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74  ABSTRACT

75  The late gestational rise in glucocorticoids contributes to the structural and functional

76  maturation of the perinatal heart. Here, we hypothesised that glucocorticoid action

77  contributes to the metabolic switch in perinatal cardiomyocytes from carbohydrate to fatty

78  acid oxidation. In primary mouse fetal cardiomyocytes, dexamethasone treatment induced

79  expression of genes involved in fatty acid oxidation and increased mitochondrial oxidation

80  of palmitate, dependent upon glucocorticoid receptor (GR). Dexamethasone did not,

81  however, induce mitophagy or alter the morphology of the mitochondrial network. In

82  neonatal mice, dexamethasone treatment induced cardiac expression of fatty acid

83  oxidation genes in vivo. However, dexamethasone treatment of pregnant C57BI/6 mice at

84  embryonic day (E)13.5 or E16.5 failed to induce fatty acid oxidation genes in fetal hearts

85  assessed 24 hours later. Instead, at E17.5, fatty acid oxidation genes were down-

86  regulated by dexamethasone, as was GR itself. PGC-1a, required for glucocorticoid-

87  induced maturation of primary mouse fetal cardiomyocytes in vitro, was down-regulated in

88 vivo in fetal hearts at E17.5, 24 hours after dexamethasone administration. Similarly,

89  following a course of antenatal corticosteroids in a sheep model of preterm birth, both GR

90 and PGC-1a were down-regulated in fetal heart. These data suggest endogenous

91 glucocorticoids support the perinatal switch to fatty acid oxidation in cardiomyocytes

92  through changes in gene expression rather than gross changes in mitochondrial volume

93  or mitochondrial turnover. Moreover, our data suggest that treatment with exogenous

94  glucocorticoids may interfere with normal fetal heart maturation, possibly by down-

95  regulating GR. This has implications for clinical use of antenatal corticosteroids when

96  preterm birth is considered a possibility.

97

98 INTRODUCTION

99  The dramatic increase in fetal glucocorticoid hormone concentration in late gestation is
100  essential to support the transition from intrauterine to extrauterine life (Hillman et al., 2012;
101  Rog-Zielinska et al., 2014). Administration of synthetic corticosteroids (betamethasone or
102 dexamethasone) to pregnant women at risk of preterm delivery is standard care in high
103  and middle-income countries, with the aim of maturing the fetus to reduce neonatal

104  morbidity and mortality (Kemp et al., 2016; Agnew et al., 2018). In addition to the well-
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105 known effects on lung maturation (Cole et al., 1995; Bird et al., 2015; Laresgoiti et al.,

106  2016), glucocorticoids promote pro-survival adaptions in neonatal energy metabolism and
107  in the cardiovascular system (Hillman et al., 2012). However, which of these effects are
108  directly attributable to glucocorticoid activation of GR within tissues and which are

109  mediated by other factors remains uncertain. Also unclear is whether antenatal

110  administration of synthetic glucocorticoids mimics endogenous glucocorticoid action in the
111  fetal cardiovascular system. Our previous data suggest antenatal dexamethasone

112 treatment dysregulates cardiac function and down-regulates endogenous glucocorticoid
113 action in the fetal heart (Agnew et al., 2019), potentially altering the normal trajectory of
114  perinatal cardiac maturation.

115

116  The normal increase in fetal glucocorticoids in late gestation supports neonatal blood

117  pressure (Hillman et al., 2012) and is essential to structurally and functionally mature the
118 fetal heart (Rog-Zielinska et al., 2013). In utero, our 'SMGRKOQ' mice, with Sm22-Cre-

119 mediated GR deficiency in cardiomyocytes and vascular smooth muscle cells show

120  impaired heart function, disrupted cardiac ultrastructure and fail to induce key genes

121  required for cardiac contractile function, calcium handling and energy metabolism (Rog-
122 Zielinska et al., 2013). Supporting direct effects of GR, glucocorticoid treatment of primary
123 mouse fetal cardiomyocytes in vitro matures ultrastructure and increases contractile

124 function, mitochondrial capacity (O- consumption rate, basally and after uncoupling of

125  mitochondria) and markers of cardiomyocyte maturation (Rog-Zielinska et al., 2015).

126  Similarly, in human embryonic stem cell (ESC)-derived cardiomyocytes treated with

127  dexamethasone, contractile force is increased and systolic calcium transient decay is

128  faster (Kosmidis et al., 2015).

129

130  During the transition to a higher oxygen environment and a greater cardiac workload at
131  birth, the cardiac preference for energy substrate switches. The fetal heart derives most of
132 its ATP from glucose and lactate oxidation, with only a minor contribution from fatty acids.
133 After birth, the increased demand for ATP is met primarily by oxidation of long chain fatty
134  acids (Lopaschuk & Jaswal, 2010). This is associated with increased mitochondrial

135  functional capacity. PGC-1a, a master transcriptional regulator of mitochondrial capacity,
136  is expressed in the late gestation fetal heart and expression increases markedly after birth
137  (Lehman et al., 2000). Mice with global knock-out of PGC-1a show 50% mortality before
138  weaning (Lin et al., 2004), suggesting it is important in the perinatal period. PGC-1a is a

139  glucocorticoid target gene and, in vivo in fetal heart, is induced 6 hours after glucocorticoid

4
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140  treatment (Rog-Zielinska et al., 2015). PGC-1a is also induced in vitro in primary mouse
141  fetal cardiomyocytes (Rog-Zielinska et al., 2015). Here, the GR-mediated increase in

142  PGC-1a expression is crucial for the glucocorticoid-induced maturation of myofibril

143 structure and increased mitochondrial O> consumption (Rog-Zielinska et al., 2015).

144 Knock-down of PGC-1a abolished both. RNAseq analysis performed on primary mouse
145  fetal cardiomyocytes harvested 2 hours after glucocorticoid addition in the presence of
146  cycloheximide (to block secondary effects) identified a number of differentially expressed
147  genes, likely to be primary targets of GR (Rog-Zielinska et al., 2015). As well as Ppargcia
148  (encoding PGC-1a), master regulators of mitochondrial fatty acid oxidation (KIf15, Lipin1,
149  Cebpb, Ppara) were induced. This suggests that glucocorticoid action may promote the
150  perinatal switch in cardiomyocytes from carbohydrate to fatty acid oxidation as the

151  preferred substrate for ATP generation.

152

153  Cellular differentiation is often associated with metabolic remodelling and the autophagic
154 turnover of mitochondria by mitophagy (Rodger et al., 2018). Mitophagic removal of small
155  fetal mitochondria in perinatal cardiomyocytes is reportedly a prerequisite for the formation
156  of morphologically distinct adult mitochondria and maturation into cardiomyocytes

157  optimised for fatty acid metabolism (Gong et al., 2015). The triggers for mitophagy in

158  perinatal cardiomyocytes are currently unknown. mito-QC transgenic mice have a pH-
159  sensitive fluorescent mitochondrial signal that monitors mitophagy in vivo (McWilliams et
160  al, 2016). These mice have revealed that mitophagy is occurring at E17.5 in the mouse
161 fetal heart (McWilliams et al., 2016), a time co-incident with peak GR activation in heart
162  (Rog-Zielinska et al., 2013). Furthermore, Bnip3, implicated in mitophagy, is a direct GR
163  target gene in primary fetal cardiomyocytes (Rog-Zielinska et al., 2015), raising the

164  possibility that glucocorticoids may be a trigger for mitophagy in perinatal cardiomyocytes.
165

166  Here, we hypothesised that glucocorticoids increase fetal cardiomyocyte capacity for fatty
167  acid oxidation. We also asked if any glucocorticoid-mediated increase in mitochondrial
168  fatty acid oxidation capacity involves mitochondrial remodelling by mitophagy.

169

170  MATERIALS AND METHODS

171

172 Animals

173  Experiments involving mice were approved by the University of Edinburgh Animal Welfare

174  and Ethical Review Body and carried out in strict accordance with accepted standards of
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175 humane animal care under the auspices of the Animal (Scientific Procedures) Act UK

176  1986. Mice were maintained under controlled lighting and temperature. C57BL/6J/Ola/Hsd
177  (C57BI/6J) mice were purchased from Harlan, then bred in house. GR*- mice,

178  heterozygous for a null mutation in the Nr3c1 gene encoding GR (Nr3c 191ESK92MRCHGU

179  mice), have been previously described (Michailidou et al., 2008; Rog-Zielinska et al.,

180  2013). GR* mice, congenic on the C57BI/6J background (>12 generations) were

181 intercrossed to give GR**, GR* and GR” fetal littermates. The morning of the day the
182  vaginal plug was found was designated E0.5. Fetuses were collected at E17.5, hearts

183  were dissected and rapidly frozen on dry ice. Genotyping of fetal tissue by PCR used

184  LacZ primers for the Nr3c19ESko2MRCHGU (5-GAGTTGCGTGACTACCTACGG-3’ and 5’-
185 GTACCACAGCGGATGGTTCGG-3’) and wild-type GR alleles as described (Michailidou
186  etal., 2008). mito-QC mice, also on a C57BIl/6J background, have been described

187  (McWilliams et al., 2016). mito-QC heterozygous fetuses were used for fetal

188  cardiomyocyte cultures. Fetuses were collected and cardiomyocytes isolated as described
189  below.

190

191  For dexamethasone treatment, pregnant C57BI/6J females (time-mated with C57BI/6J
192  males) were semi-randomised to experimental group (alternating groups as lifted from the
193  cage) and injected (~0.1ml, intra-peritoneal) with dexamethasone (0.5mg/kg; Sigma-

194  Aldrich, Poole, UK) or vehicle (5% ethanol) at either E13.5 or E16.5 and euthanised 24
195  hours later (E14.5 and E17.5, respectively). Fetuses were removed to ice-cold PBS.

196  Hearts were excised and frozen on dry ice. Pregnant GR*- dams were euthanised at

197  E17.5 and fetal hearts removed and frozen as above. Neonatal C57BI/6J mice were

198 injected (intra-peritoneal) with dexamethasone (0.5mg/kg) or vehicle (5% ethanol) at post-
199 natal day 1 (P1; day of birth being P0) and euthanised by decapitation 24 hours later.

200  Hearts were removed and frozen as above. Tissues were identified by animal ID (blinding
201  to genotype/treatment group) and stored at -80°C prior to analysis.

202

203  Sheep protocols were approved by the animal ethics committee of The University of

204  Western Australia (RA/3/100/1452). Date-mated merino ewes carrying singleton

205  pregnancies were randomized to receive 2 injections (intra-muscular) spaced by 24 hours
206  of either saline (control) or betamethasone acetate with betamethasone phosphate

207  (Celestone Chronodose, Merck & Co., Inc, Kenilworth, NJ) 0.25mg/kg per injection. A third
208  group received a single injection of betamethasone acetate (0.125mg/kg). Betamethasone

209 acetate was a gift from Merck & Co. as a preparation of betamethasone acetate
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210  equivalent to that in Celestone. Merck & Co. did not participate in the design, execution, or
211  analysis of the study. The 0.25mg/kg Celestone dose approximates the clinical dose of
212 12mg of betamethasone for a 50kg woman and was the same dose used for our previous
213 studies (Kemp et al., 2018; Schmidt et al., 2019). To reduce the risk of preterm labour
214  from antenatal corticosteroids, all animals, irrespective of subsequent treatment, received
215  one intramuscular dose of 150mg medroxyprogesterone acetate (Depo-Provera, Pfizer,
216  New York, NY), five days before corticosteroid treatment. No other doses of

217  medroxyprogesterone acetate were administered, nor were other tocolytics administered.
218  All animals were delivered at 122+1 days (term being ~147 days).

219

220  Two days after their initial steroid or saline treatment, ewes received an intravenous

221  injection of ketamine (10mg/kg) and midazolam (0.5mg/kg). A spinal injection of 3ml

222 lignocaine (20mg/ml) was then administered and surgical delivery commenced. The lamb
223 received an intramuscular injection of ketamine (10mg/kg) before placing a 4.5mm

224 endotracheal tube by tracheostomy. Lambs were weighed, dried, and placed in an infant
225  warmer (Fisher & Paykel Healthcare, New Zealand). Intermittent positive pressure

226  ventilation was performed using Acutronic Fabian infant ventilators (Acutronic Medical
227  System, Hirzel, Switzerland) and maintained for 30 minutes using the following settings:
228 initial peak inspiratory pressure (PIP) of 40 cmH:O, positive end expiratory pressure

229  (PEEP) of 5 cmH20, respiratory rate of 50 breaths per minutes, inspiratory time of 0.5
230  seconds. Gas mix was 100% heated and humidified oxygen. PIP was titrated to achieve a
231  tidal volume of 7ml/kg. Lambs were euthanised with an IV overdose of pentobarbitone
232 sodium at 160mg/kg. Necropsy was performed immediately following a 30 minute

233 ventilation procedure which commenced at delivery. At necropsy (within 40 minutes of
234 delivery), left and right ventricles of the heart were dissected and samples snap frozen.
235

236  Fetal Cardiomyocyte Cultures:

237  Primary fetal cardiomyocyte cultures were prepared as described (Rog-Zielinska et al.,
238  2015). Briefly, hearts were rapidly dissected from 5-30 E14.5-E15.5 C57BI|/6J or mito-QC
239  fetuses, placed in warm Tyrode’s salt solution containing 0.1% sodium bicarbonate then
240  rinsed in complete medium (DMEM supplemented with 1001U/ml penicillin, 100mg/ml

241  streptomycin, 10% fetal bovine serum, 0.1% non-essential amino acids, Sigma-Aldrich,
242 Poole, UK) before digestion at 37°C with gentle agitation for 10 minutes in 5ml enzyme
243 buffer (PBS supplemented with 0.8% NaCl, 0.2% D-(+)-glucose, 0.02% KCI, 0.000575%
244 NaH2PO4H20, 0.1% NaHCO3, pH7.4) containing 0.03% type Il collagenase (Worthington


https://doi.org/10.1101/2021.04.30.442128
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.04.30.442128; this version posted April 30, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-ND 4.0 International license.

245  Biochemical Corp, Lakewood, New Jersey, USA), 0.125% porcine pancreatin (Sigma-
246  Aldrich, Poole, UK). After 10 minutes, isolated cells and enzyme buffer were removed and
247  the enzymatic reaction quenched by adding the same volume of complete medium. Fresh
248  enzyme buffer was then added to the hearts. Approximately 8 digestions were performed
249  on the hearts until their structure was lost. Isolated cells were centrifuged at 1000 rpm for
250 10 minutes at room temperature, the supernatant removed and pellets pooled. Pooled
251  cells were centrifuged again and resuspended in 15ml isolation buffer (Ham's F12

252 supplemented with 1001U/ml penicillin, 100mg/ml streptomycin, 0.002% ascorbic acid, 1%
253  fetal bovine serum, 0.1176% NaHCOs). To reduce the number of fibroblasts, cells were
254  incubated in a tissue culture plate (ThermoFisher, UK) at 37°C, 5% CO- for 3 hours during
255  which fibroblasts adhered to the plastic. Non-adherent cells were aspirated, centrifuged,
256  resuspended in 1ml of complete medium and seeded at a density of 0.25 x 10%cells/ml for
257  extra-cellular flux (ECF; Seahorse) assays, RNA analysis, or mitochondrial morphology.
258  This protocol yields >98% cardiomyocytes (troponin T+ cells) (Rog-Zielinska et al., 2015).
259  Spontaneous beating of cardiomyocytes was observed within 12 hours. For ECF assays,
260  cardiomyocytes were seeded onto 24 well gelatin (Sigma, UK) coated V7 Seahorse plates
261  (Agilent Technologies LDA UK Ltd, Stockport, Cheshire, UK) in complete medium then
262  treated with dexamethasone (1uM) or vehicle (0.01% ethanol) for 24 hours prior to ECF
263  assay (below). We have previously shown that this dose of dexamethasone elicits

264  maximal glucocorticoid responses in fetal cardiomyocytes (Rog-Zielinska et al., 2015). For
265 RNA analysis, primary fetal cardiomyocytes were seeded in 12-well gelatin-coated tissue
266  culture plates for 48 hours. Cells were treated with dexamethasone (1uM) or vehicle

267  (0.01% ethanol) and lysed 6 or 24 hours later by adding 0.5ml TRIzol (Invitrogen,

268  ThermoFisher, UK) following removal of medium. For measurement of mitochondrial

269  morphology and mitophagy, cardiomyocytes were cultured on gelatin-coated glass

270  chambered slides (Ibidi y-Slide 4 well Glass bottom, Thistle Scientific LTD, Glasgow, UK)
271  prior to staining.

272

273  Extra-cellular Flux (ECF) Assays:

274  ECF assays were carried out using a Seahorse XFe24 Bioanalyzer (Agilent Technologies
275  LDA UK Ltd, Stockport, Cheshire, UK). All Seahorse reagents were purchased from

276  Agilent Technologies LDA UK Ltd. All findings were reproduced in at least 2 experiments.
277  For each experiment, treatment groups were randomised across the plate. Each well was
278  assigned a number (based on the number of treatment groups) so that numbers were

279  spread across the plate. Treatments were then randomised to numbers. On the day of the
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280  assay, complete culture medium was gently aspirated from the cells and exchanged for
281  Seahorse assay medium (with supplements defined below). The cells were gently rinsed 3
282  times with Seahorse assay medium, leaving a final volume of 525ul for the assay. During
283  all assays, 3 measurements at 2.5 minute intervals, were recorded at baseline and after
284  each drug addition.

285

286  Normalisation of Extra-cellular Flux Assays using sulforhodamine B (SRB) Assay:
287  ECF assays were normalised to protein measured using sulforhodamine B (SRB) dye-
288  based protein assay (Skehan et al., 1990). Initial experiments confirmed the linearity of
289  the SRB assay for use in quantifying primary cardiomyocyte protein levels

290  (Supplementary Figure 1A). Following ECF assays, cells were fixed by addition of 50pul
291  cold 50% trichloroacetic acid (Sigma-Aldrich, Poole, UK) per well and stored up to 1 week
292  at 4°C. Cells were then washed 10 times with tap water and air-dried. 50ul SRB solution
293  (0.4% w/v sulforhodamine B dye (Sigma-Aldrich, Poole, UK) in 1% acetic acid (Sigma-
294  Aldrich, Poole, UK)) was added to dried cells and incubated for 30 minutes at room

295  temperature. Cells were then washed 4 times with 1% acetic acid and air-dried. Cell-

296  bound dye was re-dissolved in 200ul 10mM Tris pH 10.5. Absorbance was measured at a
297  wavelength of 540nm.

298

299  Glycolysis Assays: Assays to estimate the rate of glycolysis in fetal cardiomyocytes

300  were performed in two different ways. In the first, complete culture medium was

301  exchanged for pre-warmed Seahorse Assay medium supplemented with 10mM glucose
302  (Sigma-Aldrich, Poole, UK), TmM sodium pyruvate (Sigma-Aldrich, Poole, UK). After basal
303 OCR/ECAR measurements, 2-deoxyglucose (2DG; Sigma-Aldrich, Poole, UK, 100 mM)
304 was added to inhibit glycolysis, followed by antimycin and rotenone (AR, Sigma-Aldrich,
305  Poole, UK, 2uM) to inhibit respiration. The second measure was a Glycolysis Stress Test,
306 performed according to the manufacturer’s protocol. Briefly, the cells were incubated in
307  pre-warmed glucose-free Seahorse-XF Base medium for 1 hour in a (non-CO,) 37°C

308 incubator prior to the assay. After 3 basal measurements, glucose (Sigma-Aldrich, Poole,
309 UK, 10mM) was added to enable glycolysis, followed by oligomycin (Sigma-Aldrich, Poole,
310 UK, 1.5uM) to inhibit respiratory ATP production and finally 2DG (Sigma-Aldrich, Poole,
311 UK, 100 mM) to inhibit glycolysis.

312

313  Fatty Acid Oxidation Assay:
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314  To test the ability of primary fetal cardiomyocytes to utilize long chain fatty acids, cells
315  were pre-treated with etomoxir (Sigma-Aldrich, Poole, UK) to inhibit the CPT-1

316  mitochondrial fatty-acid uptake transporter, prior to performing a standard Seahorse

317  Mitochondrial Stress Test. Initial experiments with high concentrations of etomoxir (40-
318  160uM) reduced OCR in the presence of BSA-palmitate (Supplementary Figure 1C).

319  However, within this range (120uM), etomoxir also showed likely off-target inhibition of
320  mitochondrial respiration (Supplementary Figure 1B). This is consistent with an emerging
321  literature showing that etomoxir can inhibit complex | at commonly used high doses

322  (Divakaruni et al., 2016; Yao et al., 2018). Accordingly, we used 6uM etomoxir for all

323  further experiments, a dose which inhibits fatty acid oxidation and avoids the CPT-1-

324  independent effects associated with higher doses (Spurway et al., 1997). Briefly, culture
325 medium was exchanged for Seahorse Assay medium supplemented with 5mM glucose
326  (Sigma-Aldrich, Poole, UK), 0.5mM carnitine (Sigma-Aldrich, Poole, UK). Cells were pre-
327  treated with etomoxir (6uM in medium) or vehicle (medium) 15 minutes prior to the

328  addition of BSA-Palmitate (100uM; Agilent Technologies LDA UK Ltd). The Seahorse

329  Mitochondrial Stress test assay was started 15 minutes after the addition of BSA-

330 Palmitate. Briefly, the test progressed as follows: basal respiration measurements,

331  addition of oligomycin (1.5uM), addition of carbonyl cyanide-4-

332 (trifluoromethoxy)phenylhydrazone (FCCP; 1uM), addition of AR (2uM). Non-

333  mitochondrial respiration was calculated as the minimum OCR remaining following AR
334  treatment. The mean of the 3 baseline measurements was used for the Basal OCR. Basal
335 respiration was calculated by subtracting non-mitochondrial respiration from Basal OCR.
336  ATP production was calculated as the maximum change in OCR following the addition of
337  oligomycin and maximum respiration was calculated as the maximum OCR measurement
338 induced by FCCP corrected for non-mitochondrial respiration. Leak respiration was

339 calculated as the average oligomycin-insensitive OCR corrected for non-mitochondrial
340  respiration.

341

342  Measurements of Mitochondrial Morphology:

343 On the day of staining of primary fetal cardiomyocytes, complete culture medium was

344  exchanged for serum-free medium. Mitotracker Deep Red (40nM; ThermoFisher, UK) was
345  added and incubated for 30 minutes in cell culture conditions. Serum-free medium was
346  then replaced. To image cardiomyocytes as a z stack, beating was stopped by adding
347  100mM nefidipine (Sigma-Aldrich, Poole, UK) immediately prior to imaging using an Andor

348  Spinning Disk confocal microscope. The Andor Spinning disk system is based on an
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349  inverted Olympus IX83 microscope stand and a Yokogawa CSU-X1 spinning disk module.
350 Itis equipped with an Oko Labs environmental control chamber to maintain stable

351  conditions for live cell imaging; 37°C, 5% CO» were used throughout. 488nm (BP525/25)
352 and 561nm (LP568) laser lines (and emission filters) operated via an AOTF were used to
353  acquire GFP and mCherry images, respectively. A plan super apochromat 100X 1.4NA oil
354  immersion objective was used throughout, with z steps of 1um taken. Images were

355  acquired onto an Andor iXon Ultra EMCCD camera (512x512) using an EM gain of 200
356  with 50ms exposure. Mitochondrial volume was quantified using open-source Mitograph
357 software (Viana et al., 2015; Harwig et al., 2018). This uses 3D reconstructions of labelled
358  organelles to measure the morphology of individual mitochondria as well as

359  characteristics of the mitochondrial network and provides the following outputs:

360  mitochondrial volume, total length and average width. Post-image processing and

361 MitoGraph analysis was performed as per the online protocols (available:

362  http://rafelski.com/susanne/MitoGraph).

363

364 Mitophagy Assay:

365 Primary fetal cardiomyocyte cultures prepared from E14.5-15.5 mito-QC fetuses were

366 seeded at a density of 0.25 x 108cells/ml on gelatin-coated glass chambered slides (Ibidi
367 up-Slide 4 well Glass bottom, Thistle Scientific LTD, Glasgow, UK). After 48 hours, cells
368  were treated with 1uM dexamethasone, 1mM deferiprone (DFP, an iron-chelator, used as
369  a positive control) or vehicle (0.01% ethanol). After 24 hours dexamethasone/DFP/vehicle
370 treated cells were imaged live and z stacks were generated 3, 8 and 45 hours after

371  treatment, using the Andor Spinning Disk confocal live cell imaging system as above.

372  Post-acquisition image analysis was performed blind to the treatment. For each cell, a z
373  stack was acquired and red puncta, indicative of mitophagy, were counted.

374

375  RNA extraction:

376  Primary fetal cardiomyocytes seeded in 12 well plates were lysed in 500ul TRIzol

377  (Invitrogen, ThermoFisher, UK) and aspirated into a 1.5ml tube. Chloroform (Sigma-

378  Aldrich, Poole, UK; 100ul) was added and samples vigorously shaken for 30 seconds.
379  Samples were incubated for 2-3 minutes at room temperature then centrifuged 12000 rpm
380  for 15 minutes at 4°C. The aqueous phase was transferred to a new tube containing 250ul
381 isopropanol (Sigma-Aldrich, Poole, UK) and centrifuged as above. The supernatant was

382 discarded and the pellet washed with 500ul 70% ethanol twice. Samples were centrifuged
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383  at 10000 rpm for 10 minutes at 4°C, the supernatant removed and pellet air-dried at room
384  temperature for 5-10 minutes before resuspension in 30ul RNAse free water.

385

386  Mouse fetal hearts were individually homogenised using a stainless steel bead in 500ul
387  RLT buffer (RNeasy, Qiagen, Manchester, UK) and 1% B-mercaptoethanol with a

388  TissueLyser Il (Qiagen, Manchester, UK) at maximum speed for 2 minutes. 10ul

389  Proteinase K (20mg/ml; Qiagen, Manchester, UK) and RNAse-free water were added
390 (final volume of 900ul). Samples were incubated at 56°C for 10 minutes, centrifuged at
391 12000 rpm for 5 minutes at room temperature and the supernatant transferred to a fresh
392  tube containing 400ul 96% ethanol. The mixture was transferred to RNeasy spin tubes
393  (Qiagen mini prep), processed according to the manufacturer’s instructions and eluted in
394  20ul RNAse free water. This was incubated on the column for at least 5 minutes at room
395  temperature before collection. The first eluate was reapplied to the column and incubated
396  a further minute before the final elution.

397

398  For sheep hearts, RNA extraction was similar except that samples were minced prior to
399 lysis for 2 sessions each of 3 minutes.

400

401  RNA quantity and integrity were determined using a Nanodrop (ThermoFisher, UK)

402  spectrophotometer and gel electrophoresis, respectively.

403

404  Reverse Transcription and quantitative real time PCR:

405  500ng mouse or 300ng sheep RNA was reverse transcribed using QuantiTect Reverse
406  transcription kit (Qiagen, Manchester, UK) and gDNA wipe-out (to remove genomic DNA),
407  according to the manufacturer's protocol. Included in each sample batch were "no

408 template" and "no reverse transcriptase" controls. Resultant cDNA samples were stored at
409  -20°C. Primers and probes used for gPCR are detailed in Supplementary Table 1. Assays
410  for mouse qPCR were designed using the Roche Universal Probe Library and primers
411  were purchased from Invitrogen (ThermoFisher, UK). A standard curve prepared from
412  pooled cDNA samples was processed with samples on a Lightcycler 480 system (Roche
413  Diagnostics, Burgess Hill, UK). For sheep, Tagman assays (ThermoFisher, UK) were
414  used and performed using a 7900HT Fast Real Time PCR system (ThermoFisher, UK).
415 Internal controls were Tbp (for mouse), and PGK1 and SDHA for sheep fetal heart; these
416  did not differ across treatments. To normalise the spread, data were logo transformed.
417
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418  Mitochondrial DNA quantification:

419 DNA was extracted from frozen samples using a DNeasy Blood & Tissue kit (Qiagen,
420  Manchester, UK) according to the manufacturer's protocol. To quantify mitochondrial DNA
421 relative to nuclear DNA, levels of mitochondrial-encoded genes (Co1, Co2, Nd2) were
422  measured relative to an intronless nuclear-encoded gene (Cebpa) by gPCR (primer

423  sequences in Supplementary Table 1).

424

425  Statistics:

426  Graphpad Prism 8 software was used for statistical analyses. All data are presented as
427  mean * standard deviation (SD). The number of biological replicates is provided in the
428  figure legends together with the statistical tests used for analysis. All data were subject to
429  Shapiro-Wilk normality testing prior to analysis. Parametric analyses, Student’s t-tests and
430  two-way ANOVA with post hoc Sidak’s tests were used as stated in Figure Legends.

431

432  RESULTS

433

434  Dexamethasone increases mitochondrial respiration in primary fetal

435 cardiomyocytes without affecting glycolysis

436  Consistent with previous findings (Rog-Zielinska et al., 2015), without added fatty acid,
437  basal respiration (oxygen consumption rate; OCR) prior to, and following, addition of

438  10mM glucose was increased 24 hours following dexamethasone treatment of primary
439  fetal cardiomyocytes (Figure 1A, C). OCR was markedly decreased following addition of
440  oligomycin, an inhibitor of ATP synthase (Figure 1A), suggesting high dependence on
441  mitochondrial respiration for ATP production. As expected, addition of the glycolysis

442  inhibitor, 2-deoxyglucose (2-DG) did not alter the OCR (Figure 1A).

443

444  Glycolysis is an important energy source in early fetal cardiomyocytes (Porter et al.,

445  2011). However, our murine primary fetal cardiomyocytes exhibited little dependence on
446  glycolysis. The addition of 2DG did not alter the extra-cellular acidification rate (ECAR,;
447  Supplementary Figure 2). In a different approach, using glucose-deprived cells, although
448  the addition of 10mM glucose increased ECAR, this was minimally impacted by 2DG

449  (Figure 1B) and was unaffected by dexamethasone treatment (Figure 1E). This suggests
450  primary fetal cardiomyocytes perform very little glycolysis, relying mainly on mitochondrial
451  oxidation for ATP production.

452
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453 Dexamethasone increases palmitate oxidation via GR activation

454  To investigate whether dexamethasone can increase capacity for long chain fatty acid
455  oxidation in fetal cardiomyocytes, OCR was measured in the presence of palmitate. Long
456  chain fatty acids are linked to carnitine and transported into the mitochondrial matrix by
457  carnitine palmitoyltransferase-1 (CPT-1), which is inhibited by etomoxir. Following

458  treatment of primary fetal cardiomyocytes with dexamethasone for 24 hours, in the

459  presence of palmitate there was an increase in basal OCR (Figure 2A, B). Furthermore, in
460  the presence of palmitate, dexamethasone-treated cardiomyocytes showed a larger

461  change in OCR following oligomycin treatment (oligomycin-sensitive OCR; Figure 2C),
462  indicative of increased mitochondrial ATP production. Addition of etomoxir attenuated the
463  dexamethasone-induced increase in basal OCR and mitochondrial ATP production

464  (oligomycin-sensitive OCR) (Figure 2A-C), suggesting that dexamethasone increased
465  palmitate oxidation in fetal cardiomyocytes. Etomoxir itself had no effect on basal

466  respiration or ATP production by fetal cardiomyocytes in the absence of palmitate

467  (Supplementary Figure 1D, E). The dexamethasone-induced increase in fatty acid

468  oxidation was dependent on GR, as pre-treatment of the cardiomyocytes with the GR-
469  antagonist, RU486 blocked the increase in basal respiration and ATP production (Figure
470  3A-C).

471

472  Dexamethasone upregulates genes involved in long-chain fatty-acid oxidation in
473  fetal cardiomyocytes

474  The increase in ability to utilise palmitate as a fuel for mitochondrial respiration suggests
475  glucocorticoids increase mitochondrial capacity for long chain fatty acid oxidation.

476  Consistent with the rapid induction of PGC-1a and other master regulators of lipid

477  metabolism in dexamethasone-treated fetal cardiomyocytes (Rog-Zielinska et al., 2015)
478  there was a marked induction of mMRNAs encoding enzymes and transporters required for
479  mitochondrial fatty acid oxidation in primary fetal cardiomyocytes 24 hours after treatment
480  with dexamethasone (Figure 4). As well as the master transcriptional regulators, Ppargcia
481 and Lipin1, dexamethasone induced expression of Lcad and Mcad (encoding,

482  respectively, long chain acyl dehydrogenase and medium chain acyl dehydrogenase),
483  Cd36, encoding cluster of differentiation-36, also known as fatty acid translocase (a

484  cellular importer of fatty acids), and Cpt1a and Cpt1b, encoding the alpha and beta

485  subunits, respectively, of CPT-1 (Figure 4). Dexamethasone also increased expression of
486  Ucp2, encoding uncoupling protein 2, an inner mitochondrial membrane protein that

487  promotes mitochondrial fatty acid oxidation at the expense of mitochondrial catabolism of
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488  pyruvate (Pecqueur et al., 2008). At just 6 hours after addition of dexamethasone,

489  although Fkbp5, a well-known glucocorticoid target was strongly up-regulated, levels of
490  Nr3c1 mRNA, encoding GR, were down-regulated (Supplementary Figure 3), though they
491  recovered by 24 hours (Figure 4). Pre-treatment with RU486 attenuated the

492  dexamethasone-induced increase in Ppargcia, Lcad, Lipin1 and Cd36 mRNAs

493  (Supplementary Figure 4A-1). At E17.5, hearts of GR” fetal mice had reduced levels of
494  Mcad mRNA and a trend for reduced levels of Ppargc1a mRNA (Supplementary Figure
495  4J). The latter is consistent with our previous finding of reduced Ppargc1a mRNA in hearts
496 of E17.5 GR” fetal mice (Rog-Zielinska et al., 2013). The failure to reach statistical

497  significance here likely reflects smaller group sizes and over-night matings rather than the
498  time-restricted matings adopted previously.

499

500 Glucocorticoids do not cause mitochondrial remodelling in fetal cardiomyocytes
501  Because there is a wave of mitophagy in vivo in the mouse fetal heart that coincides

502  with the peak of fetal corticosterone levels (Rog-Zielinska et al., 2013; McWilliams et al.,
503  2016), we hypothesised that glucocorticoids may stimulate the mitophagic replacement of
504 fetal mitochondria by adult mitochondria optimised for fatty acid metabolism (Gong et al.,
505  2015). mito-QC transgenic mice utilise a binary fluorescence system in which a

506  ubiquitously expressed tandem mCherry-GFP tag is directed to mitochondria (McWilliams
507  etal., 2016). Under steady-state conditions, the mitochondrial network fluoresces red and
508  green (merged, yellow) in mito-QC mice. Upon delivery to lysosomes, the GFP

509  fluorescence, but not that of mCherry, is quenched by the acidic microenvironment. Thus,
510  mitochondria undergoing mitophagic removal appear as punctate mCherry-only foci. To
511 investigate whether dexamethasone induces mitophagy, primary fetal cardiomyocytes
512 from mito-QC mice were treated with dexamethasone, vehicle or a mitophagy-inducing
513  agent, deferiprone (DFP) (Allen et al., 2013). As expected, DFP stimulated a robust

514  mitophagy response (as visualised by an increase in the number of mCherry-only positive
515  puncta) over the 45 hour time course (Figure 5A). In contrast, no significant increase in
516  mitophagy could be seen in cardiomyocytes following a similar time course of

517  dexamethasone treatment (Figure 5B). Thus, under these conditions, dexamethasone is
518 not a potent inducer of mitophagy.

519

520  Glucocorticoids have been associated with changes in mitochondrial number and function
521  (Weber et al., 2002; Du et al., 2009; Lapp et al., 2018). Accordingly, we next investigated

522 whether the dexamethasone-induced increase in fatty acid oxidation was associated with
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523  anincrease in mitochondrial volume and/or number. Following dexamethasone treatment
524  of primary fetal cardiomyocytes for 24 hours, mitochondria were labelled with Mitotracker
525  Deep Red CM and the mitochondrial network imaged (Figure 5C, D). There were no

526  differences in mitochondrial volume, length or width between dexamethasone and vehicle
527  treated cardiomyocytes (Figure 5E-G). Similarly, measurements of the GFP-fluorescent
528  mitochondrial network in fetal cardiomyocytes from mito-QC mice showed no differences
529  in mitochondrial morphology as a result of dexamethasone treatment (Supplementary
530 Figure 5A-C). Furthermore, mitochondrial DNA content, an indirect measurement of

531 mitochondrial number, did not differ between hearts of E17.5 GR” mice and their control
532  GR**littermates (Supplementary Figure D-F). Thus, the glucocorticoid-mediated increase
533  in fatty acid oxidation capacity most likely occurs independently of any change in

534 mitochondrial number or morphology.

535

536  In vivo, dexamethasone-induced changes in fatty acid oxidation genes in mouse
537  hearts are developmental stage-dependent

538  To investigate whether glucocorticoid administration in vivo can similarly induce cardiac
539 fatty acid oxidation capacity, dexamethasone or vehicle was administered to pregnant
540 dams at E13.5 or E16.5 or to neonatal mice at postnatal day (P)1. Hearts were examined
541 24 hours after injection. E14.5 fetal hearts appeared glucocorticoid-resistant:

542  dexamethasone had no significant effect on any of the mRNAs examined, including the
543  glucocorticoid target, Fkbp5, and Nr3c1 encoding GR itself (Figure 6A). However, at

544  E17.5, dexamethasone downregulated cardiac Nr3c1 mRNA levels (Figure 6B). At the
545  same time, levels of Ppargc1a and mRNA encoding enzymes and transporters for fatty
546  acid oxidation (Mcad, Lcad, Lipin1, Cd36, Cpt1a, CPT1b) were strongly downregulated,
547  despite a trend for a modest increase in Fkbp5 mRNA (Figure 6B). In complete contrast,
548  at P2, Fkbp5 was strongly induced by dexamethasone, as was Ppargcia and the fatty
549  acid oxidation genes: Mcad, Lcad, Cd36, Cpt1b (Figure 6C). Moreover, levels of Nr3c1
550  mRNA were unchanged (Figure 6C). Thus, the effect of glucocorticoids upon cardiac

551  capacity for fatty acid oxidation reflect the effect upon GR expression itself and its key
552  target gene, Ppargcia. To explore whether this regulation extends to a more

553  translationally relevant model, we measured cardiac mRNA encoding GR and PGC-1a in
554  asheep model of preterm birth following antenatal corticosteroid administration that

555  mimics current clinical practice. Celestone is a mix of betamethasone phosphate and
556  betamethasone acetate that is widely used as an antenatal corticosteroid in the USA,

557  Europe (though not the UK), Australia and New Zealand. Preterm lambs delivered at 127

16


https://doi.org/10.1101/2021.04.30.442128
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.04.30.442128; this version posted April 30, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-ND 4.0 International license.

558  days (term being ~147 days) 48 hours after initiating a course of Celestone (2 doses,

559  administered 24 hours apart) showed reduced expression of NR3C1 mRNA in both left
560  and right ventricles of the heart (Figure 7A, B). Administration of a single dose of

561  betamethasone acetate (equivalent to just the betamethasone acetate component of

562  Celestone) 24 hours before delivery also reduced NR3C1 mRNA levels, though this did
563  not achieve significance in the right ventricle (Figure 7A, B). Levels of PPARGC1 mRNA
564  were reduced in the right ventricle following Celestone administration, with a more modest
565  effect (p>0.05) in the left ventricle. Betamethasone acetate alone caused a similar though
566  non-significant reduction in PPARGC1 mRNA levels in both ventricles (Figure 7C, D). This
567  suggests that antenatal corticosteroid administration may interfere with the normal

568  maturation of the mid to late gestation heart by down-regulating GR.

569

570  DISCUSSION

571  Here, we find that mouse fetal cardiomyocytes use mainly mitochondrial metabolism to
572  generate ATP when glucose is provided as substrate, with little reliance on glycolysis.
573  This supports the view that metabolism has switched from anaerobic glycolysis to aerobic
574  mitochondrial respiration by the end of the embryonic period at E14.5 in mice (reviewed
575  (Porter et al., 2011)). Although glucocorticoids increase basal mitochondrial respiration
576  (confirming previous findings (Rog-Zielinska et al., 2015)), they have no effect on

577  glycolysis, ruling out a glucocorticoid-promoted switch from glycolysis to oxidative

578  metabolism. Our data do not support a glucocorticoid-mediated increase in mitochondrial
579  number or change in morphology to account for the increase in basal respiration. Instead,
580  our data suggest glucocorticoid action in the fetal heart promotes mitochondrial ATP

581  generating capacity, in line with their maturational effects.

582

583  As well as increasing basal mitochondrial respiration with carbohydrate substrates,

584  glucocorticoid treatment of fetal cardiomyocytes in vitro increases fatty acid oxidation. It
585  has been suggested that mitophagy is required to replace the mitochondrial network in
586  perinatal cardiomyocytes with mitochondria optimised for fatty acid oxidation (Gong et al.,
587  2015). However, our data suggest that an increase in fatty acid oxidation in perinatal

588  cardiomyocytes can occur without substantial mitophagy. Moreover, they are consistent
589  with the notion that mitochondrial remodelling occurs in cardiomyocytes prior to our cell
590 isolations at ~E15. Mitochondrial phenotype in the embryonic heart changes considerably
591  between E9.5 and E13.5, compatible with mitochondrial remodelling by mitophagy being

592  required for the switch in cardiomyocyte reliance from anaerobic glycolysis to aerobic
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593  respiration. By E13.5, the network is interconnected and spans the cell, more closely

594  resembling that in late fetal cardiomyocytes (Porter et al., 2011). Our conclusions differ
595  from a recent report that suggested that dexamethasone promotes mitophagy in mouse
596  embryonic-stem cell-derived cardiomyocytes through Parkin (Zhou et al., 2020). However,
597 inthose experiments, detection of lysosomes (using lysotracker) was only possible in

598  dexamethasone-treated cells (Zhou et al., 2020) making interpretation of the mitophagy
599  findings difficult. Nevertheless, dexamethasone did not affect mitochondrial morphology in
600  mouse embryonic-stem cell-derived cardiomyocytes (Zhou et al., 2020), consistent with
601  our findings here. Our data reported here clearly show that although glucocorticoid

602 treatment in primary mouse fetal cardiomyocytes increases fatty acid oxidation, it does not
603  induce widespread mitophagy.

604

605  Fatty acid oxidation dramatically increases around the end of the first postnatal week in
606  mouse heart, and we found a marked induction of the pathway following glucocorticoid
607  administration in vivo in neonatal mice (Lopaschuk & Jaswal, 2010). However, in

608  preparation for postnatal life, fatty acid oxidation has already begun to occur in the late
609  gestation fetal heart (Lopaschuk & Jaswal, 2010; Porter et al., 2011). In sheep, there is an
610 increase in cardiac expression of genes related to fatty acid oxidation between late

611  gestation and term that continues after birth (Richards et al., 2015). In silico transcription
612  factor analysis suggests this is, at least in part, GR-mediated (Richards et al., 2015). The
613  lower level of Mcad mRNA in hearts of GR knockout fetuses at E17.5, a stage when

614  endogenous glucocorticoid levels have increased, supports a role for GR in the late

615  gestation increase in cardiac expression of genes required for fatty acid oxidation. Fatty
616  acid oxidation genes themselves are not primary targets of GR in mouse fetal

617  cardiomyocytes (Rog-Zielinska et al., 2015) and are likely indirectly regulated by master
618  regulators of fatty acid oxidation including CEBPpB, PPARa and PGC-1a, which are

619 primary GR targets (Rog-Zielinska et al., 2015). Thus, endogenous glucocorticoid action,
620 via GR, may contribute to the normal rise in fatty acid oxidation capability as the fetus

621  approaches term. This is likely to be important to meet the increase in cardiac energy

622  demand after birth, consistent with the ergogenic effects of glucocorticoids (Addison,

623 1855; Morrison-Nozik et al., 2015) and the vital role of the late gestation increase in

624  glucocorticoids to prepare for life after birth.

625

626  Crucially, our data illustrate how exogenous glucocorticoid may interfere with the normal

627  maturation of energy metabolism in the fetal heart. Although dexamethasone increases
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628  expression of fatty acid oxidation genes in neonatal mice, 24 hours after administration of
629  dexamethasone at E16.5 (the peak of endogenous fetal glucocorticoid levels) the

630  expression of genes related to fatty acid oxidation actually decreases in the fetal heart.
631  The association with reduced Nr3c1 mRNA, encoding GR itself, suggests the decrease in
632  the mitochondrial fatty acid oxidation pathway reflects down-regulation of glucocorticoid
633  signalling per se in the fetal heart following dexamethasone treatment. We recently

634  reported similar down-regulation of GR expression in fetal heart as well as reduced

635  endogenous fetal corticosterone levels following dexamethasone treatment (via drinking
636  water) between E12.5-E15.5 (Agnew et al., 2019). This was associated with a transient
637  alteration in fetal diastolic heart function (Agnew et al., 2019). Whilst dexamethasone also
638  down-regulates Nr3c1 mRNA in fetal cardiomyocytes in vitro, this is transient with

639  recovery of Nr3c1 mRNA expression by 24 hours. In the neonatal heart, if Nr3c1 mRNA is
640 transiently downregulated by dexamethasone, it has recovered within 24 hours. Dynamic
641 and differential auto-regulation of GR, previously described for adult tissues (Kalinyak et
642  al., 1987; Spencer et al., 1991; Freeman et al., 2004), may contribute to the complex and
643  context dependent effects of perinatal glucocorticoid administration. Previous studies have
644  examined the effect of antenatal glucocorticoids in rodents and reported contradictory
645  findings (reviewed, (Rog-Zielinska et al., 2014)). Our data illustrate that exogenous

646  glucocorticoids can potentially interfere with normal heart maturation. Indeed, maturation
647  of the rat heart is delayed after prenatal treatment with dexamethasone (Torres et al.,

648  1997). Timing may be critical. Although antenatal dexamethasone increased ATP content
649 in the neonatal rat heart, the same treatment did not increase cardiac ATP content prior to
650  birth, despite an increase in creatine kinase expression (Mizuno et al., 2010). GR

651  expression was not examined in that study. Investigations in sheep have also highlighted
652  adverse effects of antenatal glucocorticoid exposure on cardiac energy metabolism.

653  Maternal hypercortisolaemia reduces fetal cardiac mitochondrial number and oxidative
654  metabolism at term, associated with fetal ECG abnormalities, an inability to maintain fetal
655  aortic pressure and heart rate during labour and a dramatic increase in perinatal death
656  (Antolic et al., 2018). Again, whether GR expression was affected was not reported.

657

658  Differential mRNA stability may explain some of the complex effects of glucocorticoids on
659  downstream genes. PGC-1a is essential for efficient and maximal fatty acid oxidation and
660  ATP production in cardiomyocytes (Arany et al., 2005; Lehman et al., 2008). Ppargcia
661  mRNA has a short half-life, being less than 30 minutes in rat skeletal muscle extracts.

662  This is further decreased with chronic muscle stimulation (Lai et al., 2010). Consistent with
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663  a short half-life, we have previously shown that blocking new protein synthesis with

664  cycloheximide increases Ppargc1a mRNA levels in fetal cardiomyocytes (Rog-Zielinska et
665  al., 2015), suggesting it is actively degraded. Glucocorticoid treatment rapidly increases
666 levels of Ppargc1a mRNA in fetal heart in vivo and in fetal cardiomyocytes in vitro (Rog-
667  Zielinska et al., 2015). Moreover, dexamethasone "super-induces" Ppargcia in the

668  presence of cycloheximide (Rog-Zielinska et al., 2015), again consistent with a rapid

669  turnover of Ppargc1a mRNA. A very short half-life and a need for activated GR to

670  continually enhance transcription of Ppargc1a mRNA may explain the close association
671  between Nr3c1 and Ppargc1a mRNA in both fetal heart and mouse primary

672  cardiomyocytes that we saw here. By contrast, in all of our experiments, with the

673  exception of fetal heart at E14.5 (which appeared glucocorticoid resistant), Fkbp5 mRNA
674  was upregulated by dexamethasone. Even in the E17.5 heart, there was a strong trend for
675 increased Fkbp5 mRNA following dexamethasone, despite downregulation of GR and the
676 fatty acid oxidation pathway at this time. Just 6 hours after addition of dexamethasone to
677  fetal cardiomyocytes in vitro, Fkbp5 mRNA was already elevated, despite downregulation
678  of GR. Thus, Fkbp5 mRNA appears a stable readout of early GR activation whereas

679  Ppargcia mRNA correlates with Nr3c1 mRNA at any particular time. Plausibly, antentatal
680  corticosteroids may disrupt the normal maturation of energy metabolism in the human
681  fetal heart, in part by down-regulating PGC-1a. In our sheep model that closely mirrors
682  clinical practice, both NR3C1 and PPARGC1A were downregulated in fetal heart by

683  antenatal corticosteroids. Whether this is transient, and both later recover to control levels
684  merits further investigation. Nevertheless, this suggests that clinical administration of

685  antenatal corticosteroids in mid- and late gestation may interfere with normal heart

686  maturation.

687

688  The E13.5 fetal heart appears resistant to dexamethasone. The reason for this is unclear,
689  but it has implications for clinical practice. In humans, the reduction in fetal heart rate

690 variability (a clinical marker of fetal hypoxia/poor outcomes) 2 to 3 days after maternal
691  administration of glucocorticoids is greater in fetuses >30 weeks gestation than those <30
692  weeks (Mulder et al., 2009), consistent with gestation-stage dependent effects of

693  antenatal glucocorticoids. The greater sensitivity to the haemodynamic effects of

694  glucocorticoids coincides with an increase in fetal cortisol synthesis, from ~30 weeks

695  gestation (Hillman et al., 2012). In mice, adrenal steroidogenesis initiates at E14.5

696  (Michelsohn & Anderson, 1992). This raises the possibility that the fetus is glucocorticoid

697  resistant prior to the gestational increase in fetal glucocorticoid levels. Whether this is the
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698  case or not merits future investigation, given wide-spread expression of GR in the mouse
699  fetus prior to E14.5. It is interesting to note that although dexamethasone increases

700  calcium handling and contraction force in human embryonic stem cell-derived

701  cardiomyocytes (Kosmidis et al., 2015), human induced pluripotent stem cell-derived

702  cardiomyocytes (roughly corresponding to first trimester human fetal cardiomyocytes (van
703  den Berg et al., 2015)) do not respond to dexamethasone alone, possibly because they
704  lack a competence factor (Birket et al., 2015). The acquisition of competence to respond
705  to glucocorticoids as well as the auto-regulation of GR itself may therefore be

706  developmentally regulated and may differ between cell types. Understanding how this
707  contributes to the maturational effects of glucocorticoids upon fetal organs and tissues will
708  be vital to optimise antenatal corticosteroid therapy in the future, to limit possible harm
709  and maximise benefit.

710
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959

960 FIGURE LEGENDS

961  Figure 1. Dexamethasone increased basal respiration in primary fetal

962  cardiomyocytes

963  Primary fetal cardiomyocytes were prepared by digesting pooled E14.5-15.5 C57BL/6J
964 fetal hearts, then cultured for 48 hours in complete DMEM culture medium.

965  Cardiomyocytes were treated with dexamethasone (Dex, 1uM, red) or vehicle (Veh,

966  black). After 24 hours, medium was exchanged for Seahorse base medium and

967  cardiomyocyte metabolism was analyzed by extra-cellular flux assay. After 3 basal

968  measurements, glucose (10mM) was added, followed by oligomycin (Oligo, 1.5uM) and 2-
969  deoxyglucose (2DG, 100mM). Oxygen consumption rate (OCR, A) and extra-cellular
970 acidification rate (ECAR, B) were measured three times over 7.5 minutes following each
971  addition. (C) Basal OCR was calculated as the mean of the 3 basal measurements. (D)
972  ATP production was estimated as the maximum change in OCR following the addition of

973  oligomycin (oligomycin-sensitive OCR). (E) Glycolysis (2DG-sensitive ECAR) was
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974  measured as the maximum change in ECAR folllowing addition of 2DG. Representative
975  data from an experiment using cardiomyocytes pooled from tens of fetuses across 9-10
976  wells: data are mean + SD, ns=not significant, **p<0.01 *p<0.05 (t-tests) (B), or two-way
977  ANOVA followed by post hoc Sidak’s tests (A).
978
979  Figure 2. Dexamethasone increases fatty acid oxidation
980  Primary fetal cardiomyocytes, prepared by digesting pooled E14.5-15.5 C57BL/6J fetal
981  hearts, were cultured for 48 hours in complete DMEM culture medium then treated with
982  dexamethasone (Dex, 1uM, red) or vehicle (Veh, black). After 24 hours, medium was
983  exchanged for Seahorse assay medium supplemented with 5mM glucose, 1TmM pyruvate
984  and 0.5mM carnitine. Cells were treated with etomoxir (Eto, 6uM) or vehicle (Control) 15
985  minutes prior to the addition of BSA-Palmitate (100uM). After a further 15 minutes
986 incubation, cardiomyocyte metabolism was analyzed by extra-cellular flux assay. After 3
987  basal measurements, oligomycin was added (Oligo, 1.5uM) followed by carbonyl cyanide-
988  4-(trifluoromethoxy)phenylhydrazone (FCCP, 1uM) then antimycin and rotenone (AR,
989  2uM). Oxygen consumption rate (OCR, A) was measured three times over 7.5 minutes
990 following each drug addition. Non-mitochondrial respiration was estimated as the mean
991 OCR remaining after AR addition. (B) Basal respiration was estimated as the mean of the
992 3 basal OCR measurements corrected for non-mitochondrial respiration. (C) ATP
993  production was estimated as the maximum change in OCR following the addition of
994  oligomycin. (D) Maximum respiration was estimated as the maximum OCR (following
995  FCCP) corrected for non-mitochondrial respiration. (E) Leak respiration was estimated as
996 the mean oligomycin-insensitive OCR corrected for non-mitochondrial respiration.
997  Representative data are from an experiment performed on cardiomyocytes pooled from
998  several fetuses across 4-5 wells, mean + SD, ns=not significant, *p<0.05, ***p<0.001 for
999  comparisons between Veh/Dex, # p<0.05 for comparisons between control and Eto by
1000  two-way ANOVA followed by post hoc Sidak’s tests. Three samples were excluded due to
1001  atechnical failure (leakage of AR from the port during basal measurements).
1002
1003  Figure 3. GR mediates the dexamethasone-induced increase in fatty acid oxidation
1004  Primary fetal cardiomyocytes, prepared by digesting pooled E14.5-E15.5 C57BL/6J fetal
1005  hearts were cultured for 48 hours before treatment with RU486 (1uM) or vehicle (control)
1006 30 minutes prior to addition of dexamethasone (Dex, 1uM, red) or vehicle (Veh, black).
1007  After 24 hours, medium was exchanged for Seahorse assay medium supplemented with

1008  5mM glucose, 1mM pyruvate and 0.5mM carnitine. Cells were treated with etomoxir (Eto,
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1009  6uM) or vehicle (Control) 15 minutes prior to addition of BSA-Palmitate (100uM). After 15
1010  minutes incubation with BSA-Palmitate, cardiomyocytes were subjected to extra-cellular
1011  flux assay. After 3 basal measurements, oligomycin was added (Oligo, 1.5uM) followed by
1012 carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP, 1uM) and antimycin and
1013 rotenone (AR, 2uM). Oxygen consumption rate (OCR, A) was measured three times over
1014 7.5 minutes following each drug addition. Non-mitochondrial respiration was estimated as
1015  the average OCR remaining after AR addition. (B) Basal respiration was estimated as the
1016  mean of the 3 basal OCR measurements corrected for non-mitochondrial respiration. (C)
1017  ATP production was estimated as the maximum change in OCR following addition of
1018  oligomycin. (D) Maximum respiration was estimated as the maximum OCR measurement
1019  corrected for non-mitochondrial respiration. (E) Leak respiration was estimated as the
1020  average oligomycin-insensitive OCR corrected for non-mitochondrial respiration. Data are
1021  from cardiomyocytes pooled from tens of fetuses (a total of 12 wells across 3 different
1022  pools) and are mean + SD, ns=not significant, **p<0.01, ****p<0.0001 (two-way ANOVA
1023 with post hoc Sidak’s tests).

1024

1025  Figure 4. Dexamethasone increases the expression of genes involved in

1026  mitochondrial fatty acid oxidation

1027  Primary fetal cardiomyocytes, prepared by digesting pooled E14.5-E15.5 C57BL/6J fetal
1028  hearts were cultured for 48 hours before treatment with dexamethasone (Dex, 1uM, red)
1029  or vehicle (Veh, black) for 24 hours. Cardiomyocyes were lysed in TRIzol and RNA

1030 isolated for analysis by qRT-PCR relative to Tbp, used as internal control. Data are from
1031  n=4 independent pools of cardiomyocytes, prepared on different days. Data are mean =
1032  SD and were analysed by two-way ANOVA followed by post hoc Sidak’s tests; *p<0.05,
1033 **p<0.01, ***p<0.001, ****p<0.0001.

1034

1035  Figure 5. Dexamethasone does not alter mitochondrial morphology or induce

1036  mitophagy in primary fetal cardiomyocytes

1037  Primary cardiomyocytes were isolated from E14.5-E15.5 mito-QC (A, B) or C57BI/6J (C-
1038 Q) pooled fetal hearts, then cultured for 48 hours. (A, B) Cardiomyocytes were then

1039  treated with dexamethasone (Dex, 1uM), vehicle (Veh) or a mitophagy inducing agent,
1040  deferiprone (DFP, 1mM) and imaged live, 3, 8 and 45 hours later. z stacks of individual
1041  cells were obtained using a spinning disk confocal microscope (100X magnification). (A)
1042  Maximum z projection images are presented: white arrows indicate examples of puncta in

1043  magnified panels. Scale bars=10um and 5um for main and high magnification panels,
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1044  respectively. Puncta were counted manually through z stacks (B). Data are mean + SD,
1045  n=17-23 individual cells. ****p<0.0001, ns=not significant, two-way ANOVA with post hoc
1046  Sidak’s tests. (C-G) Cardiomyocytes were cultured for 48 hours then treated with

1047  dexamethasone (Dex, 1uM) or vehicle (Veh) for 24 hours. Mitochondria were labeled with
1048  MitoTracker Deep red CM and cardiomyocyte beating stopped with nefidipine (100mM). z
1049  stacks of individual cells were obtained using a spinning disk confocal microscope (100X
1050  magnification). Mitochondrial morphology was assessed using MitoGraph software (23,
1051  24) and 3D renderings are shown for vehicle (C) and dexamethasone (D) treated

1052  cardiomyocytes. Parameters included (E) length, (F) width and (G) total volume. Data are
1053  mean x SD, n=17-40 individual cells. ns=not significant (t-tests).

1054

1055  Figure 6. Dexamethasone regulates cardiac mitochondrial fatty acid oxidation in
1056  perinatal mice /in vivo

1057  Pregnant C57BI/6J dams were injected (i.p.) with 0.5mg/kg dexamethasone or vehicle at
1058 E13.5 (A) or E16.5 (B). C57BI/6J neonates (C) were injected on P1 with dexamethasone
1059  (0.5mg/kg) or vehicle. After 24 hours hearts were excised and analysed by gRT-PCR for
1060  genes involved in fatty acid oxidation. Data are from n=8-10 individual animals from at
1061 least 5 litters/group. Data are mean + SD and were analysed by two-way ANOVA followed
1062 by post hoc Sidak’s tests; *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

1063

1064  Figure 7. Cardiac GR and PGC-1a expression are reduced following treatment with
1065 antenatal corticosteroids in a sheep model of pre-term birth

1066  Lambs were delivered preterm at 122+1 days (term being ~147 days), 48 hours after
1067 initiating a course of celestone (Cel: 2 doses, 24 hours apart) or 24 hours after a single
1068  dose of betamethasone acetate (BmA). (A, B) mRNA encoding GR (NR3C71) and (C, D)
1069  PGC-1a (PPARGC1A) were measured by gPCR in the left ventricle (LV) and right

1070  ventricle (RV). Data are mean + SD, ns=not significant, *p<0.05, **p<0.01, analysed by
1071  one way ANOVA with post hoc Tukey’s tests. For RV: Veh n=10, BmA n=10, Cel n=9. For
1072  LV:Veh n=11, BmA n=10, Cel n=9.

1073
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