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Key points summary 23 

 The placenta regulates the supply of fatty acids and other nutrients from mother to fetus, 24 

a process that is disturbed in gestational diabetes. 25 

 As myo-inositol is being investigated as an intervention to prevent gestational diabetes, 26 

we examined the effects of increasing myo-inositol concentrations on the processing of 27 

labelled fatty acids in small pieces of human placenta collected immediately after 28 

uneventful pregnancies. 29 

 Myo-inositol’s effect on fatty-acid incorporation into placental lipids depended on the 30 

type of fatty acid, with palmitic acid, oleic acid and docosahexaenoic acid (saturated, 31 

mono-unsaturated and polyunsaturated fatty acids, respectively) showing different 32 

changes.   33 

 All lipids containing the same labelled-fatty-acid showed similar responses to myo-34 

inositol, indicating that myo-inositol affects the early stages of fatty-acid processing. 35 

 The degree of placental responsiveness to myo-inositol in vitro correlated with maternal 36 

BMI and glucose levels during pregnancy, suggesting that maternal metabolic 37 

characteristics may influence placental responses to myo-inositol. 38 

 39 

  40 
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Abstract 41 

Myo-inositol has been proposed for prevention of gestational diabetes, a condition where 42 

placental lipid-processing is disrupted. We investigated in-vitro the effect of myo-inositol on 43 

fatty-acid (FA) processing in human term placentas from seven uncomplicated singleton 44 

pregnancies, with normal mid-gestation oral glucose tolerance tests. Placental explants were 45 

incubated with 13C-labelled palmitic-acid (PA), 13C-oleic-acid (OA) and 13C-docosahexaenoic-46 

acid (DHA) (saturated, mono-unsaturated and polyunsaturated respectively) across a range of 47 

myo-inositol concentrations for 24h and 48h. The incorporation of labelled-FA into 48 

phosphatidylcholines (PC), triacylglycerols (TAG), phosphatidylethanolamines (PE) and 49 

lysophosphatidylcholines (LPC) was quantified by liquid-chromatography tandem mass-50 

spectrometry. At 24h, myo-inositol addition increased the amounts of 13C-PA and 13C-OA 51 

labelled lipids relative to controls. Effects (p<0.05, vs control=1) were seen with 30 µM myo-52 

inositol (physiological dose) for 13C-PA-LPC (median fold-change: 1.26, IQR: 1.07-1.38) and 53 

13C-PA-PE (1.17, 1.03-1.62). At 48h, myo-inositol addition increased the amount of 13C-OA 54 

labelled lipids but decreased 13C-PA and 13C-DHA labelled lipids. Effects were seen for 13C-55 

OA-PC (1.25, 1.02-1.75), 13C-OA-PE (1.37, 1.16-1.52) and 13C-OA-TAG (1.32, 1.21-1.75) 56 

with 30 µM myo-inositol and 13C-DHA-TAG (0.78, 0.72-0.86) with 100 µM myo-inositol. All 57 

lipids labelled with the same 13C-FA showed similar responses to myo-inositol, suggesting that 58 

myo-inositol affects upstream processes such as FA uptake or activation. Lipid incorporation 59 

and myo-inositol responsivity of 13C-PA correlated with maternal fasting glycaemia and first 60 

trimester BMI but in opposite directions, whilst those of  13C-OA correlated with maternal post-61 

load glycaemia. Our results suggest that myo-inositol effects on placental lipid processing is 62 

fatty-acid dependent and could be influenced by antenatal maternal factors.   63 
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Introduction 64 

The naturally-occurring carbohydrate myo-inositol is the most abundant isomeric form of 65 

inositol and is present in all living cells (Noventa et al., 2016). It is endogenously synthesised 66 

by the kidney, and is also ingested in food (Noventa et al., 2016). Perturbations in myo-inositol 67 

synthesis, metabolism and excretion have been associated with the insulin-resistant conditions 68 

of polycystic ovary syndrome (PCOS), diabetes mellitus and metabolic syndrome (Croze & 69 

Soulage, 2013; Heimark et al., 2014), and with pregnancy disorders such as gestational diabetes 70 

(GDM) (Crawford et al., 2015; D’Anna & Santamaria, 2018), pre-eclampsia (D’Oria et al., 71 

2017), intrauterine growth restriction (Dessì & Fanos, 2013), and fetal neural tube defects 72 

(Groenen et al., 2003; Copp & Greene, 2010). However, the extent and the focus of the myo-73 

inositol-related pathophysiological events in these conditions are unclear (Tabrizi et al., 2018; 74 

Xu & Ye, 2018).  75 

Inositols are the building blocks for a wide range of phosphatidylinositol lipids, inositol 76 

phosphate derivatives and inositol-phosphate glycans (IPG). These compounds act as 77 

signalling molecules and participate in regulating membrane fluidity, trafficking and transport, 78 

organelle function, intracellular compartmentalisation and enzyme activity (Balla, 2013). 79 

Many inositol derivatives act as insulin-mimetics or interact with insulin and insulin-like 80 

growth factor (IGF) second messenger pathways and therefore  modulate glucose and lipid 81 

metabolism (Müller et al., 1998; Larner et al., 2010; Hansen, 2015). It can be expected that 82 

any disruption in the bioavailability of inositols and inositol-derived signalling compounds 83 

could have far reaching and pathological consequences. 84 

In non-pregnant animal studies, myo-inositol deficiency increases lipid mobilisation from 85 

adipose tissue and increase hepatic lipid accumulation (Hayashi et al., 1978). Myo-inositol 86 
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treatment during pregnancy reduced intra-abdominal adiposity in women (Croze & Soulage, 87 

2013), and reduced gonadal and perirenal adiposity in mice (Plows et al., 2017). 88 

The placenta plays a central role in the generation of GDM pathology, in part through the 89 

release of pro-diabetic biological signals (Jayabalan et al., 2017). Furthermore, the placenta 90 

regulates transplacental lipid transfer from the mother to the fetus, and placental lipid uptake 91 

and metabolism are known to be disrupted in GDM (Uhl et al., 2015; Gallo et al., 2017). This 92 

has been postulated to contribute to dysregulated fetal growth and development (Philipps et al., 93 

2011; Larqué et al., 2014; Herrera & Ortega-Senovilla, 2018). 94 

Myo-inositol supplementation for GDM prevention is being trialled (Godfrey et al., 2017; 95 

Santamaria et al., 2018; Xu & Ye, 2018) and, if demonstrated to be effective, widespread 96 

supplementation would invariably involve exposure of uncomplicated pregnancies to 97 

additional exogenous myo-inositol. Thus, its impact needs to be understood, not only in the 98 

diseased state, but also in normal pregnancies. Given the critical role of the placenta in 99 

regulating the physiology of both the mother and fetus, there is a need to understand the effects 100 

of myo-inositol on placental lipid biology and this, to our knowledge, has never been explored. 101 

Our overarching hypothesis is that myo-inositol plays a physiological role in the regulation of 102 

placental FA uptake and lipid metabolism, and that both deficient and excessive myo-inositol 103 

states could impact placental lipid metabolism with consequences for fetal development. In this 104 

study we sought to address the specific hypothesis that myo-inositol treatment alters the 105 

processing of fatty acids in normal human term placenta. 106 

We have previously reported that human term placental explants incubated with stable isotope 107 

labelled palmitic acid (PA; saturated FA), oleic acid (OA; monounsaturated FA), or 108 

docosahexaenoic acid (DHA; long-chain polyunsaturated FA (LC-PUFA)) took up and 109 

incorporated the labelled FAs into phosphatidylcholines (PC), triacylglycerols (TAG), 110 
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phosphatidylethanolamines (PE) and lysophosphatidylcholines (LPC) in a FA-specific manner 111 

(Watkins et al., 2019). Here, we aimed to use this placental explant model to investigate 112 

changes in the amounts of stable-isotope labelled lipids with exposure to three myo-inositol 113 

concentrations consistent with deficient, physiologically-normal or supra-physiological states. 114 

For hypothesis generation, we also explored the potential persistent influence of maternal first 115 

trimester body mass index (BMI) and antenatal glucose regulation on the myo-inositol 116 

responsivity of placental explants, as well as the potential association between myo-inositol 117 

responsivity and fetal size. 118 

Methods 119 

Ethical Approval 120 

Women were recruited from the National University Hospital, Singapore with informed written 121 

consent. Ethical approval was obtained from the National Healthcare Group Domain Specific 122 

Review Board (2016/00183). 123 

Placental Tissue Collection 124 

Seven placentas from uncomplicated singleton pregnancies, delivered by elective cesarean 125 

section at term (mean ± SD: 38 weeks and 2 days’ gestation ± 5 days) were obtained. All 126 

mothers (aged 34 ± 6 years; maternal first trimester BMI 27 ± 6 kg/m2) were non-smokers with 127 

normal glucose tolerance at mid-gestation as assessed by a three time-point 75 g oral glucose 128 

tolerance test (OGTT) using WHO 2013 criteria (mean fasting plasma glucose: 4.3 ± 0.3 129 

mmol/L, 1 h post-load plasma glucose: 7.3 ± 1.3 mmol/L, 2 h post-load plasma glucose: 6.2 ± 130 

1.0 mmol/L). There were four male and three female babies who were all appropriately grown 131 

for gestational age based on customized birth weight centiles (for maternal age, ethnicity, BMI, 132 

parity and fetal sex) (Gardosi et al., 2018), with a group mean of 55% (± 35). 133 
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 134 

Placental tissue culture 135 

Placental explant culture was completed as previously described (Watkins et al., 2019) but with 136 

the addition of 0, 30 or 100 µM myo-inositol (Sigma, >99% pure, Saint Louis, MO) 137 

representing a myo-inositol deficient, physiological or supra-physiological environments 138 

(Brusati et al., 2005). Myo-inositol was added to basal serum-free CMRL media (GIBCO 139 

1066-L Glutamine, Thermofisher, New York, USA) containing 12 µM of myo-inositol and 5 140 

mM glucose. Fresh placental explants (approximately 3 mm x 3 mm x 3 mm of villous placental 141 

tissue) were cultured for 24 h in CMRL media containing 1.5% BSA (HI Clone fraction V, 142 

Culture grade, pH 7.00 lyophilized powder, GE Life Sciences, South Logan, Utah), with the 143 

addition of 0, 30 or 100 µM myo-inositol. The normal physiological circulating concentration 144 

of maternal myo-inositol is 30-50 µM (Brusati et al., 2005). After 24 h the media was replaced 145 

with fresh media containing the same myo-inositol concentration and either no FA or 13C16-146 

palmitic acid (13C-PA; 99 atom % 13C, 99% CP; Sigma-Aldrich, 300 µM), 13C18-oleic acid 147 

(13C-OA; 99 atom % 13C, 99% CP, Sigma-Aldrich, 300 µM) or 13C22-docosahexaenoic acid 148 

(13C-DHA; 99 atom % 13C, 99% CP, Cambridge isotope laboratories, 100 µM). Explants 149 

cultured in 12 well plates were incubated in 2 ml of media at 37 °C in a humidified atmosphere 150 

of 5% CO2/air.  151 

Explants and the corresponding conditioned media were harvested at 24 h and 48 h after FA 152 

addition. DHA was only tested at 48 h. Harvested explants were washed with PBS and 153 

particulate matter removed from the supernatant by centrifugation before being stored at -80°C. 154 

Experiments were performed in triplicate for each placenta. To confirm the specificity of myo-155 

inositol effects, explant culture with additional 30 µM myo-inositol was also performed (n=2) 156 

in the presence of 1 mM phlorizin (Cayman chemical company, MO, USA), a competitive 157 

inhibitor of myo-inositol binding sites in membrane transporters and enzymes (Segal et al., 158 
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1984; Novak et al., 1999; Van Steenbergen et al., 2017). We found that lactate dehydrogenase 159 

(LDH) and human chorionic gonadotropin (HCG) levels were similar with 0, 30 and 100 µM 160 

myo-inositol at each time point suggesting that myo-inositol did not effect explant viability 161 

(Figure 1). Our previous work showed that explant viability was also not significantly affected 162 

by the addition of stable isotope labelled FA (Watkins et al., 2019).  163 

Lipid quantification 164 

Lipid extraction and analysis was completed as we have previously described (Watkins et al., 165 

2019). Briefly, placental explants were freeze dried and weighed, then lysed using an Omni 166 

bead Rupter homogeniser followed by lipid extraction using a modified Bligh and Dyer method 167 

(Bligh & Dyer, 1959). Lysate (100 μl) or conditioned media (50 μl) were extracted with 168 

chloroform and methanol (1:2, 450 µl, containing internal standards (Watkins et al., 2019)). 169 

Water (300 μl) was added and the samples vortexed then centrifuged. The chloroform layer 170 

was collected and the aqueous layer re-extracted with chloroform (500 μl). Chloroform layers 171 

were combined, dried, dissolved in 200 μl 90% IPA, 5% chloroform, 5% methanol then stored 172 

at -80 °C until use. Triplicates were extracted as separate samples.  173 

Analysis of lipids incorporating one or more 13C16-PA, 13C18-OA or 13C22-DHA was performed 174 

on the Agilent 6490 triple quadrupole (QQQ)-liquid chromatography-mass spectrometry (LC-175 

MS) instrument using reverse phase chromatographic separation and mass spectrometry with 176 

a targeted dynamic multiple reaction monitoring method (Watkins et al., 2019). 177 

Data processing and statistical analyses 178 

Data was processed using Mass Hunter quantitative analysis and Excel. Metabolites were 179 

quantified by integration, followed by normalisation against internal standards (Watkins et al., 180 

2019). Lipid amount is expressed as a function of dried placental weight (µmol/g). This data 181 

was used to calculate the equivalent lipid amount that would be expected in a normalised 182 
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standard well system containing 30 mg dry weight explant and 2 ml media. Molar amount 13C-183 

lipid by class is the sum of the molar amounts for all quantified individual 13C-lipids in class. 184 

Triplicate data was averaged to give a mean result for each placenta, which was then used for 185 

subsequent analysis. The effects of myo-inositol were expressed relative to controls (with no 186 

additional myo-inositol) whose mean lipid amount was assigned an arbitrary value of 1 for 187 

each lipid from each placenta. Myo-inositol response (i.e. fold change) was calculated as 188 

amount of labelled lipid in explants exposed to additional myo-inositol divided by amount of 189 

labelled lipid in control explants. 190 

Non-parametric Wilcoxon signed rank tests were used to test whether (i) the addition of myo-191 

inositol (30 or 100 µM) changed the amount of labelled lipid in placental explants at either 24 192 

or 48 h, for any lipid class; i.e. whether the myo-inositol response was significantly different 193 

to 1; (ii) the myo-inositol response at 24 h was significantly different to the myo-inositol at 48 194 

h, for any lipid class, with 30 or 100 µM myo-inositol. Multiple comparisons were accounted 195 

for using false discovery rate (FDR) adjusted P values (MetaboAnalyst 3.0 (Xia et al., 2015)). 196 

The non-parametric Friedman test followed by the Dunn’s post-hoc test (Graph Pad Prism 7.00) 197 

were used to determine whether any lipid class showed a significantly different MI response to 198 

any other lipid class at each time and for each myo-inositol concentration. Correlations were 199 

measured using the non-parametric Spearman method (Graph Pad Prism 7.00). Statistical 200 

significance was taken as p<0.05. 201 

Results 202 

Placental explants incubated with myo-inositol and stable isotope labelled 13C-PA or 13C-OA 203 

demonstrated incorporation of labelled FAs into LPCs, PCs, PEs and TAGs at 24 h and 48 h. 204 

13C-DHA incorporation was only reliably quantifiable in TAGs and was only tested at 48 h. 205 

Labelled LPCs were the only class of labelled lipids detectable by our LCMS method in the 206 

conditioned media after incubation with placental explants (Watkins et al., 2019). 207 
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Myo-inositol responses in placental explants and conditioned media  208 

Figures 2 and 3 show the effects of 30 µM and 100 µM additional myo-inositol on the net 209 

incorporation of labelled FA into placental LPCs, PCs, PEs and TAGs in placental explants 210 

and conditioned media. This myo-inositol response is expressed as the relative amounts of 211 

labelled lipids in the treated experiment compared with controls (i.e. Molar Amount of 13C-212 

lipid with 30 or 100 µM myo-inositol / Molar Amount of 13C-lipid with 0 µM myo-inositol).  213 

Individual lipid species in the same class demonstrated similar myo-inositol responses (Figure 214 

2), so the amounts for all quantified individual 13C-lipids in a given lipid class were summed 215 

in subsequent analysis (Figure 3). Lipid class data showed that the direction and magnitude of 216 

myo-inositol response was also similar across lipid classes (i.e. between TAGs, PCs, PEs and 217 

LPCs) for each labelled FA when tested at the same time point (Figures 3A, 3C).   218 

In placental explants at 24 h, myo-inositol addition increased the amounts of labelled lipids 219 

compared to controls, with a similar effect seen for 13C-PA and 13C-OA labelled lipids. Myo-220 

inositol response (median [inter-quartile range 25th - 75th percentile]) in explants treated with 221 

30 µM myo-inositol was significantly different (p<0.05) to the 0 µM myo-inositol control 222 

(assigned value of 1) for 13C-PA-LPC (1.26 [1.07-1.38]) and 13C-PA-PE (1.17 [1.03-1.62]) 223 

(Figure 3A). DHA was not tested at 24 h. 224 

At 48 h, myo-inositol addition increased the amount of 13C-OA labelled lipids compared to 225 

controls. Myo-inositol response in explants treated with 30 µM myo-inositol was significantly 226 

different to the 0 µM myo-inositol control (assigned value of 1) for 13C-OA-PC (1.25 [1.02-227 

1.75]), 13C-OA-PE (1.37 [1.16-1.52]) and 13C-OA-TAG (1.32 [1.21-1.75]) (Figure 3A). 228 

Treatment with a higher dose of 100 µM myo-inositol showed the same effect as treatment 229 

with 30 µM myo-inositol but the effect was not significant compared to the control (Figure 3C).  230 
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At 48 h, myo-inositol addition resulted in an overall decrease in the amount of 13C-PA-labelled 231 

lipids compared with controls but the effect was not significant. However, the difference 232 

between the myo-inositol response for 13C-PA compared with that for 13C-OA were statistically 233 

significant for every lipid class (Figure 3A). At 48 h, 100 µM myo-inositol also significantly 234 

decreased the amount of 13C-DHA-TAG (0.78 [0.72-0.86]) compared with 0 µM myo-inositol 235 

control (Figure 3C). The 13C-DHA response was also significantly different to that for 13C-OA 236 

(p<0.05). It is to be noted that these decreases represent decreases with respect to the control 237 

with no added MI. The absolute amount of labelled lipid is not lower at 48 h than 24 h (Watkins 238 

et al., 2019).  239 

When comparing the difference in myo-inositol response between 24 h and 48 h, only 13C-PA 240 

showed divergent effects of an increase at 24 h but a decrease at 48 h for all four lipid classes. 241 

Differences in amount were significant for 13C-PA-PE (24 h: 1.17 [1.03-1.62] vs 48 h: 0.75 242 

[0.57-0.99]) and 13C-PA-TAG (24 h: 1.05 [0.84-1.80] vs 48h: 0.73 [0.58-1.14]) with the 243 

addition of 30 µM myo-inositol (Figure 3A). For 13C-OA there was no further significant 244 

increase in labelled lipids from 24 h to 48 h compared to controls. 245 

Labelled LPC levels were highly variable in conditioned media and no statistically significant 246 

effects in labelled LPC levels in conditioned media were observed between myo-inositol 247 

treatment groups or FA-type (Figures 3B and 3D).  248 

To demonstrate that the changes seen in the amount of labelled lipid were a specific effect of 249 

myo-inositol, placental explants treated with the physiological dose of myo-inositol (additional 250 

30 µM) were cultured in the presence and absence of the myo-inositol competitive inhibitor, 251 

phlorizin. The presence of phlorizin suppressed the 48 h MI-induced increases in all three of 252 

the significantly altered 13C-OA labelled lipid classes relative to control (Figure 4B). 253 
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Maternal and fetal characteristics associated with amount of labelled lipid and MI 254 

responsivity 255 

Myo-inositol response data for 13C-OA was suggestive of a sex difference with placentas of 256 

female fetuses demonstrating a trend of greater myo-inositol responsivity for 13C-OA 257 

incorporation for all four lipid classes, than placentas from male fetuses, most prominently at 258 

48 h (Figure 4A). This is consistent with general reports that the placenta is a sexually 259 

dimorphic organ (Bale, 2016; Auriccio et al., 2017). Sex differences in myo-inositol 260 

responsivity for 13C-PA and 13C-DHA were not apparent with this small sample size. 261 

For hypothesis generation purposes, we investigated if the preceding antenatal characteristics 262 

of first trimester maternal BMI and mid-gestation maternal glucose tolerance, reflected by the 263 

fasting glucose concentration and post-load glucose concentrations at 1 h and 2 h of an OGTT, 264 

could leave a placental “imprint” that persists into the time of in vitro culture post-delivery to 265 

influence placental lipids. We also explored whether differences in placental MI responses 266 

could be associated with fetal size, by examining the relationship between placental labelled 267 

lipids and customized birthweight percentile. 268 

We first examined the correlations between these characteristics and absolute molar amount of 269 

labelled lipid at the physiological myoinositol concentration (additional 30 µM).  In general, 270 

LPC, PC and PEs labelled with 13C-PA and 13C-OA positively correlated with maternal first 271 

trimester BMI, but negatively correlated with antenatal fasting glucose concentrations as 272 

assessed at mid-gestation. Meanwhile TAGs labelled with 13C-PA and 13C-OA positively 273 

correlated with antenatal 2 h glucose values and birthweight percentiles (Figure 5). Next we 274 

investigated the correlation between these factors and lipid class myo-inositol responsivity 275 

(ratio of amount with added myo-inositol / amount with no added myo-inositol). Correlations 276 

were derived only for conditions in which a significant myo-inositol response was observed 277 
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(24 h 30 µM myo-inositol for 13C-PA lipids and 48 h 30 µM myo-inositol for 13C-OA lipids). 278 

Myo-inositol response for 13C-PA-LPC increased with fasting glucose (Rho 0.9, p<0.01, Figure 279 

5A) in contrast to the negative correlation with the amount of placental 13C-PA-LPC (Rho -0.9, 280 

p<0.01, Figure 6A). In comparison, the higher the maternal BMI, the lower the myo-inositol 281 

response for 13C-PA-PC (Rho -0.89, p=0.01, Figure 6B) even though the amount of 13C-PA-282 

PC was positively associated with BMI. For 13C-OA at 48 h, the higher the post-load glycaemia 283 

at 1 h and 2 h, the greater the 48 h myo-inositol response for 13C-OA-PE synthesis (Rho 0.77, 284 

p=0.05 and Rho 0.86, p=0.02 respectively, Figure 6D) and the higher the absolute amounts of 285 

placental 13C-OA-TAG (Rho 0.77, p=0.05 and Rho 0.93, p=0.007 respectively, Figure 6C). 286 

Birthweight percentile was positively correlated with both the absolute amount of 13C-PA-TAG 287 

with 30 µM myo-inositol at 24 h (Rho 0.79, p=0.048, Figure 6E) and myo-inositol response 288 

for 13C-OA-TAG (Rho 0.79, p=0.048, Figure 6F). These findings suggest that placental TAG 289 

metabolism could be a factor associated with fetal growth. No significant correlations were 290 

observed for 13C-DHA labelled lipids with any of the maternal or fetal characteristics. 291 

Discussion 292 

This study has demonstrated for the first time that myo-inositol affects the metabolism of 13C-293 

labelled PA, OA and DHA, in human term placental explants from uncomplicated pregnancies. 294 

At each time point, all measured lipids incorporating the same labelled FA showed a similar 295 

response to myo-inositol treatment; with myo-inositol initially increasing then decreasing the 296 

incorporation of the saturated palmitic acid into placental lipids over 48 hours, but continued 297 

increasing incorporation of the mono-unsaturated oleic acid and decreasing incorporation of 298 

the long-chained polyunsaturated docosahexaenoic acid compared to controls. This indicates 299 

that myo-inositol does not specifically act on biological pathways affecting the synthesis of 300 

any one lipid or lipid class. It instead suggests that myo-inositol affects common upstream 301 
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processes such as FA transport into the placenta, or the activation of FAs that initiates the 302 

incorporation of FA into lipids.  303 

The effect of myo-inositol did differ between the type of FA and over time. This suggests that 304 

several different FA-selective biological processes are affected by myo-inositol. The rate 305 

limiting step for each time and for each FA would depend on the placental capacity and speed 306 

of each process and whether these processes were close to equilibrium. We speculate that FA 307 

transport processes facilitating cellular entry should exert the greatest effect soon after FA 308 

addition to culture media and have less influence later. Synthetic and catabolic processes, in 309 

contrast, would exert a greater effect later. A balance of all these different processes would be 310 

reflected by the net incorporation represented by the absolute amount of labelled lipids 311 

quantified. 312 

Myo-inositol most likely impacts lipid transport and metabolism though the effects of MI-313 

derived signalling molecules such as phosphoinositides, phosphatidylinositol phosphates or 314 

inositol phosphoglycans, which are known to regulate lipid metabolism in various tissues 315 

(Varela-Nieto et al., 1996; Larner et al., 2010; Hansen, 2015).  Myo-inositol may affect 316 

enzymes that catalyse the initial steps of lipid synthesis such as the Acyl-CoA long chain 317 

synthetases (ACSL, ACSVL), which are important for facilitating placental FA uptake (Tobin 318 

et al., 2009; Araújo et al., 2013), or the glycerol phosphate acyl transferases (GPAT) (Kennedy, 319 

1961; Wendel et al., 2009). Alternatively myo-inositol could affect enzymes that regulate 320 

whether FA acyl-CoAs get directed into lipid synthesis or FA catabolism such as carnitine 321 

palmitoyltransferase-1 (CPT, increases catabolism) (Wolf, 1992; Keung et al., 2013) and 322 

acetyl-CoA carboxylase (ACC, decreases catabolism) (Wendel et al., 2009). Whether 323 

alterations in the activities of these enzymes occur in our explant model with myo-inositol 324 

treatment remains to be determined, but there is some literature evidence consistent with our 325 
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hypothesis that these enzymes are likely candidates (Hayashi et al., 1976; Kunjara et al., 1999; 326 

Hammond et al., 2002; Araújo et al., 2013).  327 

The activities of GPAT and ACC are influenced by inositol-derived inositol phosphoglycans 328 

(Huang et al., 1993; Farese et al., 1994; Kunjara et al., 1999). Furthermore, myo-inositol 329 

deficiency in yeasts increased ACC activity resulting in an accumulation of lipids containing 330 

unsaturated FAs (Hayashi et al., 1976), an effect reversed by myo-inositol treatment. 331 

Intriguingly, phospholipids from Gpat1−/− mice contain less PA and DHA, and more OA, than 332 

lipids from control mice (Hammond et al., 2002); a pattern that matches our data at 48 h. 333 

Furthermore different isoforms of these enzymes are known to display different FA selectivity 334 

and could be differentially regulated by myo-inositol (Hammond et al., 2002; Watkins, 2008; 335 

Wendel et al., 2009; Yan et al., 2015).  336 

The literature also suggests that these enzymes are effected by glycemia which may explain 337 

why placental myo-inositol response was associated with maternal glycemia. For example, 338 

ACSL in human trophoblasts and CPT in placental explants are decreased by GDM (Araújo et 339 

al., 2013; Visiedo et al., 2013) and when exposed to high glucose in vitro (Visiedo et al., 2013). 340 

Furthermore, ACC (Abu-Elheiga et al., 2003; Kreuz et al., 2009; Xu et al., 2014; Harriman et 341 

al., 2016), CPT (Wolf, 1992; Keung et al., 2013) and GPAT (Bates & Saggerson, 1977; Bates 342 

et al., 1977; Farese et al., 1994) are affected by glucose, insulin resistance and diabetes in other 343 

organs. 344 

Correlations of myo-inositol response with maternal and fetal characteristics 345 

Maternal obesity and hyperglycemia have been associated with dysregulated placental lipid 346 

metabolism (Uhl et al., 2015; Gallo et al., 2017; Delhaes et al., 2018). In our present study, the 347 

participants had a range of BMI but none were morbidly obese (BMI>40 kg/m2) and none had 348 

gestational diabetes. Even within the relatively narrow range of maternal glycaemia, and the 349 
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small sample size, correlations with placental explant incorporation of labelled FA and myo-350 

inositol responsivity were already evident. This strongly suggests that these maternal 351 

characteristics antenatally leave a lasting influence on the placenta that persists into in vitro 352 

culture, consistent with previous reports (Araújo et al., 2013; Visiedo et al., 2015).  353 

At 24 h higher maternal fasting glycaemia was associated with a lower absolute amount of 354 

freshly synthesised placental 13C-PA-lipid; this contrasted with the increase in 13C-PA-lipid 355 

amount following placental myo-inositol treatment in vitro (reflected by an increasing myo-356 

inositol response). Furthermore, the magnitude of increase in 13C-PA incorporation induced by 357 

myo-inositol treatment was larger for placenta from pregnancies of higher fasting maternal 358 

glycemia. This suggests that myo-inositol supplementation antenatally to promote placental 359 

myo-inositol exposure could potentially promote compensatory mechanisms to combat some 360 

of the glycaemia-induced disruptions in placental lipid processing. However, myo-inositol 361 

decreased 13C-PA lipid incorporation at 48 h suggesting that potential compensatory 362 

mechanisms may be transient, contrasting and complicated, involving multiple biological 363 

pathways. 364 

With respect to 13C-OA incorporation at 48 h, myo-inositol response was also higher in those 365 

with higher levels of maternal glycaemia, but only with higher 1 h and 2 h post-load glycaemia 366 

rather than fasting glycaemia. This further emphasizes the potential differences in the 367 

regulation of PA and OA metabolism in human placenta.  368 

Interestingly, the maternal glycaemia associated changes in the placental 13C-PA-lipid amount 369 

and myo-inositol response are opposite to those associated with maternal BMI, suggesting that 370 

maternal glycaemia and BMI impact on placental lipid pathways differently, even though both 371 

characteristics are associated with increasing fetal adiposity and size. This may in part explain 372 

differences between clinical trials on the effects of myo-inositol supplementation on 373 
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birthweight. Three small Italian trials had previously shown that myo-inositol supplementation 374 

reduced the GDM rate in at risk women (D’Anna & Santamaria, 2018); while a reduction in 375 

birthweight and fetal abdominal circumferences was found in the two studies that recruited 376 

women with clear dysglycemic risk (a borderline fasting glucose at booking or family history 377 

of diabetes) (D’Anna et al., 2013; Matarrelli et al., 2013), no birthweight reduction was found 378 

in the one conducted in women with a raised BMI (D’anna et al., 2012).  379 

The link between FA-incorporation into TAGs and the myo-inositol effect on this process, with 380 

maternal glycaemia and fetal size is intriguing, because placental lipid metabolism is thought 381 

to regulate fetal size (Haggarty, 2002; Jansson et al., 2006; Lager & Powell, 2012). Other 382 

studies have reported that placental TAGs are increased by hyperglycaemia which in turn 383 

promotes fetal macrosomia (Tewari et al., 2011; Visiedo et al., 2013; Visiedo et al., 2015). We 384 

previously suggested that placental TAGs act as an accessible FA reserve for transfer to the 385 

fetus (Watkins et al., 2019) and hypothesised that fetal size may be partly regulated by how 386 

much FA is found in accessible placental lipid reserves such as TAGs compared with other less 387 

accessible reserves such as PCs. Our data therefore suggests that myo-inositol may have the 388 

potential to alter placental lipid metabolism to influence fetal growth. However, this study is 389 

relatively small and larger studies will be needed to confirm the implications of multiple 390 

maternal and fetal characteristics with adjustment for confounding factors.  391 

DHA is important for fetal development, particularly the brain (Yessoufou et al., 2015). The 392 

reduction in DHA incorporation into TAGs induced by myo-inositol could result from 393 

decreased DHA uptake or from altered DHA metabolism. This could be problematic if myo-394 

inositol is to be used in GDM management, since this could potentially exacerbate the already 395 

reduced placental DHA uptake in this condition (Gallo et al., 2017; Djelmis et al., 2018). On 396 

the other hand, a reduction in DHA incorporation into TAGs may also leave more non-397 

esterified DHA available for fetal transfer. Unfortunately, our placental explant method cannot 398 
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examine transplacental FA transfers between the maternal and fetal compartments. Placental 399 

explants also comprise many different cell types and can only indicate the composite response 400 

of the entire tissue. Other complementary methods such as placental perfusion or in-vivo 401 

studies will therefore be necessary to to further investigate the effects of MI (Perazzolo et al., 402 

2016). 403 

Conclusion 404 

This study shows that myo-inositol induces FA-specific effects on upstream placental lipid 405 

processes such as FA uptake or activation. Myo-inositol supplementation may have the 406 

potential to alter normal placental lipid physiology across a wide range of lipid classes even in 407 

uncomplicated pregnancies, with as yet unknown clinical consequences. The magnitude of the 408 

myo-inositol effect appears to be associated with maternal glycaemia, BMI and fetal 409 

birthweight indicating that the placental lipid processing effects of myo-inositol 410 

supplementation in pregnancy will likely depend on the population, since placental metabolism 411 

is regulated by the maternal metabolic environment. 412 

 413 
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Figure legends 740 

Figure 1. Lactate dehydrogenase (LDH; A) and human chorionic gonadotropin (HCG; B) 741 

levels in conditioned media were not changed by the addition of 30 or 100 µM myo-742 

inositol. Levels of LDH and HCG in media were measured after initial 24 h of placental explant 743 

culture and at 24 and 48 h after media change. Boxes show median and the interquartile range, 744 

whiskers show 5th-95th percentile. LDH was measured using a Roche Cytoxicity detection 745 

kitPLUS (04744934001; Manheim, Germany) and HCG using a DRG HCG ELISA kit (EIA 746 

1469; Marburg, Germany) following the manufacturers’ protocol (n=6 placenta). Media from 747 

well-triplicates were combined and measured in duplicate. Media + 1.5 % BSA was used to 748 

quantify background. Data was normalized such that each assay well contained the equivalent 749 

of 30 mg dry placental explant weight and 2 ml of media.  Data was normally distributed 750 

(Shapiro-Wilk normality test) so data was analyzed by Repeated Measures two-way ANOVA 751 

with multiple comparisons tests using the two-stage linear step-up procedure of Benjamini, 752 

Krieger and Yekutieli (Graph Pad Prism 7). No significant differences were caused by the 753 

addition of myoinositol.  754 

Figure 2. Heat map (median) showing the effect of myo-inositol on the net fatty acid 755 

incorporation into individual placental lipids, 24 h and 48 h after the addition of stable 756 

isotope labelled fatty acids. Effects were assessed by quantifying the amount of stable isotope 757 

labelled lipids in placental explants with myo-inositol treatment (30 µM, n=7; 100 µM, n=6) 758 

relative to the respective controls (no added myo-inositol).  Increased lipids are shown in red 759 

while decreased lipids are shown in blue. Myo-inositol response = Amount of 13C-lipid with 760 

additional myo-inositol / Amount of 13C-lipid with 0 µM additional myo-inositol. MI: Myo-761 

inositol, PA: Palmitic acid, OA: Oleic acid, DHA: Docosahexaenoic acid, PC: 762 

phosphatidylcholine, LPC: lyso-phosphatidylcholine, PE: phosphatidylethanolamine, TAG: 763 

triacylglycerol. 764 
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Figure 3. Effect of myo-inositol on the net fatty acid incorporation into placental explant 765 

lipids by class, 24 h and 48 h after addition of stable isotope labelled fatty acids. Effects 766 

were assessed by quantifying the amount of stable isotope labelled lipids in placental explants 767 

(A, C) with myo-inositol treatment (A, B: 30 µM, n=7 or C, D: 100 µM, n=6) and conditioned 768 

media (i.e. media incubated with placental explants, B, D), expressed relative to the respective 769 

controls (no added MI). Myo-inositol response (median with 25th and 75th percentiles) = 770 

Amount of 13C-lipid in each lipid class with additional myo-inositol / Amount of 13C-lipid in 771 

each lipid class with 0 µM additional myo-inositol. Statistical significance * by Wilcoxon 772 

Signed-Rank Test if the FDR adjusted P < 0.05 compared with control (dashed line = 1) or 773 

between different time points (indicated by * above brackets). Letters indicate statistically 774 

significant differences in myo-inositol response between lipid classes at 48 h by Freidman test 775 

followed by Dunns Post-hoc tests with P < 0.05. Significantly different with 30 µM myo-776 

inositol: a vs b. Significantly different with 100 µM myo-inositol: c vs d or e vs f:  significantly 777 

different with 100 µM myo-inositol. MI: Myo-inositol, PA: Palmitic acid, OA: Oleic acid, 778 

DHA: Docosahexaenoic acid, PC: phosphatidylcholine, LPC: lyso-phosphatidylcholine, PE: 779 

phosphatidylethanolamine, TAG: triacylglycerol. 780 

Figure 4. Influence of fetal sex (A) and myo-inositol inhibitor Phlorizin (B) on myo-781 

inositol response. Effects assessed by quantifying the amount of stable isotope labelled lipids 782 

in placental explants with myo-inositol treatment relative to the respective controls (no added 783 

myo-inositol).  Myo-inositol response = Amount of 13C-lipid in each lipid class with additional 784 

MI / Amount of 13C-lipid in each lipid class with 0 µM additional myo-inositol. (A) The 785 

influence of fetal sex on the effect of 30 µM myo-inositol on labelled LPC, PC, PE and TAG 786 

in placental explants at 48 h. Males (dots), Females (crosses). (B) The effects of the myo-787 

inositol inhibitor, Phlorizin (1 mM), on MI response of 13C-OA lipids with 30 µM MI at 48 h 788 

(n=2). Myo-inositol only (crosses), myo-inositol with Phlorizin (dots). MI: Myo-inositol, PA: 789 
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Palmitic acid, OA: Oleic acid, PC: phosphatidylcholine, LPC: lyso-phosphatidylcholine, PE: 790 

phosphatidylethanolamine, TAG: triacylglycerol, Plz: Phlorizin.  791 

Figure 5. Heatmap showing correlations (Spearman Rho) between maternal glycemia, 792 

maternal BMI and birth weight percentile, with the amount of 13C-PA or 13C-OA labelled 793 

placental lipids when incubated with 30 µM MI (n=7). Positive correlations are shown in 794 

red while negative correlations are shown in blue. MI: Myo-inositol, PA: Palmitic acid, OA: 795 

Oleic acid, PC: phosphatidylcholine, LPC: lyso-phosphatidylcholine, PE: 796 

phosphatidylethanolamine, TAG: triacylglycerol. 797 

Figure 6. Illustrated correlations between 13C lipid amount, myo-inositol (MI) response 798 

and fetal and maternal characteristics with 30 µM MI (n=7). Overlapping points are shown 799 

by overlapped X and +. Relative myo-inositol response (dots) = Amount of 13C-lipid in each 800 

lipid class with additional myo-inositol / Amount of 13C-lipid in each lipid class with 0 µM 801 

additional myo-inositol. Absolute molar amount of 13C-fatty-acid-lipid (crosses) expressed as 802 

the amount (nmol) in an average well system containing placental explants (30 mg dry) and 803 

media (2 ml). Correlations were measured using the non-parametric Spearman’s method. MI: 804 

Myo-inositol, PA: Palmitic acid, OA: Oleic acid, PC: phosphatidylcholine, LPC: lyso-805 

phosphatidylcholine, PE: phosphatidylethanolamine, TAG: triacylglycerol.  806 
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