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A B S T R A C T

Introduction: Gestational diabetes mellitus (GDM) increases the risk of pathological fetal growth, including rates 
of large-for-gestational age (LGA) infants, which in turn increases the risk of offspring later developing car-
diometabolic complications. Recent continuous glucose monitoring (CGM) studies have revealed that temporal 
periods of mild hyperglycaemia are linked to LGA, and too tight glycaemic control can increase periods of 
maternal hypoglycaemia and increase the risk of delivering small-for-gestational age (SGA) infants. The un-
derlying mechanisms are unclear but likely involve the placenta.
Methods: Ex vivo human placental explants from term uncomplicated pregnancies were cultured in varying 
glucose concentrations for 48 h to recapitulate in vivo maternal glucose profiles. Glucose, osmolality, human 
chorionic gonadotrophin (hCG) and lactate dehydrogenase (LDH) were measured in conditioned medium, and 
RNA sequencing performed, followed by functional enrichment analysis (FEA).
Results: Medium changes every 6–18 h in variable (5/5.5 mM), or constant 5 mM or 7 mM glucose were 
appropriate to model maternal normoglycaemia, periods of mild hypoglycaemia and periods of mild hyper-
glycaemia, respectively. There were 61 differentially expressed genes (DEGs) in explants cultured in mild 
hyperglycaemic conditions and 54 DEGs in mild hypoglycaemic conditions. FEA revealed that transcripts altered 
by mild hyperglycaemia were associated with vascular development and lipid metabolism/homeostasis, whilst 
those altered by mild hypoglycaemia were associated with cell turnover.
Conclusions: Together this data demonstrates that subtle changes in maternal glucose impact the placenta and 
may contribute to altered fetal growth. This highlights the importance of employing CGM in pregnancies 
complicated by GDM and utilising physiological glucose levels in ex vivo/in vitro placental studies.

1. Introduction

Gestational diabetes (GDM) is associated with an increased risk of 
pregnancy complications, including pre-term birth, need for caesarean 
section, pre-eclampsia and pathological fetal growth, including 
increased rates of large-for-gestational age (LGA) infants [1,2]. 
Achieving appropriate glucose control, through dietary advice, blood 
glucose monitoring, and medication, such as insulin therapy is 

important for reducing these complications [3,4].
Continuous glucose monitoring (CGM), which provides detailed in-

formation on glucose variations and glycaemic excursions across the 24- 
h day, has demonstrated that glycaemic control achieved in pregnancies 
complicated by maternal diabetes is in a tighter physiological range than 
previously anticipated [4,5]. Furthermore, subtle changes (0.5–1.5 mM 
increases) in glucose profiles over the 24-h day, are linked to compli-
cations in pregnancies complicated by both pre-gestational and GDM, 
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including altered fetal growth [4–9]. For example, when CGM was 
conducted between 30 and 32 weeks’ gestation in GDM pregnancies, 
higher nocturnal glucose was observed over a 6-h period in mothers that 
went on to deliver LGA infants (6.0 ± 1.0 mM) compared to mothers 
that delivered appropriate for gestational age (AGA) infants (5.5 ± 0.8 
mM) [4]. Moreover, too ‘tight’ control of glucose has been associated 
with periods of maternal hypoglycaemia (below ~3.5 mM) [4,5,9,10], 
infants being born small-for-gestational age (SGA) [11,12], and adverse 
neonatal outcomes, including birth trauma and neonatal hypoglycaemia 
[13].

The mechanisms linking these subtle changes in maternal glucose to 
altered fetal growth remain to be established, although they are likely 
linked to changes in the placenta as placental size and vascularisation 
are associated with the level of glycaemic control [12,14,15]. Further-
more, previous in vitro and ex vivo studies have demonstrated that 
hyperglycaemia impacts the placenta, including trophoblast function, 
proliferation, apoptosis, invasion [16–20], placental metabolism 
[20–22] and endothelial dysfunction [23,24]. However, many of these 
studies have primarily utilised supraphysiological concentrations of 
glucose (>20 mM) which do not recapitulate in vivo glucose levels or 
fluctuations that occur in pregnant women with diabetes. Better models 
that enable the effect of physiologically relevant glucose profiles on the 
placenta are required. Therefore, the aim of this study was to establish a 
model to recapitulate in vivo CGM glucose profiles and to determine the 
impact on the placenta. Specifically, we modelled temporal periods of 
mild hyperglycaemia and mild hypoglycaemia in ex vivo human 
placental villous explants and demonstrated that even subtle changes in 
glucose were sufficient to exert placental transcriptomic changes in 
pathways associated with placental development and function.

2. Methods

Development of an ex vivo human placental model to study the 
impact of physiological changes in maternal glucose levels in pregnan-
cies complicated by GDM.

2.1. Human placental villous explant culture

Placentae (n = 9) from uncomplicated, singleton term deliveries 
(38–39 + 4 weeks’ gestation) were collected within 30 min following 
elective caesarean section delivery at the Leeds Teaching Hospital NHS 
trust (REC reference: 18/LO/0067; IRAS project ID: 234385). All par-
ticipants gave written informed consent and human tissue processing, 
data curation and analysis, was conducted in accordance with Decla-
ration of Helsinki guidelines and the Human Tissue Act. Maternal de-
mographic and pregnancy outcome information were recorded. 
Birthweight centiles were calculated using the Gestation Related 
Optimal Weight (GROW) calculator [25], which considered maternal 
BMI, parity, birthweight, ethnicity, fetal sex, and gestational age, where 
available. All samples used were from AGA pregnancies (BWC >10 and 
< 90).

The fetal membranes and umbilical cord were removed, and 5 cm2 

full thickness placental tissue samples were taken from the centre, 
middle and edge regions of the placenta, at random. Maternal blood was 
removed by washing in PBS until clear. For placental villous explants, 
the basal and chorionic plates were removed, and tissue was dissected 
into 2 mm3 fragments. Three fragments, one centre, middle and edge 
piece (total weight ~10–30 mg), were placed in each Netwell™ (3477, 
Costar) in 12-well plates, containing 2 mL DMEM-F12 medium (L0091- 
500, Biowest), supplemented with 10 % fetal bovine serum (10270–106, 
Gibco), 1 % penicillin, streptomycin, and glutamine (10378–016, Gibco) 
and 9.9 μL/mL sterile filtered D-glucose (G8644, Sigma-Aldrich) to 
generate a final medium glucose concentration of 5.5 mM. Explants 
were cultured overnight in medium containing 5.5 mM glucose before 
transferring into different conditions for glucose fluctuation 
experiments.

2.2. Glucose fluctuations

DMEM-F12 without glucose was supplemented with 9 μL/mL, 9.9 
μL/mL and 12.6 μL/mL sterile filtered D-glucose (G8644, Sigma- 
Aldrich) to generate concentrations of 5, 5.5- and 7-mM glucose, 
respectively. Placental explants were cultured in either constant 5 mM 
or 7 mM glucose, replenished at 0, 18, 24 and 42 h, or fluctuating 5- and 
5.5 mM glucose every 18 and 6 h, respectively (5.5 mM at 0 and 24 h, 5 
mM at 18 and 42 h). Explants were cultured for a total of 48 h to assess 
the acute impact of glucose fluctuations. Conditioned medium was 
collected prior to each medium refreshment and stored at − 80 ◦C. At the 
end of the culture period, explants were snap frozen in liquid nitrogen 
and stored at − 80 ◦C.

2.3. Assessment of glucose levels and osmolality in conditioned medium

Glucose concentrations in the conditioned medium were assessed 
using the GlucCell® Glucose Monitoring System (CLS-1322-02, GPE 
Scientific). Medium samples from each time point were warmed to 37 ◦C 
and 3 μL was loaded onto GlucCell® test strips (CLS-1324-01, GPE Sci-
entific) in triplicate. Glucose levels were recorded as mM. To ensure that 
any changes observed in tissue was attributed to glucose and not 
osmolality, osmolality was assessed using a Single-Sample Micro 
Osmometer (Model 3320, Advanced Instruments) with measurements 
recorded in mOsm/kg.

2.4. Lactate dehydrogenase (LDH) assay

Levels of LDH released from placental explants into medium was 
determined using a cytotoxicity detection kit (11644793001, Roche). 
Levels of LDH in the conditioned medium were extrapolated from a 
standard curve, which was generated using LDH from rabbit muscle 
(10127876001, Roche, Switzerland) diluted in DMEM-F12, containing 
no glucose or FBS, at a concentration range of 0.0078125–0.5 U/mL. 
The enzymatic reaction was stopped by addition of 50 μL 1M HCl 
(35328, Honeywell, Fluka). Absorbances at 492 nm and 690 nm were 
measured using a Powerwave™ HT microplate reader with Gen5 
Microplate Reader software (BioTek). Final absorbance values were 
calculated as the absorbance at 690-492 nm.

2.5. hCG ELISA

Levels of human chorionic gonadotrophin (hCG) secretion from 
placental explants into medium was assessed using a hCG ELISA (EIA- 
1469, DRG Diagnostics), following manufacturer’s instructions. Levels 
of hCG in conditioned medium were extrapolated from a standard curve, 
with a concentration range of 5–1000 mIU/mL. Absorbances at 450 nm 
were measured using a Powerwave™ HT microplate reader with Gen5 
Microplate Reader software (BioTek).

2.6. RNA extraction

Snap frozen placental villous explants (~10–30 mg) were homoge-
nised in 500 μL of lysis/binding buffer using 5 mm metal balls (69989, 
Qiagen) and a Tissue Lyser II (Qiagen) set to a frequency of 27/s for 2 
min. Total RNA was extracted using the mirVana™ miRNA isolation kit 
(AM1561, Invitrogen, UK) following manufacturer’s instructions. All 
centrifugation steps were performed at 10,000 RCF, except for elution 
which was performed at maximum speed in 100 μL of DNase/RNase free 
water. The concentration of RNA (ng/μL) and quality was recorded 
using the Nanodrop-1000 (ThermoFisher Scientific).

2.7. RNA sequencing

RNA sequencing was performed by Novogene (Cambridge, UK). Li-
brary preparation was conducted using the Novogene next generation 
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sequencing (NGS) RNA Library Prep Set (PT042). The cDNA library was 
then loaded into Illumina sequencers for mRNA-sequencing (Illumina 
Novaseq 6000, S4 flow cell, PE150 sequencing). Raw reads of FASTQ 
format were processed through fastp to remove reads containing adapter 
sequences, poly-N and low-quality reads [26]. A Q30 score, which 
represents an error rate of 1 in 1000 base pairs, was calculated and used 
as a cut-off so that all downstream analyses were based on clean data 
with high quality. Reads were then mapped to a reference genome 
(Homo Sapiens, GRCh38/hg38), downloaded from NCBI [27] and 
aligned using STAR [28]. featureCounts was used to count the read 
numbers mapped to each gene [29].

Only genes that had at least 10 read counts in total across all samples 
examined were retained. DESeq2 was used to perform the differential 
expression analysis on raw read counts [30]. Due to inherent variability 
between placental samples from different patients (Supplementary 
Figure 1), all differential gene expression analyses were designed to 
incorporate the patient variable into the design formula and to enable 
matched sample analysis [30,31]. Genes were considered differentially 
expressed (DEGs) when Log2 Fold Change (Log2FC) > 1 or < − 1 and p <
0.01 (Wald Test in DESeq2 [30]). Further gene symbol, type and 
description were determined using BioMart (https://www.ensembl.org/ 
biomart/martview/) [32].

2.8. Functional enrichment analysis

Functional predictions of DEGs were performed using WebGestalt 
(http://www.webgestalt.org/) for Over Representation Analysis (ORA) 
[33], which produced a list of enriched gene ontology (GO) annotations 
(biological processes, cellular components, and molecular functions), 
where redundant terms were excluded. A p value of <0.05 was used as 
threshold. Enrichment ratios, which is the number of observed genes 
divided by the number of expected genes in each GO/pathway category, 
were also reported. REVIGO was used to generate plots (http://revigo. 
irb.hr/) [90]. Ingenuity Pathway core analysis was also performed 
(IPA; Qiagen, https://digitalinsights.qiagen.com/IPA) [34], which 
included canonical pathway and disease and function analysis. For 
identified canonical pathways and diseases and functions p < 0.05 (-log 
(p value) > 1.3) was used as a threshold.

2.9. Data visualisation and statistical analysis

All data analysis, statistical analysis and data visualisation were 
performed using R (v4.04) and R Studio (v1.3.959), including the R 
packages ggplot2 [35], ggbreak [36], and EnhancedVolcano [37]. Dis-
tribution of data was assessed using quantile-quantile (QQ) plots and 
Shapiro-Wilk tests. For normally distributed data, a one-way analysis of 
variance (ANOVA) was performed followed by a Tukey’s post-hoc test. 
For non-parametric data, a Kruskall-Wallis test was used with a Dunn’s 
post-hoc test. The impact of glucose fluctuations on osmolality overtime 
was assessed using a two-way ANOVA on log transformed data 
(non-parametric) with a Tukey’s post-hoc test. A p value < 0.05 was 
considered indicative of statistical significance.

3. Results

3.1. An ex-vivo human placental explant model for assessment of 
physiological changes in maternal glucose levels in pregnancies 
complicated by GDM

Standard placental explant culture conditions have supra-
physiological concentrations of glucose (up to 27 mM depending on 
basal medium used). Moreover, given that CGM studies have shown 
glucose concentrations fluctuate over the 24-h day, even in 
normoglycaemic/non-diabetic pregnancies [8], we assessed whether it 
was possible to model in vivo CGM glucose profiles using human 
placental explants (n = 9; Table 1).

In explants where input culture medium concentrations fluctuated 
between 5- and 5.5 mM glucose every 18 and 6 h, respectively, medium 
glucose levels remained stable throughout culture, within the range of 
5.5–4.38 ± 0.27 mM, over the 48-h period (Fig. 1A). Medium osmolality 
remained stable across the culture period. Patterns of hCG (placental 
hormone production; Fig. 1C) and LDH (to indicate tissue necrosis; 
Fig. 1D) released from explants cultured in normoglycemic conditions 
(5/5.5 mM) were as expected for healthy placental explant tissue [38], 
with peak average hCG levels of 44.13 ± 30.47 mIU/mL at 18 h and 
peak average LDH levels of 0.22 ± 0.017 U/mL at 24 h. This glucose 
profile (5/5.5 mM) represents in vivo levels in women with GDM that 
have appropriate control of glycaemia (normoglycaemia), that go on to 
deliver AGA infants [4].

We then assessed whether we could model in vivo profiles of pregnant 
women that experience periods of mild hyperglycaemia and mild 
hypoglycaemia. Culture of explants in 7 mM glucose resulted in fluc-
tuations from 7 mM to 5.36 ± 0.36 mM over the culture period (Fig. 1A) 
which is comparable to temporal periods of mild hyperglycaemia, 
observed in women with GDM that go on to deliver an LGA infants [4]. 
In explants cultured in 5 mM glucose, levels fluctuated between 5 mM 
and 3.31 ± 0.07 mM (Fig. 1B), which is comparable to temporal periods 
of mild hypoglycaemia, seen in women with GDM at greater risk of 
delivering SGA infants [11,12]. Medium osmolality (Fig. 1B), hCG 
secretion (Fig. 1C) and LDH secretion (Fig. 1D) were not affected by 
these subtle changes in glucose. Taken together these data demonstrate 
that we can recapitulate normoglycaemic, mild hyperglycaemic and 
mild hypoglycaemic profiles observed in vivo in pregnant women with 
GDM in ex vivo human placental explants.

3.2. Mild hyperglycaemia alters placental transcriptomic pathways and 
functions associated with lipid metabolism and vascular development

Using this ex vivo human placental explant model, we assessed if the 
pathological fetal growth observed in pregnancies where only subtle, 
temporal changes in glucose occur, could likely be linked to changes in 
the placenta. RNA sequencing was conducted on placental tissue 
collected from pregnancies that delivered a male fetus, that had been 
cultured in normoglycaemic, mild hyperglycaemic and mild hypo-
glycaemic conditions (n = 5; Table 2). 61 transcripts, including 15 
lncRNAs, were altered in mild hyperglycaemic (7 mM) conditions (p <
0.01 and a Log2FC of < -1 and >1, Fig. 2A; Supplementary Tables 1 and 
2), compared to normoglycemic culture (5/5.5 mM).

FEA revealed that DEGs were associated with lipid metabolism and 

Table 1 
Maternal and fetal demographic information for placental explant samples used 
for glucose, osmolality, LDH and hCG measurements (n = 9). Data is presented 
as the mean ± standard error of the mean (SEM). Abbreviations: BMI – body 
mass index. All explants were from elective caesarean section deliveries and 
appropriately grown for gestational age (AGA) pregnancies. an = 8.

Mean ± SEM

Maternal age (years) 35 ± 2.76
BMI at booking (kg/m2) 25.76 ± 0.89a

Ethnicity White British = 5 
Pakistani = 1 
Asian/Persian = 1 
Mixed White Black Caribbean = 1 
Unknown = 1

Gestational age (days) 273.33 ± 1.23
Parity P0 = 3 

P1 = 2 
P2 = 3 
P3 = 1

Birthweight (g) 3247.11 ± 106.29
Placental weight (g) 465.96 ± 27.78
Fetal Sex Males = 7 

Females = 2
Birthweight Centile 37.51 ± 8.55
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transport pathways and functions, including lipid localisation (p =
0.0000952), lipid homeostasis (p = 0.00213) and lipid transporter ac-
tivity (p = 0.00257), lipid catabolic process (p = 0.0166) GO terms 
(Fig. 2B; Supplementary Table 3) and IPA canonical pathways and 
functions, FXR/RXR Activation (p = 0.00234; Fig. 2C; Supplementary 
Table 4) and lipid metabolism (p = 0.00000758; Fig. 2D; Supplementary 
Table 5). Key DEGs within these pathways included FABP4, APOB, IL1B, 
NPC1L1, ESYT3. FEA also demonstrated that DEGs altered by mild 
hyperglycaemia were associated with vascular development pathways 
and functions, including cellular response to vascular endothelial 
growth factor (VEGF) stimulus (p = 0.000143), sprouting angiogenesis 
(p = 0.00125), regulation of vasculature development (p = 0.0114) GO 
terms (Fig. 2B; Supplementary Table 3) and IPA canonical pathways and 
functions, atherosclerosis signalling p = 0.0148; Fig. 2C; Supplementary 
Table 4), cardiovascular disease (p = 0.000000412; Fig. 2D; Supple-
mentary Table 5). Key DEGs in these pathways and functions included 
IL1B, APOB, NR4A1, RAMP2 and JCAD.

3.3. Mild hypoglycaemia alters placental transcriptomic pathways and 
functions associated with ubiquitination and cell turnover

RNA sequencing revealed that mild hypoglycaemic (5 mM) 

Fig. 1. Developing a model to mimic in vivo maternal glucose fluctuations in ex vivo human placental explants. Placental explants were exposed to either 
constant 5- or 7-mM glucose or fluctuating 5/5.5 mM glucose for 48 h. A) Glucose concentrations (mM) in culture medium, assessed using a GlucCell Monitoring 
System. Data is presented as the mean ± SEM (n = 9). B) Osmolality (mOsm/kg) of culture medium assessed using an osmometer. Data is presented as the mean ±
SEM (n = 9) and statistical analysis was performed using a Two-Way ANOVA on log-transformed data with a Tukey’s post-hoc test. C) Levels of human chorionic 
gonadotrophin (hCG), measured by ELISA, in the culture medium at 18 h (peak hCG release). Data was not normally distributed and is presented as the median (n =
7). Statistical analysis was performed using a Kruskall-Wallis with Dunn’s post-hoc test. D) Levels of lactate dehydrogenase (LDH) measured by a colourimetric assay, 
in the culture medium at 24 h (peak LDH release). Data was normally distributed and is presented as the mean (n = 7). Statistical analysis was performed using a One- 
Way ANOVA, with Tukey’s post-hoc test.

Table 2 
Maternal and fetal demographic information for placental explant 
samples used for RNA sequencing (n = 5). Data is presented as the 
mean ± SEM. Abbreviations: BMI – body mass index. All explants 
were from elective caesarean section deliveries and appropriately 
grown for gestational age (AGA) pregnancies. an = 4.

Mean ± SEM

Maternal age (years) 35.80 ± 2.80
BMI at booking (kg/m2) 26.82 ± 0.67a

Ethnicity White British = 3 
Pakistani = 1 
Unknown = 1

Gestational age (days) 272.0 ± 2.0
Parity P0 = 1 

P1 = 2 
P2 = 1 
P3 = 1

Birthweight (g) 3431.0 ± 105.17
Placental weight (g) 462.60 ± 27.19
Fetal Sex Males = 5
Birthweight Centile 49.0 ± 11.54
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conditions altered 54 transcripts, including 10 lncRNAs (p < 0.01 and a 
Log2FC of < -1 and >1, Fig. 3A & Supplementary Tables 6 and 7). FEA 
revealed that under mild hypoglycaemic conditions, DEGs were asso-
ciated with the GO term, protein polyubiquitination (p = 0.00615; 
Fig. 3B; Supplementary Table 8), including several DEGs encoding 
ubiquitin ligase proteins (SPSB4, TRIM34, TRIM71), involved in protein 
degradation, via the ubiquitin proteasome pathway [39]. IPA predicted 
that DEGs altered by mild hypoglycaemia were also associated with 
canonical pathways and functions associated with cell turnover, 
including TRAIL signalling (p = 0.0115), necroptosis signalling pathway 

(p = 0.0182), caspase activation (p = 0.0204; Fig. 3C; Supplementary 
Table 9), cell death and survival (p = 0.00128) and cellular growth and 
proliferation (p = 0.00128) (Fig. 3D; Supplementary Table 10). Key 
DEGs in these pathways and functions included, TMPO-AS1, TNFAIP6, 
TNFSF10 and TRIM71.

4. Discussion

In this study we have utilised human placental villous explants and 
fluctuating glucose concentrations to recapitulate in vivo CGM maternal 

Fig. 2. Mild hyperglycaemia impacts the placental transcriptome. A) Volcano plot representing differentially expressed genes altered by 7 mM glucose (mild 
hyperglycaemia) compared to 5/5.5 mM glucose (normoglycaemia) in placental explants. Horizontal dashed line represents p = 0.01, the vertical dashed lines 
represent a Log2FC of ±1. Colour key: non-significant = grey, significant p value = blue, significant Log2FC = orange, significant p value and Log2FC = red. Volcano 
plots were generated using EnhancedVolcano in R. B) Gene ontology (GO) biological process terms associated with 7 mM glucose in placental explants determined by 
over representation analysis (ORA). Bubble plot with colour based on the p value, where red is the most significant. Size of bubbles represent the generality of the GO 
terms, where smaller bubbles indicate more specific terms, and larger bubbles represent more general terms. Plot generated using REVIGO. C) Canonical pathways 
associated with 7 mM glucose in placental explants determined by ingenuity pathway analysis (IPA). Canonical pathways shown are those with a –log (p value) > 1.3; 
p < 0.05. The top y-axis represents the -log (p value), indicated by the black line plot, and the lower y-axis represents the number of genes counted for each of the 
represented canonical pathways, indicated by the bars. Pathways are ordered by most significant p-value. D) Diseases and functions associated with 7 mM glucose in 
placental explants determined by ingenuity pathway analysis (IPA). The top y-axis represents the -log (p value), indicated by the black line plot, and the lower y-axis 
represents the number of genes counted for each of the diseases and functions, indicated by the bars. Diseases and functions are ordered by most significant p-value. 
The top 30 diseases and functions are shown. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.)
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glucose profiles in pregnancies complicated by GDM. Here, we demon-
strate that mild hyperglycaemia and mild hypoglycaemia associated 
with LGA and SGA outcomes, respectively, induce changes to the 
placental transcriptome with predicted functional consequences on lipid 
metabolism and transport, vascular development, and cell survival.

Whilst several in vivo, in vitro and ex vivo studies have shown that 
maternal hyperglycaemia alters placental development and function 
[14–16,18,20–24], many studies utilise supraphysiological concentra-
tions of glucose (≥20 mM), which do not allow us to delineate the 
impact of subtle fluctuations in glucose on the placenta. Given that 

clinical research, using recent CGM technology, has demonstrated that 
maternal glucose fluctuates over the 24-h day, even in normoglycaemic 
pregnancies [8], and this been linked to adverse pregnancy outcomes in 
pregnancies complicated by diabetes [4,5], it’s important to consider 
these findings when examining the impact of glucose on the placenta. 
This will aid in uncovering meaningful mechanistic insights into the 
potential mechanisms regulating placental development and function 
and fetal growth. Importantly, here we have also utilised human 
placental villous explants, which is advantageous over the use of single 
cells as they recapitulate the complex 3D environment in the placenta, as 

Fig. 3. Mild hypoglycaemia impacts the placental transcriptome. A) Volcano plot representing differentially expressed genes altered by 5 mM glucose (mild 
hypoglycaemia) compared to 5/5.5 mM glucose (normoglycaemia) in placental explants. Horizontal dashed line represents p = 0.01, the vertical dashed lines 
represent a Log2FC of ±1. Colour key: non-significant = grey, significant p value = blue, significant Log2FC = orange, significant p value and Log2FC = red. Volcano 
plots were generated using EnhancedVolcano in R. B) Gene ontology (GO) biological process terms associated with 5 mM glucose in placental explants determined by 
over representation analysis (ORA). Bubble plot with colour based on the p value, where red is the most significant. Size of bubbles represent the generality of the GO 
terms, where smaller bubbles indicate more specific terms, and larger bubbles represent more general terms. Plot generated using REVIGO. C) Canonical pathways 
associated with 5 mM glucose in placental explants determined by ingenuity pathway analysis (IPA). Canonical pathways shown are those with a –log (p value) > 1.3; 
p < 0.05. The top y-axis represents the -log (p value), indicated by the black line plot, and the lower y-axis represents the number of genes counted for each of the 
represented canonical pathways, indicated by the bars. Pathways are ordered by most significant p-value. D) Diseases and functions associated with 5 mM glucose in 
placental explants determined by ingenuity pathway analysis (IPA). The top y-axis represents the -log (p value), indicated by the black line plot, and the lower y-axis 
represents the number of genes counted for each of the diseases and functions, indicated by the bars. Diseases and functions are ordered by most significant p-value. 
The top 30 diseases and functions are shown. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.)
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well as cell-cell relationships, and including paracrine signalling be-
tween the trophoblast, mesenchymal stromal cells, Hofbauer cells and 
vasculature [40].

Culture of placental explants in 7 mM glucose, which fluctuated 
between normoglycaemic and mild hyperglycaemic levels, as observed 
in vivo in women with GDM that deliver LGA infants [4], impacted genes 
associated with vascular development. Predicted pathways and func-
tions included regulation of vasculature development and sprouting 
angiogenesis. Interestingly, maternal diabetes in pregnancy has been 
associated with altered placental vascularisation [41,42], including 
increased capillary branching [43–45]. Indeed, altered vascularisation 
has previously been linked to glycaemic control, as Calderon et al. 
(2007) reported placental hypervascularisation in cases of mild hyper-
glycaemia, and hypovascularisation in GDM and overt diabetes [14]. 
These alterations in placental vasculature in pregnancies complicated by 
maternal diabetes are likely to impact on placental function, including 
its ability to transfer nutrients to the fetus and thus has the potential to 
result in complications of fetal growth. Indeed, this suggests that LGA 
outcomes associated with mild hyperglycaemia could potentially be 
attributed to vascular alterations in the placenta. Most studies investi-
gating the placenta in pregnancies complicated by diabetes do not 
stratify based on birthweight. However, some studies have reported that 
FGR placentas have reduced vascularisation of the villi and intermediate 
and terminal villi in these areas had reduced vessel lumens [46] and 
recent studies have shown that the vasculo-syncytial membrane and 
syncytial basal membrane is increased in thickness in placentas from 
GDM pregnancies complicated by macrosomia (birthweight above 
4000g) [47], further demonstrating that fetal growth complications may 
be linked to these alterations. Whilst it would be interesting to further 
investigate the impact of glucose on the vasculature in placental ex-
plants, studies suggest that vessel integrity is reduced during explant 
culture [48] and thus may not be a suitable model. Therefore, further 
study should employ other placental in vitro models, such as placental 
endothelial cells or placenta-on-a-chip [49].

Other predicted functional changes associated with mild hyper-
glycaemic (7 mM) conditions included metabolic pathways and func-
tions, such as lipid homeostasis, lipid transporter activity and lipid 
metabolism. In the placenta, non-esterified fatty acids (NEFAs) are 
produced from maternal lipids by lipases located on the syncytio-
trophoblast microvillous membrane and their transport across the 
placenta is mediated by fatty acid transporters (FATPs). Once in the 
cytoplasm, NEFAs bind to fatty acid binding proteins (FABPs) [50]. 
Alterations in placental FABPs and lipases have been reported to be 
altered in pregnancies complicated by maternal diabetes (reviewed by 
Castillo-Castrejon & Powell, 2017) [50], including FABP4, which was 
upregulated by mild hyperglycaemia in the present study, and has been 
found to be increased in placentas from obese women with GDM or Type 
2 diabetes [51].

Additionally, glucose has been shown to promote placental triglyc-
eride accumulation in placental explants, although, no differences in 
expression or localisation of lipases or FATPs were observed, however, 
in contrast to the present study, this study utilised supraphysiological 
levels of glucose [21]. Other predicted pathways associated with mild 
hyperglycaemia included retinoid X receptor (RXR) signalling; RXR is 
expressed in the human placenta, specifically within the trophoblast and 
is known to regulate the expression of fatty acid transport and meta-
bolism proteins [52,53] as well as playing an important role in placental 
vascular development and trophoblast differentiation [54]. Altered RXR 
signalling has been linked to cardiovascular complications in diabetes 
[55] and genetic variants have been associated with GDM risk [56]. Our 
findings suggest that altered placental lipid metabolism in GDM, may be 
attributed to periods of mild hyperglycaemia. These alterations in lipid 
metabolism and homeostasis may lead to dysregulated levels of circu-
lating lipids in pregnancy, which can lead to maternal dyslipidaemia, 
altered fetal growth, such as LGA, and increased risk of offspring 
metabolic disease later in life [57]. Collectively, these findings show that 

mild hyperglycaemia may be attributed to altered placental vascular-
isation and metabolic processes, which could indicate increased nutrient 
transport to the fetus, however, further studies are needed to explore 
this.

Whilst there are limited studies on the effect of hypoglycaemia on the 
placenta, there is some evidence that placental function is likely altered 
[58–63], including altered nutrient transporter expression [58,59,61] 
and endothelial dysfunction in HUVECs and endothelial cells from other 
systems [62,63]. In the present study, culture of placental explants in 5 
mM glucose, resulted in tissue being exposed to fluctuations between 
normoglycemic and mild hypoglycaemic levels, as seen in vivo in women 
with GDM at greater risk of delivering SGA infants [11,12]. Tran-
scriptomic changes in mild hypoglycaemia had predicted functional 
consequences associated with placental growth, including cell death and 
survival, cellular growth and proliferation and regulated cell death 
pathways, all of which are known to play important roles in placental 
development [64]. Altered placental growth has been widely reported in 
pregnancies complicated by GDM [65,66] and has been linked to 
changes in trophoblast turnover, including altered proliferation and 
apoptosis [67] and other studies have shown that alterations in placental 
weight and surface area are associated with birthweight [68] and 
increased placental apoptosis and reduced proliferation has been linked 
to intrauterine growth restriction (IUGR) [69,70]. This suggests that 
hypoglycaemia could potentially impact fetal growth through modula-
tion of placental cell turnover. We also show that several genes encoding 
ubiquitin ligases and related proteins were altered by mild hypo-
glycaemia, including SPSB4, which has previously been shown to be 
altered in a streptozotocin-induced mouse model of diabetic pregnancy 
[71]. Altered expression of several ubiquitin-conjugating enzymes have 
been reported in trophoblast cells from GDM pregnancies and were 
associated with increased maternal fasting plasma glucose [72]. Whilst 
we did not explore the impact of changes in ubiquitin ligases in our 
study, other studies have shown that E3 ubiquitin ligases contribute to 
trophoblast function, including migration/invasion, turnover and dif-
ferentiation [39]. Furthermore, altered ubiquitination in the placenta 
has also been linked to dysregulation of nutrient transporter expression 
in pregnancies complicated by growth restriction [73]. Hence, it is 
possible that the increased incidence of SGA in offspring exposed to 
periods of maternal hypoglycaemia may be due to perturbed placental 
growth, trophoblast turnover, regulated cell death, which may be a 
consequence of ubiquitination.

Additionally, it is also important to note from a tissue culture 
perspective that glucose is rapidly metabolised by placental explants and 
as glucose is not usually measured in in vitro and ex vivo studies there 
could be periods of hypoglycaemia in cultures that are not identified. 
Thus, assessing medium concentrations throughout culture to ensure 
they represent in vivo levels is an important consideration.

Whilst our study has established that acute exposure of term 
placental tissue to physiological levels of glucose associated with GDM 
impact the placental transcriptome, it would also be interesting to assess 
the impact of chronic exposure to physiological glucose in future studies, 
since we anticipate that chronic hyperglycaemia would likely have a 
greater impact on the placenta and fetal growth. This is consistent with 
poorer outcomes, including increased rates of LGA, in type 1 and type 2 
diabetic pregnancies [1], where the placenta is exposed to maternal 
hyperglycaemia throughout gestation. Moreover, studies to assess the 
impact of physiologically relevant glucose levels in first trimester or 
early second trimester placenta are also warranted to enable full char-
acterisation of the dynamic interplay between glucose levels and 
placental development across gestation.

An important consideration of our study is that whilst we show that 
glucose exerts changes to the placental transcriptome in pregnancies 
that delivered a male fetus, we have not assessed the impact on 
placentae from female fetuses. Adverse outcomes in pregnancies 
complicated by maternal diabetes, including increased rates of LGA, are 
reported to be more common when there is a male fetus [74–76] and it is 
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possible that this could be attributed to a differential response to glucose 
in male compared to female placentae. Studies reporting sex-specific 
differences in glucose regulation in other systems [77,78], and 
sex-specific differences in placental structure, function and gene/protein 
expression [79–82] further support this but this warrants further 
investigation.

Here we have considered the impact of glucose on the placenta, 
however, there are other components of diabetes that could also impact 
the placental response to glucose, including maternal weight, use of 
hypoglycaemic agents, such as metformin, ethnicity, the type of diabetes 
and underlying pathophysiology, birthweight and gestational age [42]. 
It would be interesting to assess whether these parameters impact the 
actions of glucose on the placenta as there is evidence that glucose 
metabolism is dynamic across gestation [83] and that the expression and 
location of glucose transporters are altered across gestation and in 
pregnancies complicated by pathological fetal growth [84–88]. More-
over, maternal BMI and birthweight have also been found to be corre-
lated with placental hexokinase activity, a key enzyme involved in 
placental glucose metabolism [89].

In conclusion, our findings demonstrate that subtle changes in 
maternal glucose impact transcriptomic pathways and functions asso-
ciated with lipid metabolism and transport, vascular development, and 
cell turnover, which are known to be altered in pregnancies complicated 
by GDM and/or fetal growth and therefore could potentially explain the 
adverse pregnancy outcomes associated with glucose fluctuations in 
vivo. This provides a foundation for further research into the functional 
consequences of these transcriptomic changes on placental and fetal 
development. These subtle fluctuations in maternal glucose, detected by 
CGM, would otherwise go undetected using standard methods of glucose 
monitoring and could have a significant impact on the placenta. 
Therefore, this also highlights the importance of employing CGM in 
GDM pregnancies. We also demonstrate that utilising physiological 
levels of glucose in ex vivo and in vitro studies and measuring glucose 
concentrations throughout culture is an important consideration.
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