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Abstract (350 words max)

Background: Pregnancy outcomes are influenced by maternal distress but the pathways
underlying these effects are still unknown. Mitochondria, crucial for stress adaptation and
energy production, may link psychosocial stress to its biological effects, especially during
pregnancy when energy demands significantly increase. This study explores two mitochondrial
markers-circulating cell-free mitochondrial DNA (cf-mtDNA) and Growth Differentiation Factor-
15 (GDF15)-as potential mitochondrial health indicators linking maternal distress to pregnancy
outcomes in two longitudinal studies from the USA and Turkey.

Methods: We analyzed biological, demographic, and psychological data from women in two
pregnancy studies: EPI (N=187, USA, Mean age=29.6(SD=6.2) and BABIP (N=198, Turkey,
Mean age=32.4(SD=4.0)). Data were collected at multiple time points during the perinatal
period, including late 2nd and 3rd trimester, with EPI also including additional data at early 2nd
trimester and 4-14 months postpartum. Prenatal maternal psychological distress was measured
as perceived stress, anxiety, and depressive symptoms. Plasma cf-mtDNA and GDF15 levels
were assessed using gPCR and ELISA, respectively. Statistical analyses included Wilcoxon

signed-rank tests, Spearman correlations, and Mann-Whitney tests.

Results: Plasma cf-mtDNA levels did not change significantly during pregnancy in either study.
Plasma GDF15 levels increased from early to late pregnancy in both studies and significantly
decreased postpartum in EPI. Perinatal maternal distress in the late 2" and 3" trimesters was
not associated with cf-mtDNA or GDF15 in either study. Metabolic distress, measured as higher
pre-pregnancy BMI, was negatively correlated with GDF15 in the late 2™ trimester in EPI and
showed a similar trend in BABIP. Similarly, higher maternal psychological distress in the early
2" trimester were associated with lower cf-mtDNA and a trend for lower GDF15 in EPI. Finally,
higher pre-pregnancy BMI and maternal distress in late pregnancy were linked to a smaller
decline in GDF15 from late pregnancy to postpartum in EPI, suggesting an interaction between

metabolic stress, prenatal distress and post-pregnancy physiological recovery.

Conclusions: This study identified distinct patterns of plasma cf-mtDNA and GDF15 levels
during the perinatal period across studies from two countries, revealing unique associations
between maternal characteristics, prenatal distress, and pregnancy outcomes, suggesting that

maternal distress can interact with energy mobilization during pregnancy.
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Introduction

Perinatal maternal psychological distress, such as perceived stress, anxiety, and
depression, has long been associated with adverse pregnancy outcomes including increased
risk of preeclampsia (Kurki et al., 2000; Shamsi et al., 2010), spontaneous abortion, (Nelson et
al., 2003; Qu et al., 2017) and shorter gestational age (Hoffman et al., 2016; Lima et al., 2018).
However, the biological mechanisms underlying these effects are still largely unknown.
Mitochondria produce energy essential for stress adaption (Picard & McEwen, 2018) and
mitochondrial biology represents a potential intersection point between psychosocial
experiences and their biological embedding ((Boeck, Gumpp, et al., 2018; Boeck, Salinas-
Manrique, et al., 2018; Gumpp et al., 2020; Hroudova et al., 2013; Karabatsiakis et al., 2014;
Picard et al., 2018; Trumpff et al., 2023; Zvéfova et al., 2019) for a review see (Picard et al.,
2019)). Pregnancy is associated with a progressive increase in energy expenditure ((Butte et
al., 1999; Butte et al., 2004; Forsum et al., 1992), for a review see (Savard et al., 2021)). The
psychological stress response recruits energy-demanding cellular and physiological processes
that can compete with growth-related processes, causing energy constraints that may contribute
to the biological embedding of stress and adversity across the lifespan (Bobba-Alves et al.,
2022). Thus, the energetically demanding period of pregnancy may compound pre-existing
vulnerability, making it a time where mothers are particularly sensitive to the detrimental effects
of psychological and metabolic stress on mitochondrial biology, potentially influencing

pregnancy outcomes.

The mitochondrion is the only mammalian organelle besides the nucleus to contain its
own genome. Each mitochondrion contains multiple copies of the 16.6kb-long circular
mitochondrial DNA (mtDNA) (Farge & Falkenberg, 2019; Lee & Han, 2017), which is
consistently detectable outside of cells in most bodily fluids, including blood, as cell-free
mitochondrial DNA (cf-mtDNA) (Michelson et al., 2023). Under conditions of energetic stress, cf-
MtDNA can be released into circulation, thereby acting as a biomarker for mitochondrial stress
and signaling. cf-mtDNA levels in blood are elevated in several disease conditions, such as
sepsis (Dennhardt et al., 2024; Kung et al., 2012; Yamanouchi et al., 2013), cancer (for a review
see (Schwarzenbach et al., 2011)), infections (for a review see (Hovhannisyan et al., 2023)),
autoimmune disease (Duvvuri & Lood, 2019; Hu & Shu, 2023; Mondelo-Macia et al., 2021), and
psychopathology ((Lindgvist et al., 2016; Lindgvist et al., 2018), for a review, see: (Trumpff et al.,
2021)). In healthy non-pregnant individuals, levels of circulating cf-mtDNA are elevated following

acute psychological stress (Hummel et al., 2018; Trumpff et al., 2019). While nothing is known
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91 about the connection between psychosocial stress, prenatal maternal distress, and cf-mtDNA in
92  pregnancy, abnormal levels of cf-mtDNA have been found in pregnant women with
93 preeclampsia (Bradshaw et al., 2022) and gestational diabetes (McElwain & McCarthy, 2020),

94  suggesting a connection between adverse pregnancy outcomes and energetic stress.

95 Growth differentiation factor 15 (GDF15) is another emerging marker of energetic stress
96 implicated in pregnancy. GDF15 is a cytokine metabokine from the TGF3 super family that is
97  released to modulate energy metabolism in response to mitochondrial and metabolic stress
98 (Fujita et al., 2015; Wang et al., 2021). Throughout the human body, GDF15 is most highly
99 expressed in placenta tissues (GTEx consortium (Carithers et al., 2015)). The sole known
100 receptor of GDF15, GFRAL, is located in the hindbrain, where the GDF15-GFRAL complex
101 regulates whole-body energy homeostasis (Lockhart et al., 2020; Wang et al., 2021) and
102  supports energy mobilization (Engstrom Ruud et al., 2024). In pregnancy, circulating levels of
103  serum GDF15 increase up to 200-fold during the 3™ trimester compared to non-pregnant
104  postpartum state (Andersson-Hall, Svedin, et al., 2021). Altered GDF15 levels in pregnancy
105 have been associated with miscarriage (Zeng et al., 2023), preeclampsia (Chen et al., 2016;
106 Cruickshank et al., 2021; Marschalek et al., 2018; Sugulle et al., 2009), gestational diabetes
107  (Sugulle et al., 2009) and recently causally linked to hyperemesis gravidarum (Fejzo et al.,
108 2024). Pregnancy triggers an unparalleled elevation in blood GDF15 signaling onto the brain to
109  alter physiology (Engstrom Ruud et al., 2024; Worth et al., 2020). No prior studies have
110 investigated the interplay between GDF15 and prenatal maternal distress. Psychiatric disorders
111  such as major depressive disorder have been associated with elevated levels of GDF15 in non-
112  pregnant populations (Frye et al., 2015; Mastrobattista et al., 2023; Pan et al., 2023), and acute
113 psychological stress exposure also increases circulating levels of GDF15 (Huang et al., 2024).
114  These findings position GDF15 as an emerging marker of i) mitochondrial and energetic stress,

115 i) normal pregnancy physiology, iii) mental stress and psychopathology.

116 Taken together, cf-mtDNA and GDF15 are two emerging biomarkers that can offer

117 insights into how energetic stress and maternal distress could converge to impact pregnancy
118 outcomes. Here, we examined how levels of cf-mtDNA and GDF15 change across the perinatal
119 period and their interplay with maternal perinatal characteristics, psychological distress

120 (measured by perceived stress, anxiety and depression) and pregnancy outcomes in two

121  pregnancy studies from the USA (EPI study) and Turkey (BABIP study).

122 Results
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123 We leveraged data and samples from two longitudinal pregnancy studies in the USA
124  (EPI, N=187 (Monk et al., 2016)) and Turkey (BABIP, N = 198 (Duman et al., 2020)). Blood

125 samples and psychological assessments were collected at four timepoints in EPI (from early 2"
126  trimester to postpartum) and two timepoints in BABIP (from late 2™ trimester to 3™ trimester)
127  (Figure 1A). Therefore, results from early 2" trimester and postpartum period were only

128 available in EPI. Demographic characteristics of the two studies are summarized in Table 1. On
129 average, compared to Turkish BABIP participants, American EPI participants were significantly

130 younger, had fewer years of education, and had a higher BMI (ps<0.0001).
131 cf-mtDNA and GDF15 trajectories across pregnancy

132 In contrast with a prior study (Cushen et al., 2020), we did not find evidence of significant
133  variation in plasma cf-mtDNA across pregnancy in either study (Figures 1B and 1C, left). Across
134  all organs in the human body, GDF15 is most highly expressed in decidual stromal cells of

135 placenta (GTEx consortium ((Carithers et al., 2015), see figure S1) and it can be hypothesized
136 that as the placenta grows, GDF15 levels would increase. In both studies, we found evidence of
137  acontinuous increase in plasma GDF15 levels from early to late pregnancy. In EPI, plasma

138 GDF15 levels gradually increased from early to mid-pregnancy (+14.7%), doubled from mid to
139 late pregnancy (+105.8%), and dropped sharply after postpartum (-98.1%) to levels comparable
140  with non-pregnant healthy controls (Figures 1B, right). In BABIP, plasma GDF15 showed similar
141  magnitude of increase from mid to late-pregnancy (+87.2%) (Figure 1C, right).

142 In EPI, we found a moderate positive correlation in cf-mtDNA measured in the late 2nd
143  trimester and 3" trimester (Figure S2A) that was not found in BABIP (Figure S2B). For both
144  studies, we observed strong positive correlations in GDF15 levels measured in the late 2" and
145 3" trimesters (rs=0.49-0.65, p<0.0001), confirming the trait nature of this biomarker. No

146  correlation was found between cf-mtDNA and GDF15 measured within the same visit or across
147  different visits (Figures S2C-F).

148 cf-mtDNA, GDF15 and maternal characteristics

149 Next, we investigated the association between cf-mtDNA, GDF15, and maternal

150 characteristics. There were no associations between plasma cf-mtDNA, maternal age, and pre-
151  pregnancy BMI in either study (Supplemental Table 1). In EPI, plasma GDF15, which is the
152  most significantly upregulated protein in human aging (Tanaka et al., 2018), showed no

153  association with maternal age during pregnancy (Supplemental Table 2). During postpartum

154  (16-56 weeks), the expected positive correlation between age and circulating GDF15 levels was
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155 observed (Figure S3A, r=0.47, p=0.016). In BABIP, we found a modest negative correlation
156  between 3" trimester plasma GDF15 levels and maternal age (Figure S3B, r= -0.18, p=0.049).
157  Higher pre-pregnancy BMI was associated with lower levels of plasma GDF15 in the late 2"
158  (Figure S3C [left], r=-0.18, p=0.035) and 3" trimesters in EPI (Figure S3C [right], r=-0.15,

159  p=0.070). In BABIP, a similar pattern was found in the late 2" trimester (Figure S3D [left], r=-
160  0.13, p=0.088), but not in the 3" trimester (Figure S3D [right]).

161 cf-mtDNA, GDF15, neonatal characteristics and perinatal complications

162 In addition to maternal characteristics, we explored whether cf-mtDNA and GDF15 levels
163 differ according to neonatal sex, gestational age at birth, or adverse pregnancy outcomes such

164  as preeclampsia, preterm birth, and gestational diabetes.

165 Regarding cf-mtDNA, in both studies, we did not find a significant difference in maternal
166  plasma cf-mtDNA levels by neonatal sex (Supplemental Table 3). In either study, no significant
167 association was found between plasma cf-mtDNA levels (at any sampling point) and gestational
168 age at birth. (Figures 2A-B). In EPI, participants who developed preeclampsia (n=6) tended to
169  present lower levels of plasma cf-mtDNA in the late 2™ and 3™ trimesters compared to those
170  without, but the difference did not reach statistical significance (Supplemental Table 4). The
171  sample size of participants with preeclampsia (n=2) was insufficient to investigate this question
172 in BABIP. In EPI, pregnant women who delivered preterm (<37 weeks, n=10) had higher plasma
173  cf-mtDNA levels in the late 2™ trimester (p=0.044) than those that delivered full-term. However,
174  no difference in plasma cf-mtDNA levels was observed between preterm (n=8) and full-term
175 participants in the BABIP study (Supplemental Table 4). Consistent with a previous study that
176 reported elevated circulating cf-mtDNA levels in women with gestational diabetes mellitus

177  (McElwain & McCarthy, 2020), we found higher plasma cf-mtDNA levels in the late 2" trimester
178  (p=0.022) in EPI and in the 3" trimester (p=0.013) in BABIP (Supplemental Table 4).

179 Regarding GDF15, in both studies, no difference was found in maternal plasma GDF15
180 levels based on neonatal sex (Supplemental Table 3), contrary to a previous study that found
181 elevated serum GDF15 levels in pregnant women carrying a female offspring (Andersson-Hall,
182  Svedin, et al., 2021). A negative correlation was found between gestational age at birth and late
183 2" trimester GDF15 levels in EPI (r=-0.24, p=0.0048) but not in BABIP (r=0.055, p=0.53)

184  (Figures 2C-D). In EPI, we observed that participants who developed preeclampsia (n=6)

185  showed lower levels of plasma GDF15 in late 2™ trimester (p=0.017, Supplemental Table 4).
186 The sample size of participants with preeclampsia (n=2) was insufficient to investigate this

187  question in BABIP. Unlike cf-mtDNA, GDF15 did not show any significant difference by maternal
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188 gestational diabetes status in EPI or BABIP (Supplemental Table 4). Further, maternal plasma
189 GDF15 levels did not differ between preterm and full-term pregnancies in EPI (n=10) or BABIP
190 (n=8) (Supplemental Table 4), although results should be considered with caution given that the

191 number of neonates in the preterm group was too low.
192 cf-mtDNA and GDF15 and maternal prenatal distress

193 In both studies, no significant associations were found between maternal plasma cf-
194  mtDNA levels and perceived stress, anxiety or depressive symptoms in late 2" and 3"

195 trimesters (Supplemental Table 1, for cf-mtDNA levels based on clinical cut-offs see

196  Supplemental Table 5). Early 2™ trimester data was only available in EPI, and we found that
197  higher depressive symptoms (Figure 3A [top], r=-0.56, p=0.032) and higher perceived stress
198 (Figure 3B [top], r =-0.72, p=0.0031) were associated with lower plasma cf-mtDNA levels. In the
199 early 2™ trimester, there was also a trend for a negative association between anxiety symptoms
200 and plasma cf-mtDNA levels (Figure 3C [top], r=-0.51, p=0.055).

201 Similarly, at early 2™ trimester in EPI study, we found negative trends between maternal
202 GDF15 plasma levels and depressive symptoms (Figure 3A [bottom], r =-0.44, p=0.086), anxiety
203  symptoms (Figure 3B [bottom], r=-0.50, p 0.052), and perceived stress (Figure 3C [bottom], r=-
204  0.35, p=0.18). In both studies, no significant associations were found between maternal GDF15
205 levels and perceived stress, anxiety or depressive symptoms in late 2" and 3" trimesters

206 (Supplemental Table 1, for GDF15 levels based on clinical cut off see Supplemental Table 5),

207  where the placenta-related release of GDF15 might dominate the signal.
208 Change in GDF15 levels and maternal characteristics during pregnancy

209 Given the significant changes in GDF15 levels throughout the perinatal period, we

210 investigated whether maternal characteristics and prenatal distress could account for the

211 individual differences in GDF15 trajectories from pregnancy to postpartum, using data from the
212  EPI study which included postpartum time points (Supplemental Table 6). Interestingly, we found
213  that higher pre-pregnancy BMI was associated with lower decline in GDF15 from 3" trimester to
214  post-partum (Figure 4A, r=0.41, p=0.044), which can be interpreted as an impaired return to
215  pre-pregnancy baseline state. Similarly, higher perceived stress and depressive symptoms in
216  the 3" trimester were associated with lower decline in GDF15 from the 3™ trimester to post-

217  partum (Figures 4B-C, r=0.43, p=0.042; r=0.59, p=0.004, respectively). Altogether, this suggests
218 that higher prenatal metabolic stress and maternal distress may interact with post-pregnancy

219 physiological recovery.
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220 Discussion

221 Leveraging longitudinal studies from two countries (USA and Turkey), we investigated
222  the trajectories of perinatal plasma cf-mtDNA and GDF15 levels and their associations with
223  maternal characteristics, prenatal distress, and pregnancy outcomes. We report patterns of both
224  cf-mtDNA and GDF15 across gestation periods and trimester-specific associations with

225 maternal and neonatal characteristics, some of which were consistent across the two studies.

226 Considering the lack of consistent literature, we first examined how plasma cf-mtDNA
227 and GDF15 changes across the pregnancy. The lack of change in plasma cf-mtDNA levels

228 across pregnancy contrasts with a recent longitudinal study of healthy pregnancies (n=32) that
229 found a 1.7-fold increase in serum cf-mtDNA from early pregnancy (5-8 weeks) to late

230 pregnancy (33-36 weeks)(Cushen et al., 2020). This difference might stem from the different
231 sampling intervals (i.e. having no early first trimester data) used in that study or the use of

232  serum samples versus plasma (Michelson et al., 2023). Regarding GDF15, we observed a

233 significant increase in plasma levels from early to late pregnancy in both studies, followed by an
234  average 98.1% decrease (range across women: 93.4-99.8%) postpartum relative to 3 trimester
235 levels. Our findings are consistent with previous findings showing up to 100-fold increase in
236  GDF15 levels comparing pregnant and non-pregnant populations (Klein et al., 2023; Moore et
237  al., 2000), and with another study reporting a 200-fold increase in GDF15 levels in the 3"

238 trimester compared to post-partum (Andersson-Hall, Svedin, et al., 2021). The dramatic

239  decrease from 3™ trimester to postpartum in our results also aligns with recent findings that
240 show late pregnancy GDF15 levels were 172 times higher than those measured early

241  postpartum(Hagh et al., 2024). Our study therefore adds to a robust body of literature

242  demonstrating that GDF15 is not only a marker of aging (Lehallier et al., 2019; Tanaka et al.,
243  2018) and mitochondrial and energetic stress (Fujita et al., 2015; Wang et al., 2021), but is also

244  strongly associated with pregnancy course, rapidly returning to baseline after delivery.

245 In both studies, women with higher plasma GDF15 levels in the late 2" trimester also
246  tended to have elevated levels in the 3" trimester, indicating moderate within-person stability.
247  Plasma cf-mtDNA levels, on the other hand, showed within-person stability for EPI, but not

248 BABIP, participants. No correlation was observed between cf-mtDNA and GDF15 levels, either
249  measured within the same trimester or across different trimesters, suggesting that these two
250 biomarkers may be at least partially regulated independently or influenced by individual-specific

251 factors that have yet to be discovered.
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252 Although GDF15 is strongly associated with aging (Lehallier et al., 2019; Tanaka et al.,
253  2018), we found no link between maternal age and GDF15 levels during pregnancy. In contrast,
254  the anticipated positive association was found during the postpartum period. The lack of

255 GDF15's association with age during pregnancy might come from its role in pregnancy-specific
256  metabolic and physiological adaptations (Crespi, 2024), such as pregnancy-induced insulin
257  resistance (Andersson-Hall, Joelsson, et al., 2021) and placental invasion (Zeng et al., 2023).
258 Interestingly, recent work suggests that epigenetic aging is accelerated during pregnancy and
259  reversed during post-partum (Pham et al., 2024). Future work is needed to understand the

260 interplay between plasma GDF15 levels and epigenetic aging trajectories during pregnancy.

261 Our results also link GDF15 to fetal development. Our finding showing that plasma
262 GDF15 levels in mid pregnancy are negatively correlated with gestational age at birth in EPI
263 highlights a potentially significant role of GDF15 in prenatal development and pregnancy
264  outcomes. Interestingly, a recent study in preterm infants also found an inverse relationship
265  between gestational age at birth and serum GDF15 levels at birth (Almudares et al., 2023).
266  Taken together, elevated GDF15 levels in mid-pregnancy could indicate pregnancy-related

267  energetic stress, potentially leading to earlier delivery.

268 In pregnant populations, previous studies found a negative correlation between GDF15
269 levels and BMI (Petry et al., 2018), and lower GDF15 increase in pregnancy in obese

270 participants compared to normal weight participants (Andersson-Hall, Joelsson, et al., 2021;
271 Hijort et al., 2023). In line with these findings, we found that pre-pregnancy BMI and plasma

272  GDF15 levels were inversely correlated during pregnancy, particularly in mid-pregnancy. Since
273  higher BMl is often associated with metabolic stress (Manna & Jain, 2015), the inverse

274  relationship between BMI and GDF15 in pregnancy may result from increased metabolic stress
275 impairing GDF15 upregulation in pregnancy necessary for energy mobilization and metabolic
276  adaptations (Parrettini et al., 2020). Additionally, we also found that higher pre-pregnancy BMI is
277  associated with a lower decrease in GDF15 levels from 3™ trimester to 4-14 months postpartum.
278 This is in line with previous findings showing that the magnitude of the reversal of epigenetic
279 aging observed from pregnancy to post-partum is lower in pregnant women with higher BMI
280 (Pham et al., 2024). Taken together, these findings suggest that metabolic stress might increase

281 the physiological load of pregnancy and alter post-pregnancy recovery.

282 A growing body of literature suggests that psychological stress and mood affect
283  mitochondria biology (Boeck, Salinas-Manrique, et al., 2018; Gumpp et al., 2021), including cf-
284  mtDNA (Trumpff et al., 2021) and GDF15 levels (Huang et al., 2024) in non-pregnant adults. In
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285 this study, we found that higher perceived stress, depression, and anxiety symptoms are
286  associated with lower cf-mtDNA levels in the early 2™ trimester of pregnancy. While some
287  studies have found cf-mtDNA levels to be elevated in depression (Lindqgvist et al., 2016), our
288 findings are in line with a study showing cf-mtDNA levels to be lower in patients with major
289  depressive disorder (Fernstrém et al., 2021). However, the time-specific effect of prenatal

290 distress on cf-mtDNA should be interpreted cautiously due to the small sample size.

291 In parallel, we found that women with higher levels of depressive and anxiety symptoms
292  during early 2™ trimester tended to have lower levels of plasma GDF15. This contrasts with
293 previous studies indicating that GDF15 levels are elevated in psychopathological conditions in
294  non-pregnant older adults (Mastrobattista et al., 2023). Early 2" trimester is a critical period for
295 hormonal and physiological changes during pregnancy that may be supported partly by a

296 GDF15 increase (Newbern & Freemark, 2011; Soma-Pillay et al., 2016). Our results suggest
297 that the presence of psychological distress might counteract this elevation early in pregnancy,
298 resulting in the observed lower levels of these markers in distressed pregnant women. If normal
299 placental development is associated with increasing GDF15 release (independent of stress),
300 then pregnancy-rise of GDF15 may be interpreted as a marker of normal progress and healthy
301 pregnancy. Our observation that perceived stress and depressive symptoms were linked to a
302  blunted post-partum decrease in GDF15 suggests that prenatal distress may interfere with post-
303  pregnancy physiological recovery, perhaps through mechanisms or sources of GDF15 other
304 than the placenta. Taken together, these findings uncover a novel potential link between

305 prenatal distress and biomarkers of mitochondrial health and call for future studies investigating

306 this relationship in larger studies.

307 This study is not without limitations. As discussed in detail in the methods, we used the
308 R&D ELISAkits that has been shown to underestimate GDF15 levels in individuals carrying the
309 H202D variant of the GDF15 gene (Karusheva et al., 2022). This limitation of the kit could have
310 affected the results comparing absolute GDF15 levels between participants, but not the findings
311 related to within-person. Despite the repeated-measures design, EPI had a small sample size in
312  the early 2™ trimester and postpartum. A key strength of this study is its unique cross-cultural
313 approach. Although both studies are not directly comparable in terms of design and timepoints,
314  the data from populations in the United States and Turkey reveals similar biological patterns
315 across cultural contexts. This consistency enhances the robustness and broad relevance of
316  mitochondrial markers like cf-mtDNA and GDF15 in relation to prenatal distress and pregnancy

317 outcomes. However, this cross-cultural approach also raises challenges since the two studies
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318 involved different populations, sampling times, and assessments for depression and anxiety
319 symptoms, which may affect the comparability of these measures. Future research should aim

320 for more standardized assessments across diverse populations to further validate such findings.
321
322 Conclusion

323 Using studies from two different countries, we describe distinct patterns in circulating
324  plasma cf-mtDNA and GDF15 during pregnancy and their associations with maternal distress
325 and pregnancy outcomes. Plasma cf-mtDNA levels showed no significant variation in either
326  study, while GDF15 levels increased from early to late pregnancy and were negatively

327  correlated with pre-pregnancy BMI in the late 2™ trimester. Higher perceived stress and

328  depressive symptoms were linked to lower cf-mtDNA levels during early pregnancy, indicating a
329 potential early impact of maternal distress on mitochondrial markers. Maternal distress also
330 influenced GDF15 trajectories, suggesting an interaction with post-pregnancy recovery. While
331 they remain to be confirmed by larger studies, our findings from studies in two culturally distinct
332  countries underscore cf-mtDNA and GDF15 as potential biomarkers for mitochondrial and

333  psychosocial stress during pregnancy that can shed light on the biological mechanisms

334  connecting maternal distress to adverse pregnancy outcomes.
335

336 Methods

337 1. Participants
338 1.1. EPI (USA)
339 Healthy pregnant women (N=187, ages 20-45; Mage=29.64, SDage=6.24) were

340 recruited as part of the "Prenatal stress: the epigenetic bases of maternal and perinatal effects"”
341  (EPI) study during the years 2011-2016 through the Department of Obstetrics and Gynecology
342  at Columbia University Medical Center as described previously (Monk et al., 2016). Exclusion
343 criteria were multiparity, medication use, and tobacco or recreational drug use. Participants
344  provided written informed consent prior to participating in the study. Participants completed their
345 first visit either in the early (13-18 weeks) or late 2" trimester (19-30 weeks), depending on the
346 time of recruitment, with subsequent visits occurring during the 3" trimester (31-39 weeks) and
347  postpartum (16-56 weeks). 13 participants completed their late 2" trimester visit with

348  gestational age greater than 28 weeks and were excluded from trimester-related analyses.
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349  During the study visit, oral and written consents were obtained by trained graduate assistants.
350 Afterwards, participants completed questionnaires and a blood sample was collected by the
351  study phlebotomist (Figure 1A, left). All procedures were approved by the Institutional Review
352 Board of the New York State Psychiatric Institute/Columbia University Medical Center and all

353 methods were performed in accordance with relevant guidelines and regulations.
354 1.2. BABIP (Turkey)

355 Healthy pregnant women (N=198, ages 23-44; Mage=32.42, SDage=4.00) were

356 recruited during the years 2018-2022 through doctors’ offices, flyers and online advertisements
357  from Istanbul, Turkey as part of the "Bogazici Mother Baby Relationship Project” (BABIP) birth
358  cohort as described previously (Duman et al., 2020). Exclusion criteria were multiparity and
359 severe pregnancy complications. During lab visits, participants provided oral and written

360 consents, completed questionnaires, and had blood samples collected by nurses. All

361 procedures were approved by the Institutional Review Board of Bogazici University, where the
362  study was initiated. Participants completed the first visit during their late 2™ trimester (20-30
363  weeks) and the second visit during their 3" trimester (27-38 weeks). 2 participants completed
364 their first visit with gestational age greater than 28 weeks and were excluded from trimester-
365 related analyses. Information about pregnancy outcomes, such as gestational age, neonatal sex
366 and perinatal complications were collected at one month after birth via online questionnaires
367  (Figure 1A, right).

368 2. Psychosocial assessment and blood collection
369 2.1. EPI (USA)
370 Prenatal distress in participants was evaluated at each visit using the Hamilton

371 Depression Rating Scale (HAM-D)(Hamilton, 1960), the Hamilton Anxiety Rating Scale (HAM-
372  A)(Hamilton, 1959), and the Perceived Stress Scale (PSS)(Cohen et al., 1983). Blood was
373  collected at each visit by the study phlebotomist using EDTA coated tubes. Plasma was isolated

374  immediately after collection by centrifugation and was stored at -80°C until further processing.
375 2.2. BABIP (Turkey)

376 Prenatal distress was evaluated at two prenatal visits during the late 2" trimester and 3™
377  trimester using the Beck's Depression Inventory-II (BDI-Il)(Beck et al., 1961), the Center for
378  Epidemiological Studies Depression (CESD)(Radloff, 1977) , the State-Trait Anxiety Inventory-
379  State (STAI-S)(Spielberger et al., 1983), and the Perceived Stress Scale (PSS)(Cohen et al.,

380  1983). At each visit, blood samples were collected by nurses using EDTA coated tubes. Plasma
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381 was isolated immediately after collection by centrifugation and aliquots were stored at -80°C

382  until they were transferred on dry ice to Columbia University Irving Medical Center for analysis.

383 3. Maternal characteristics and pregnancy outcomes
384 3.1. EPI (USA)
385 Detailed information was collected during labor to comprehensively document neonatal

386 and maternal outcomes. Recorded parameters included neonatal sex, gestational age at birth,

387 and perinatal complications such as preeclampsia, preterm birth, and gestational diabetes.
388 3.2. BABIP (Turkey)

389 Participants provided detailed information about perinatal complications, such as
390 preeclampsia, preterm birth, and gestational diabetes, during the two prenatal visits as well as in
391 the 1-month postpartum assessment. Pregnancy outcomes, such as gestational age at birth and

392 neonatal sex were also recorded in the postpartum assessment.
393 4. GDF15 assays

394 For both studies, plasma GDF15 levels were quantified using a high-sensitivity ELISA kit
395 (R&D Systems, DGD150) following the manufacturer’s instructions. Plasma samples were

396  diluted with assay diluent (1:64 ratio for pregnancy samples, 1:4 ratio for postpartum samples)
397 to maximize the number of samples within the dynamic range of the assay. Absorbance was
398 gauged at 450nm, and concentrations were computed utilizing the Four Parameter Logistic
399  Curve (4PL) model. Samples were run in duplicates on separate plates and the concentration
400 for each sample was computed from the average of the duplicates. Samples with C.V.s larger
401 than 15% were re-run. Samples with concentration above the dynamic range of the assay were
402  rerun with 1:256 dilution with assay diluent. Standard curve (5 samples per plate) and plasma
403 reference samples (3 samples per plate) were run with each individual assay and the inter-
404  assay C.V. was monitored. All standard curves and references were overlaid on top of each
405  other to monitor failed runs. Data-preprocessing and quality control measures was done using
406 the R Software (version 4.2.2).

407 5. cf-mtDNA Assays

408 Mitochondrial and nuclear DNA in cell-free plasma were quantified using previously
409  described methods (Michelson et al., 2023) with a few modifications. Briefly, plasma samples
410  were thawed from storage at -80°C and centrifuged (5,000 x g, 10 minutes, 4 °C; Eppendorf
411  5427R with rotor FA-45-48-11; Eppendorf, Enfield, CT). Supernatants were transferred to 96-
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412  well plates and stored at -80°C until analysis. After thawing plates, samples were thermolyzed
413  overnight on replicate 96-well plates. Replicate lysates were analyzed in triplicates on 384-well
414  plates using TagMan chemistry-based real time quantitative polymerase chain reactions (QPCR)
415 targeting mitochondrial gene ND1 and nuclear gene B2M. The medians of triplicate cycle

416  threshold (Cy) values of samples were compared to those of serial dilutions of DNA standards to
417  determine absolute copy numbers of target genes. Average PCR efficiencies for ND1 and B2M
418 were 96.1% and 94.5%, respectively. The average coefficients of variation of natural log

419 transformed ND1 and B2M copy number between replicates were 2.6% and 6.8%. Copy

420 numbers were adjusted by plate-specific correction factors calculated from measurements of
421  reference standards to correct for batch effects. Detailed information about these methods is

422  available in the supplemental information.
423 6. Statistical analysis

424 Statistical analyses were conducted using GraphPad Prism (version 9.4.1) and R

425  Software (version 4.2.2 and 4.3.0). The change in GDF15 between pairs of visits was calculated
426 by subtracting the GDF15 levels measured during the former visit from those measured during
427  the later visit. Non-parametric signed-rank Wilcoxon paired t-test was used to compare levels
428  between visits. In EPI, due to the limited sample size (none of the participants had complete
429  data for all 4 visits), comparisons were restricted to pairs of visits. Spearman rank correlations
430 were used to assess continuous associations. Non-parametric Mann-Whitney t-test was used to

431 assess group difference.

432
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753 Table 1: Participants characteristics of women in EPI (US) and BABIP (Turkey) cohorts

EPI BABIP p
Number of Participants 187 198
Age’ (years) 29.6 (6.2) 32.4 (4.0) <0.0001"
Race *, No. (%)
American Indian or 28 (15.0)
Alaskan Native
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754

Asian Indian 57 (30.5)
Black or African American 3(1.6)
Japanese 9 (4.8)
Guamanian or Chamorro 17 (9.1)
Hispanic or Latino 58 (31.0)
White 73 (39.0)
Turkish® 198 (100.0)
Yearly household income', No. (%)
< $15,000 27 (14.4)
$16,000 — $25,000 36 (19.3)
$26,000 — $50,000 41 (21.9)
$51,000 — $100,000 47 (25.1)
$101,000 — $250,000 29 (15.5)
> $250,000 7 (3.7)
< 1J100,000 41 (20.7)
r1100,000 — 1150,000 42 (21.2)
J151,000 — 0200,000 32 (16.2)
J201,000 — 1250,000 21 (10.6)
251,000 — [1300,000 17 (8.6)
> 301,000 28 (14.1)
N/AT 17 (8.6)
Education (years) " 14.9 (3.1) 16.6 (2.2) <0.0001"
Pre-pregnancy self-reported weight (pounds) * 153.4 (36.4) 137.3 (26.5) <0.0001"
Pre-pregnancy Body Mass Index ’ 26.1(5.8) 23.1(4.1) <0.0001"
Perinatal Distress, averaged across all visits ’
Hamilton Depression Rating Scale (HAM-D) 6.7 (5.5)
Hamilton Anxiety Rating Scale (HAM-A) 7.1 (5.8)
Perceived Stress Scale (PSS) 21.8(7.6) 14.4 (5.8) <0.0001"
Beck’s Depression Inventory-Il (BDI-II) 8.4 (6.5)
State-Trait Anxiety Inventory-State (STAI-S) 45.8 (1.9)
Center for Epidemiological Studies Depression (CESD) 11.8 (8.9)

* Data shown as mean and standard deviation (SD).
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755  'P-value from Welch's t-test.
756  * Participants may report more than one race.

757 SAll participants in the BABIP study self-identified as Turkish, a demographic that generally aligns with the “White”
758 category but does not directly correspond to the “White” classification used in the United States.

759 ' for US dollars, 0 for Turkish lira.
760  "N/A codes for missing data

761
762
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Figure ssociation between- aloptasma-cf-mt and GDF15 levels and gestational age at birth. Associations between
gestational age at birth and cf-mtDNA at each visit in EPI (A) and BABIP (B). Associations between gestational age at birth and GDF15 at
each visit in (C) EPI and (D) BABIP. 13 EPI participants and 2 BABIP participants were removed from the analysis and graphs since they
completed their late 2nd trimester visit in their 3rd trimester. See Supplemental Figure S4 for cf-mtDNA and GDF15 data shown in raw
values. P-values and effect sizes from Spearman’s rank correlation. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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Figure 3. Associations between maternal plasma cf-mtDNA and GDF15 levels and maternal psychological distress in early
pregnancy (available only in EPI study). Association between plasma cf-mtDNA (top) and GDF15 (bottom) levels in the early 2nd
trimester (13-18 weeks) and (A) depressive symptoms assessed by the Hamilton depression rating scale (HAM-D), (B) psychological stress
assessed by perceived stress scale (PSS), and (C) anxiety symptoms assessed by the Hamilton anxiety rating scale (HAM-A) in EPI. P-
values and effect sizes from Spearman’s rank correlation. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001
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Figure S1. GDF15 protein immunohistochemistry in different tissues. Human Protein Atlas (HPA) immunohistochemistry of GDF15
protein in the (A) placenta, (B) pancreas, (C) kidney, and (D) liver, (E) breast. Subject IDs are #2169 (19-year-old, female) for A,

#2032 (35-year-old, female) for B, #2530 (41-year-old, female) for C, #3402 (54-year-old, female) for D, #3856 (27-year-old, female) for E
based on sample availability.
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Figure S2. Association between maternal cf-mtDNA and GDF15 plasma levels across study timepoints. Association between
levels measured at different visits for cf-mtDNA (left) and GDF15 (right) from (A) EPI and (B) BABIP. Association between cf-mtDNA and
GDF15 levels measured in the same visits from (C) EPI and (D) BABIP. Association between GDF15 and cf-mtDNA levels measured at
different visits from (E) EPI and (F) BABIP. P-values and effect sizes from Spearman’s rank correlation. *p<0.05, **p<0.01, ***p<0.001,

****p<0.0001.
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Figure S3. Associations Betiwee " GDF151eVéls dfitt maternal characteristics. Associations between maternal age and GDF15 levels at
postpartum (A, EPI) and late-pregnancy (B, BABIP). Associations between pre-pregnancy BMI and GDF15 levels at mid- and late-
pregnancy from EPI (C) and BABIP (D), 13 EPI participants and 2 BABIP participants were removed from the analysis and graphs since
they completed their late 2nd trimester visit in their 3rd trimester. P-values and effect sizes from Spearman’s rank correlation. *p<0.05,

**p<o-01 ’ ***p<0-001 , ****p<0.0001 .
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Figure S4. Association between maternal plasma cf-mtDNA and GDF15 levels and gestational age at birth (raw values).
Associations between gestational age at birth and cf-mtDNA at each visit in (A) EPI and (B) BABIP. Associations between gestational age
at birth and GDF15 at each visit in (C) EPI and (D) BABIP. 13 EPI participants and 2 BABIP participants were removed from the analysis
and graphs since they completed their late 2nd trimester visit in their 3rd trimester. P-values and effect sizes from Spearman’s rank

correlation. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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