering the overall platelet numbers. In addi-
tion, late stages of pregnancy are associated with platelet
activation and/or increased clearance [24], which may
also attribute to reduce mitochondrial content within
platelets and also have effects on mitochondrial function-
ality. Thus, normalizing with platelet count alone may not
address the reduced mtDNA content in blood. Therefore,
it is difficult to link mtDNA and platelet count directly
from our results without investigating these possibilities,
which requires in-depth analysis of platelet mitochondrial
biology and relative contribution from other cell types of
blood during normal pregnancy. Comprehensive analysis
of different cell types for mitochondrial functions/mtDNA
content remains a limitation of the present study, which
may have physiological relevance during pregnancy.

Conversely, in our study we found that plasma mtDNA
was significantly higher in 3rd trimester compared to
non-pregnant but did not differ significantly within dif-
ferent trimesters. Previously, in a study on absolute quan-
tification of nuclear and mtDNA in serum during normal
pregnancy, Cushen et al. reported a higher circulatory
level of nuclear DNA as well as mtDNA during late preg-
nancy weeks (3rd trimester) compared to early or post-
partum period [15]. In the same study, they reported that
upon normalization to serum nuclear DNA, mtDNA
remains higher in late pregnancy and postpartum com-
pared to non-pregnant, with no difference among differ-
ent gestational weeks. Although our results are based on
relative quantification of mtDNA normalized to nuclear
DNA content in plasma, it agrees with the previous
report and suggests increased circulatory mtDNA con-
tent in 3rd trimester compared to the non-pregnant con-
dition. In addition, effect size analysis also showed that
the observed significant difference in plasma mtDNA
content was attributed to larger mean differences of
different trimesters vs non-pregnant than compari-
son within trimesters. While the origin of nuclear and
mtDNA in circulation during pregnancy is not clear; it
could result from leakage from cells during apoptosis/
necrosis in pregnancy or as damage associated molecu-
lar patterns (DAMPs), which may initiate stress response
including pro-inflammatory signaling [25-27].

It is known that, in normal pregnancy, various physi-
ological changes occur that may contribute to maternal
adaptation during pregnancy related changes. For exam-
ple, development of placenta depends on implantation
and invasion of the maternal decidua by the placental
trophoblast cells [28]. In normal pregnancy, apoptosis
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of these trophoblast cells increases with advancing ges-
tation and placental growth, leading to an increase in
ruptured membrane particles in the maternal circulation
from second trimester onwards [29]. Since a variety of
stimuli may trigger placental apoptosis, including oxida-
tive stress and hypoxia, a much higher level of placental
apoptosis has been observed during pregnancy-related
complications [29, 30]. In addition, leakage of mtDNA
is an escape mechanism resulting from mitochondrial
degradation during oxidative stress-induced apoptosis
[31]. Such release of mtDNA could be mediated by Bax/
Bak activation or voltage dependent anionic (VDAC)
protein oligomerization and contribute to inflammatory
responses [32, 33]. Thus, an increase in cell-free mtDNA
as observed in our study could result from the presence
of apoptotic bodies and/or leakage of mtDNA in circula-
tion showing pregnancy related stress. In addition, recent
reports also suggest that a large proportion of cell free
DNA is contributed through extracellular vesicles [34],
which are important to intracellular communication,
adaptation to physiological changes, and feto-maternal
vascular exchange during pregnancy [35]. With preg-
nancy complications, previous studies using whole blood
or serum reported an elevated level of mtDNA content
during PE condition [13, 36, 37]. However, in a recent
study by Cushen et al. the opposite pattern for circulatory
mtDNA in PE was also reported [26]. They suggested that
most cell-free mtDNA is encapsulated in vesicles; leav-
ing lower level of free mtDNA in plasma of PE compared
to age-matched normal pregnant control [26]. Since the
DNA isolation from plasma involves a lysis step, which
allows the release of genetic material from exosomes/
vesicles/apoptotic bodies (if any); our analysis in plasma
represented the total mtDNA change in circulation dur-
ing normal pregnancy. Similarly, an inverse correla-
tion was also observed between cellular and circulatory
mtDNA content in our study, showing that these two
parameters might be inter-linked to each other. Whether,
the decrease in mtDNA in cellular compartment and
rise in plasma mtDNA content results from a combina-
tion of either increased apoptosis or mtDNA leakage or
packaging of mtDNA in exosomes, especially during 3rd
trimester needs further investigation. Thus, it would be
interesting to further investigate the extent of apoptosis,
level of apoptotic bodies or exosomes in plasma to under-
stand mtDNA dynamics as suggested earlier [26].

As mentioned earlier, that reduced cellular mtDNA or
increased circulatory mtDNA could be associated with
damage response of physiological changes in advanc-
ing gestational period; we also investigated the oxidative
status by measuring plasma H,O, levels. A significantly
higher H,O, content across all trimesters was observed,
which was aligned to the pattern of increased plasma
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mtDNA or reduced cellular mtDNA content compared
to the non-pregnant group. However, within trimesters,
elevated plasma H,O, was only significant in 3rd tri-
mester compared to 1st trimester and more aligned to
the opposing pattern of reduced cellular mtDNA; which
was also significantly reduced only in 3rd trimester com-
pared to 1st trimester. These significant differences in
3rd trimester for plasma H,O, or cellular mtDNA levels
from 1st trimester were because of larger mean differ-
ences in these groups as analyzed by effect size (Table 2).
It is known that systemic inflammatory response dur-
ing normal pregnancy may cause oxidative stress and is
exacerbated in pregnancy complications such as PE [38].
Physiological levels of ROS in normal pregnancy are
involved in the activation of genes for oxygen sensing,
differentiation, and proliferation, as well as to activate
the host defense system [38]. In addition, increased ROS
levels during late pregnancy are associated with placen-
tal membrane disruption and onset of labor, and shown
to increase serum lipid oxidation during active labor [39,
40]. Since most of the pregnant participants in our study
had term delivery (> 37 weeks), the observed increase in
plasma H,O, levels in 3rd trimester (32.8 weeks£1.30)
shows an enhanced ROS signaling before the onset of
term labor. Although, we did not investigate the com-
pensatory increase in antioxidant defense system such
as glutathione synthase, vitamin A, E and beta carotene,
which are compromised in pregnancy-related complica-
tions [41], and could have provided a better idea of ROS
regulation during normal pregnancy. While we observed
a negative correlation between cellular mtDNA vs plasma
H,0, levels; plasma mtDNA and H,O, levels were posi-
tively correlated with each other (Table 3). The correla-
tion results show a link between reduced cellular mtDNA
and/or increased plasma mtDNA levels with enhance
ROS signaling during pregnancy, and might contribute to
maternal adaptation to pregnancy related changes.

Small sample size is one of the potential limitations of
our study, and we recognize these findings need to be
replicated in a larger pregnancy cohort in a longitudinal
study for further validation. In addition, cellular sorting
of blood constituents could have provided a direct link of
reduced cellular mtDNA content with specific cell type
proportions in blood, which remains to be investigated.
The source of circulating cell-free mtDNA present in the
blood remains unclear from our study, which might have
clinical implications and apply to future studies.

Conclusions

Overall, our study clearly highlights that mtDNA con-
tent in cellular and cell-free fractions of blood shows
opposing trend compared to non-pregnant condi-
tion. While the cellular mtDNA declines, the rise in
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circulatory H,O, levels could be linked to increased
cellular turnover and ROS signaling during late gesta-
tional weeks. Such pattern of mtDNA and circulating
ROS changes could provide a basis for further investi-
gating their absolute levels to set up a reference range
for healthy pregnancy and could be extended to identify
their prognostic/diagnostic potential for pregnancy-
related complications. However, it warrants prior vali-
dation in different cohorts and correlation with age, sex
of the fetus, ethnicity, and in different populations.
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