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Abstract. Metabolic imbalance impairs fertility, because changes in concentrations of metabolites and hormones in the
blood and follicular fluid create an unfavourable environment for early embryonic development. Insulin is a keymetabolic
hormone known for its effects on fertility: insulin concentrations are increased during energy balance disturbances in

diabetes or metabolic syndrome. Still, insulin is frequently used at supraphysiological concentrations for embryo in vitro
culture with unknown consequences for the developmental potential of the offspring. In the present study we investigated
the effects of insulin exposure during in vitro bovine oocyte maturation on developmental rates, embryo quality and gene
expression. Supplementation of the maturation media with insulin at 10 or 0.1 mgmL�1 decreased blastocyst rates

compared with an insulin-free control (19.8� 1.3% and 20.4� 1.3% vs 23.8� 1.3%, respectively; P, 0.05) and led to
increased cell numbers (nearly 10% more cells on Day 8 compared with control; P, 0.05). Transcriptome analysis
revealed significant upregulation of genes involved in lipid metabolism, nuclear factor (erythroid-derived 2)-like 2

(NRF2) stress response and cell differentiation, validated by quantitative polymerase chain reaction. To conclude, the
results of the present study demonstrate that insulin exposure during in vitro oocyte maturation has a lasting effect on the
embryo until the blastocyst stage, with a potential negative effect in the form of specific gene expression perturbations.

Additional keywords: dairy cow, embryo, metabolism, metabolic programming, metabolic syndrome, morphology,

subfertility, transcriptome.
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Introduction

Situations with short- or long-term hyperinsulinaemia exist in
both cattle and humans, as well as in other species such as

rodents, dogs and horses (Eckel et al. 2005).
The insulin-stimulated uptake of glucose has, for a long time,

been considered to be unique to muscle cells, adipocytes and

blastocysts, but it was shown recently that the signalling path-
ways could be further defined (Acevedo et al. 2007) and that
insulin signalling components are expressed in cumulus cells

and oocytes (Purcell et al. 2012). In the bovine, transcripts for
insulin-like growth factor (IGF) 1 and IGF2 receptors, as well as
insulin receptors, are detectable at all embryo stages from the

1-cell zygote to the blastocyst (Schultz et al. 1992), which
demonstrates the importance of insulin signalling during early

embryonic development. Still, the role of insulin during early
development and the consequences of different doses and
exposure times during oocyte maturation remain to be

elucidated.
Intricately orchestrated oocyte maturation, the first funda-

mental steps in the development of a healthy offspring, is

required for successful fertilisation (Richards 2005). The final
phase of oocyte maturation, initiated by the preovulatory LH
peak (Hyttel et al. 1997), can be simulated by an in vitro

maturation period of 22–24 h for the in vitro production of
embryos (Ward et al. 2002). The cumulus–oocyte complex
(COC) has important functions, such as metabolising glucose

and providing the oocyte with its most favourable energy
substrate, pyruvate (Sutton-McDowall et al. 2010). In vivo,
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COCs are exposed to the follicular fluid, the composition of
which is closely correlated with the situation in the maternal

serum (Valckx et al. 2012), although concentrations of metabo-
lites are usually equal to or lower than those found in the serum
(Spicer and Echternkamp 1995; Landau et al. 2000). The

availability of metabolites and hormones is reflected in the
direct environment of the oocyte (Landau et al. 2000; Leroy
et al. 2012), strongly linking nutrition, metabolism and oocyte

quality (O’Callaghan et al. 1999; Fleming et al. 2012). Conse-
quently, in vivo changes in serum concentrations of insulin and
metabolites during periods of metabolic imbalance, such as
negative energy balance (NEB; Leroy et al. 2012), obesity

(Wu et al. 2012) and diabetes (Colton et al. 2002), or induced
by diet (Gong et al. 2002) will also affect the direct environment
of the oocyte andmay lead to impaired oocyte quality (Adamiak

et al. 2005) and lower conception rates (Garnsworthy et al.

2009).
Although increases in IGF and insulin in serum are positively

correlated with the onset of cyclicity after calving (Butler and
Smith 1989; Britt 1992) because coupling of the growth hor-
mone (GH)–IGF axis has to occur to induce these events (Lucy
2006), it has been shown that in heiferswith high growth rate and

body condition score (BCS), elevated insulin levels negatively
affect embryonic development to the blastocyst stage (Freret
et al. 2006). The same negative effects are known for humans,

whereby elevated insulin concentrations have been found in the
follicular fluid of obese women with impaired fertility (Robker
et al. 2009). Obese women or patients suffering from diabetes

have lower fertility comparedwith healthy individuals (Pasquali
et al. 2007; Brewer and Balen 2010) and significantly lower
chances of becoming pregnant naturally or by assisted repro-

ductive technology (ART; Pinborg et al. 2011).
Diverse in vitro studies have investigated effects of insulin on

early embryonic development in different species, such as the
mouse (Rao et al. 1990), rabbit (Herrler et al. 1998), rat (Zhang

et al. 1990), pig (Lewis et al. 1992) and bovine (Zhang et al.

1991; Matsui et al. 1995; Bowles and Lishman 1998). Inconsis-
tent results have been reported after the addition of different

concentrations of insulin during either follicular culture
(Fouladi-Nashta and Campbell 2006), oocyte maturation
(Zhang et al. 1991; Bowles and Lishman 1998), fertilisation

(Bowles and Lishman 1998) or embryo culture (Matsui et al.
1995, 1997; Mihalik et al. 2000). The contradictory results
reveal the complexity of the insulin–IGF system and character-
ise the difficulties in establishing an in vitromodel for metabolic

imbalance caused by elevated insulin concentrations. Given the
detrimental effects of hyperinsulinaemia on fertility and the
minimal range of in vivo changes in insulin concentrations

between hyper- and hypoinsulinaemia in cattle (Garnsworthy
et al. 2009), the use of supraphysiological concentrations of
insulin in the microgram range in in vitro systems should be

questioned and critically scrutinised. In bovine, in vivo concen-
trations of insulin in the serum and follicular fluid range between
approximately 0.1 and 0.5 ngmL�1 depending on diet and

energy state (Landau et al. 2000; Gong et al. 2002; Freret
et al. 2006; Shimizu et al. 2008; Garnsworthy et al. 2009) and
even follicular phase (Landau et al. 2000). The difficulty in
choosing adequate insulin concentrations in an in vitromodel is

related to differences between in vitro and in vivo maturation
(Leibfried-Rutledge et al. 1987; Rizos et al. 2002) and the

fact that insulin has been reported to be unstable in in vitro

culture systems, with activity starting at concentrations above
1mgmL�1 (Hayashi et al. 1978), which explains why concen-

trations of insulin used in vitro tend to be higher (usually in the
microgram per millilitre range) compared with in vivo concen-
trations (Zhang et al. 1991;Matsui et al. 1995, 1997; Bowles and

Lishman 1998). Conversely, it has been reported that bovine
insulin in physiological concentrations (0.1 and 1 ngmL�1)
during granulosa cell culture leads to increased FSH-induced
oestradiol production, with a decreasing effect if insulin is

used at higher doses (10, 100 or 1000 ngmL�1; Spicer and
Echternkamp 1995).

The aim of the present study was to investigate the effects of

insulin during the final period of oocyte maturation, because
hyperinsulinaemia in vivo is known to reduce oocyte quality
in both cows and humans. By using two different insulin

treatments, we aimed to investigate the dose effect of insulin
and possible detrimental effects linked to a certain threshold
in vitro.

Materials and methods

Experimental design

Abattoir-derived COCswere cultured until Day 8 after exposing
them to bovine insulin (I5500; Sigma, St Louis, MO, USA) at
either 10 or 0.1mgmL�1 during maturation (see below).

A control group without any added insulin was run in parallel
with all batches. Groups were kept separate during all subse-
quent in vitro procedures. After in vitro maturation, oocytes

were fertilised with frozen semen obtained from a single bull of
the Swedish Red dairy breed with proven field fertility and
tested in our laboratory for good results under IVF conditions.

After fertilisation, presumed zygotes were cultured until Day 8
under consistent conditions throughout the experiment. Oocytes
and different embryo stages were evaluated after the first
cleavage division (44 h after insemination) and on Days 7 and 8

of development. The evaluation consisted of visual assessment
of the different developmental stages. After final culture, blas-
tocysts were graded and the stage determined before using them

for either morphological studies (including staining and fluo-
rescence microscopy) or for RNA extraction for transcriptome
analysis. Cleavage rates, blastocyst rates and blastocyst quality

assessment data were recorded during the entire study. The
experiment included a total of 3082 oocytes, resulting in 627
Day 8 blastocysts (BC8), 120 of which were used for gene

expression studies and 339 were stained for morphological
assessment.

In vitro production of embryos

Reagents and media

Unless stated otherwise, all media and constituents were
obtained from Sigma-Aldrich (Stockholm, Sweden) and were

freshly produced in the laboratory (daily or weekly, depending
on proved protocols).

Media were produced in our laboratory as described earlier
by Abraham et al. (2012) according to Gordon (2003).

Effects of insulin on early embryo development Reproduction, Fertility and Development 877



Retrieval of ovaries and oocyte origin

Ovaries were collected at a local abattoir (collection time per
batch 40–60min) approximately 25min after the cows had been

killed and were pooled in a thermos with 0.9% sodium chloride
solution at 358C (range 31–358C). Within 4 h of collection,
ovaries were transported to the IVF laboratory at theDepartment

of Clinical Sciences (Swedish University of Agricultural
Sciences, Uppsala, Sweden). After arrival, the temperature
was checked to confirm that it was within the range 31–358C
and the ovaries were briefly washed twice with sterile 0.9%
sodium chloride solution at a temperature of 358C. All follicles
with diameters of approximately 3–8mm, as determined by
visual inspection, were then aspirated by using a 5-mL syringe

and an 18-gauge hypodermic sterile needle. Aspirates were
collected into search medium, consisting of HEPES-buffered
TCM 199 (M7528) supplemented with 0.2% w/v bovine serum

albumin (BSA), fraction V (A3311), and 50mgmL�1 gentami-
cin (gentamicin sulfate; G1264). The COCs were kept in search
medium for washing, collection and selection. Only COCs of

excellent or good quality (Grade 1 or 2; Gordon 2003) were
chosen for maturation. Following selection, COCs were washed
twice in 2mL search medium and then allocated to one of three

experimental groups. The COCs were finally washed twice
more in 2mL final maturation medium (see below).

In vitro maturation

The basic in vitro maturation medium consisted of
bicarbonate-buffered TCM 199 (M2154) supplemented with
0.68mM L-glutamine (G8540), 0.5mgmL�1 FSH and

0.1 mgmL�1 LH (Stimufol; PARTNAR Animal Health, Port
Huron, Canada), 50 mgmL�1 gentamicin and 0.4% w/v BSA.
Froups of 30–45 COCs were matured in vitro in a separate

well containing 500mL medium supplemented either with 0
(INS0), 0.1 mgmL�1 (INS0.1) or 10mgmL�1 (INS10) bovine
insulin (I5500). The medium was incubated at least 1 h before

onset of maturation in an atmosphere of 5% CO2 in humidified
air at 38.58C. All COCs were incubated for 22 h (24 h after the
end of aspiration) at 38.58Cunder a 5%O2, 5%CO2 atmosphere.

In vitro fertilisation

After maturation, COCs were washed twice with washing
medium, consisting of 114mM sodium chloride (S5886),

3.19mM potassium chloride (P5405), 2mM sodium bicarbon-
ate (S5761), 0.29mM sodium phosphate (S5011), 2mM
calcium chloride (C7902), 10mM HEPES (H3375), 0.49mM

magnesium chloride (M2393), 1 mL mL�1 phenol red (P0290)
supplemented with 0.5mM sodium pyruvate (P4562), 0.03 mM
sodium lactate (L7900), 50 mgmL�1 gentamicin and 0.3% w/v

BSA. Most of the surrounding cumulus cells were removed
mechanically until three to five layers of cumulus cells
remained. The COCs were transferred to four-well dishes with
460 mL fertilisation medium, consisting of 114mM sodium

chloride (S5886), 3.19mM potassium chloride (P5405),
25.88mM sodium bicarbonate (S5761), 0.29mM sodium phos-
phate (S5011), 0.49mM magnesium chloride (M2393), 2mM

calcium chloride (C7902), 10mMHEPES (H3375), 1mL mL�1

phenol red (P0290), 0.5 mM sodium pyruvate (P4562), 0.03 mL
sodium lactate (L7900), 50mgmL�1 gentamicin, 0.6%w/v fatty

acid-free BSA (A7030), with the addition of 3mgmL�1 heparin
(H3149) and penicillamine, hypotaurine and adrenaline (PHE)
giving a final concentration of 1.7mMsodium chloride (S5886),

10 mM hypotaurine (H1384), 20mM penicillamine (P4875),
1.5 mM adrenaline (E1635), 42 mM and sodium metabisulfite
(S9000).

Two sperm straws (200mL each) were thawed and prepared
by the swim-up procedure. Spermatozoa were put into four
tubes, each containing 1mL capacitation medium, consisting of
110mM sodium chloride (S5886), 2.68mM potassium chloride

(P5405), 25mM sodium bicarbonate (S5761), 0.29mM sodium
phosphate (S5011), 0.49mM magnesium chloride (M2393),
5mM HEPES (H3375), 1mM sodium pyruvate (P4562),

0.03 mL sodium lactate (L7900), 1.23 mgmL�1 glucose
(G6152), 50mgmL�1 gentamicin and 0.6% w/v BSA, and
incubated for 45min at 38.58C in a 5% CO2 incubator. After

swim-up, the spermatozoa were removed with 750mL capacita-
tion medium and pooled in a centrifugation tube. Centrifugation
(300g, 8min, room temperature) produced a sperm pellet, which
was washed and diluted in fertilisation medium. Sperm motility

before and after swim-upwas checked bymicroscopy on awarm
plate and the volume of sperm suspension giving a final
concentration of 1� 106 spermatozoa per mL was added to

the oocytes. Oocytes (in groups of 30–45 per well) and sperma-
tozoa were coincubated at 38.58C in a maximal humidified
atmosphere of 5% CO2, 5% O2 and 90% N2 for 22 h.

In vitro culture

Modified synthetic oviducal fluid (mSOF) was used for
in vitro culture and consisted of 0.11M sodium chloride
(S5886), 7mMpotassium chloride (P5405), 1.19mMpotassium

phosphate monobasic (P5655), 25mM sodium bicarbonate
(S5761), 0.33mM pyruvic acid sodium salt (P4562), 1mM
L-glutamine (G8540), 0.171mM calcium chloride (C7902),

1.5mM glucose (G6152), 110mM sodium lactate (L7900) and
0.49mM magnesium chloride (M2393), with addition of mini-
mum essential medium (MEM) non-essential amino acids solu-
tion (100�; M7145), amino acids solution (50�; B6766), 0.4%

w/v fatty acid-free BSA and 50 mgmL�1 gentamicin.
The oocytes were denuded 22 h after insemination by pipet-

ting and washed twice in mSOF medium before being trans-

ferred to the culture medium. Presumed zygotes were incubated
under a humidified atmosphere of 5% CO2, 5% O2 and 90% N2

at 38.58C in 500mL mSOF medium per well until Day 8. The

culture medium was covered with 300mL paraffin oil (Ovoil;
Vitrolife AB, Gothenburg, Sweden) during culture.

The cleavage rate was checked 44 h after insemination by

noting the proportion of cleaved embryos. On Day 7, the
blastocyst rate was recorded, whereas on Day 8 blastocysts
were graded for quality (Grades 1–4) and developmental stage
(blastocyst, expanded blastocyst, hatching or hatched blasto-

cyst; International Embryo Transfer Society (IETS) 2010) and
moved from culture for further investigations (immediate stain-
ing and microscopy or stored deep frozen for gene expression

studies).
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Staining, image analysis and morphological evaluation
by number of nuclei

In all, 339 BC8 were used for morphological evaluation, with

104 in the INS10 group, 116 in the INS0.1 group and 119 in the
INS0 group. There were no differences among the three groups
used for staining in terms of grade (mean (� s.e.m.) 1.64� 0.05,

1.55� 0.05 and 1.53� 0.05 in the INS10, INS0.1 and INS0
groups, respectively) or stage (1.91� 0.07, 2.04� 0.07 and
2.08� 0.07 in the INS10, INS0.1 and INS0 groups, respec-

tively). Blastocysts were stained with 4.45 mM Hoechst 33342
(B2261) for 20min. They were then washed three times in
phosphate-buffered salineþ 0.1% polyvinyl alcohol (PBS-
PVA) to remove any remaining dye and then mounted in black

well plates in Vectashield (Vector Laboratories, Burlingame,
CA, USA). Embryos were placed in approximately 2mL fluid in
the centre of the black well plate and 2mL Vectashield was

added around the drop until the well was full. All images were
taken immediately after staining or, at the latest, the following
day using an epifluorescence microscope (LSM 510; Carl Zeiss,

Jena, Germany) and a fluorescence microscope camera. Image
analysis was performed using ZEN 2008 Light Edition Software
(Carl Zeiss; http://www.zeiss.com, accessed 13 January 2016).

Each BC8 was photographed according to standard magnifica-
tion (�20) and one camera image (epifluorescence image)
where the focus area was in the central area of the blastocyst
(CAM). Staging and grading were performed again to confirm

the results of the light microscopy on Day 8 in the laboratory.
The number of nuclei was counted by two independent

evaluators in a blinded study from the CAM picture (blue

Hoechst staining). The average of both counts was calculated.
If the sums differed by more than 10%, the count was repeated
and deleted from the final calculations if still too different.

Microarray-based transcriptome study

An embryo-specific microarray from Agilent Technologies

(Santa Clara, CA, USA) was used in collaboration with the
EmbryoGENE platform (Université Laval, Québec, Canada),
comprised of a total of 42 242 probes, as described by Robert

et al. (2011).

Freezing and pooling for RNA extraction

All steps were performed under strict RNAse-free condi-
tions. Before freezing, all blastocysts were graded and stage

determined according to valid standards (Lindner and Wright
1983; IETS 2010). Blastocysts were washed three times in
PBS-PVA before being frozen separately in 2mL PBS-PVA

at �808C. RNA extraction was performed with pools of 10
embryos with equally distributed developmental stages and
quality grades per pool. Only blastocysts of high-quality grades

were used. Four replicates of 10 embryos per treatment (INS10,
INS0.1, INS0) were used for the RNA analyses (n¼ 120 BC8).

RNA extraction

RNA extraction and the following steps for gene expression
analyses were performed at the EmbryoGENE platform (Robert
et al. 2011). Total RNA and genomic (g) DNAwere extracted in
parallel using the AllPrepDNA/RNAmicro kit (Qiagen, Hilden,

Germany). The gDNA was kept at �808C for later epigenetic
studies. The quality and quantity of total RNA was assessed

using the Agilent 2100 Bioanalyzer (Agilent, Santa Clara, CA,
USA) and RNA 6000 Pico Reagents (Agilent Technologies).
All pooled samples resulted in RNA integrity number (RIN)

values above 7.5. Half the extracted RNA was subsequently
used for microarray analysis and the other half was used for
reverse transcription–quantitative polymerase chain reaction

(RT-qPCR) analysis.

RNA amplification

RNA amplification was required because of the limited
amount of RNA in the starting material and was performed

using the RiboAmp HS-plus RNA-amplification Kit (Life
Technologies, Burlington, ON, Canada; linear amplification
based on the EBERWINE method; Van Gelder et al. 1990).

Briefly, total cellular RNA from the samples was amplified with
two rounds of first- and second-strand cDNA synthesis, fol-
lowed by cDNA purification, in vitro transcription and anti-

sense(a) RNA) purification. The resulting aRNA was analysed
by measuring its concentration and purity using a Nanodrop
(NanoDrop Products, Wilmington, DE, USA) (Fleige and Pfaffl

2006). All samples fulfilled the quality criteria of an optical
density ratio of 260 to 280 nm (OD260/OD280) .1.8 and an
OD260/OD230 .1.8. The aRNA concentration varied between
227.5 and 798.1 ng mL�1. The amplification step was validated

according to the methods described by Vallée et al. (2009) and
Gilbert et al. (2010).

aRNA labelling

The universal linkage system (ULS) by Kreatech (Leica
Microsystems, Concord, ON, Canada) for Agilent microarrays

was used for labelling of aRNA. Briefly, 2mL each of CY3-ULS
(green) and CY5-ULS (red) was added to 2mg aRNA, derived
from the treated or control sample. Non-reacted ULS label was

removed using a Picopure RNA Isolation Kit (Life Technolo-
gies). The amount of labelling and final aRNA concentration
were checked using a Nanodrop before hybridisation.

Hybridisation of Agilent oligo microarray slides

For hybridisation, 825 ng labelled, linearly amplified aRNA
was used for each colour and the microarray hybridisation
chamber was loaded according to the manufacturer’s instruc-

tions (Agilent Technologies). The slides were washed for 3min
in wash buffer 1 at RT8C, 3min in wash buffer 2 at 428C, 10 s in
acetonitrile at room temperature and 30 s in stabilisation and

drying solution at room temperature (Agilent).

Microarray data analysis of the transcriptome

Slides were scanned with a PowerScanner (Tecan, Manne-

dorf, Switzerland) and feature extraction was performed using
Array-pro6.3 (Media Cybernetics, Bethesda, MD, USA). Inten-
sity files were analysed with FlexArray (Genome Quebec,

Montreal, Canada) (Blazejczyk et al. 2007). Raw fluorescence
intensity data were corrected by background subtraction, Loess
normalisation within array and quantile normalisation between
arrays. Moreover, data were analysed using Ingenuity Pathway
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Analysis (IPA) (Qiagen, Redwood City, CA, USA) by con-

structing pathways and gene interaction patterns affected by
insulin treatment.

RT-qPCR validation of candidate genes

Validation of microarray results was performed by RT-qPCR on
the RNA from the same pools used for the microarray analysis.
Total extracted RNA equivalent to the amount of five blas-
tocysts (four replicates for each group) was used. The RNA was

transformed into cDNA using the Qscript Flex cDNA kit
(Quanta Biosciences, Gaithersburg, MD, USA) and an oligo-dT
according to the manufacturer’s instructions. Specific primers

for each selected gene were designed using PrimerQuest (Inte-
grated DNA Technologies, Coralville, IA, USA) and RT-qPCR
was performed using a LightCycler 480 SYBR Green I Master

and LightCycler 480 System (Roche Diagnostics, Laval,
Canada). To confirm the specificity of each pair of primers, the
amplicons were electrophoresed on an agarose gel, purified and

sequenced. A standard curve consisting of five points of the PCR
product for each primer pairs diluted from1 pg to 0.1 fgwas used
for real-time quantification of the PCR output. The PCR con-
ditions used for all genes were as follows: denaturing cycle for

10 s at 958C, followed by 50 PCR cycles (denaturing at 958C for
10 s; annealing at specific temperature for 10 s; extension at
728C for 20 s), a melting curve (958C for 1 s, 658C for 1 s, and a

step cycle starting at 728C up to 978C at a rate of 0.118C s�1) and
a final cooling step at 408C. Data analysis was performed using
LightCycler 480 Software 1.5.0 SP4 (version 1.5.0.39) with the

second-derivative maximum analysis method. Data normal-
isation used GeNORM normalisation factor (Biogazelle, Gent,
Belgium) from expression values of three reference genes,
namely b-actin (ACTB), peptidylprolyl Isomerase A (Cyclo-

philin A) (PPIA) and beta-2-microglobulin (B2M). According to
GeNORM, the two most stable housekeeping genes (B2M and
ACTB) were used to transform the data. Primer sequences,

product size, annealing temperature and accession numbers are
provided in Table S1, available as Supplementary Material to
this paper.

Statistical analyses

Developmental rates, morphological analyses and cell
counts

Themain effects of insulin treatment during maturation were
analysed by analysis of variance (ANOVA) using the PROC

GLM procedure of SAS version 9.2 (SAS Institute Inc., Cary,

NC, USA). Results were analysed following arc sinus Op
transformation of initial percentages. Post-ANOVA multiple
comparisons were realised by using the Scheffé adjustment and

contrast options available under GLM. The significance level
was set at P, 0.05. Results are presented as the least square
mean� s.e.m. of initial percentages unless specified otherwise.
Similar procedures were used to analyse the effects of insulin

treatment on gross morphology (embryo stage and quality
grade) and the number of nuclei following Hoechst staining.

Microarray

An empirical Bayes moderated t-test and the ‘limma’ pack-
age in R (Smyth 2004) were used to search for differentially
expressed genes between the control and each of the insulin-

treated groups. The EmbryoGENEmicroarray platform (Robert
et al. 2011) was used to obtain a large-scale comparison between
the insulin-treated groups and the control group. A positive or

negative fold-change of .1.5 with P, 0.05 was set as the
definition for differentially expressed transcripts (DET).

RT-qPCR

Differences in expression between the INS0 and the INS0.1
groups, as well as between the INS0 and the INS10 groups, were
compared by unpaired t-test (Prism 5; GraphPad Software Inc.,

La Jolla, CA, USA) following log transformation of data.
Differences in expression were considered as significant at
one-tailed P, 0.05.

Results

Effects of insulin on developmental competence

First cleavage rates (i.e. proportion of oocytes cleaved/immature
oocytes) did not differ significantly between the insulin-treated
(INS10 and INS0.1) and control (INS0) groups (Table 1).

Significant effects of insulin treatment during in vitro matu-
ration and the embryo production period were observed on
blastocyst development rates (total number of blastocysts/total
number of immature oocytes) by Day 8 (P, 0.05; Table 1). The

percentage of blastocyst development by Day 8 was highest in
the INS0 group. Blastocyst rates in the INS10 group were
significantly lower than in the INS0 group and there was

tendency for lower blastocyst rates in the INS0.1 group com-
pared with the control group (P¼ 0.14; Table 1). Combining

Table 1. Number of oocytes, cleavage rate, the number of blastocysts onDay 8 (BC8) rates and the number of nuclei in the different treatment groups

INS0, untreated (control) group; INS0.1, oocytes exposed to 0.1 mgmL�1 insulin during maturation; INS10, oocytes exposed to 10mgmL�1 insulin during

maturation

Treatment No. oocytes (total n¼ 3082) Cleavage rateA (%) BC8A,B (%) No. nuclei per BC8C

INS0 1079 80.64 23.8� 1.3% 93� 3

INS0.1 1019 78.86 20.4� 1.3% 100� 3

INS10 984 80.91 19.8� 1.3% 101� 3

ACleavage and blastocyst rates show cleaved embryos and blastocysts as a percentage of immature oocytes.
BP, 0.03 for the comparison of the INS0.1þ INS10 groups combined versus the INS0 group.
CP, 0.05 for the comparison of the INS0.1þ INS10 groups combined versus the INS0 group.
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treated versus untreated oocytes (i.e. INS10 and INS0.1 vs

INS0) indicated a lower blastocyst rate in the treated compared
untreated group (P, 0.05; Table 1).

Effects of insulin on phenotype and morphology of BC8

Gross morphological evaluation of embryo stages and quality
grades revealed no significant differences between the treatment
groups. However, average cell count followingHoechst staining

of nuclei differed significantly when the INS10 and INS0.1
groups were together compared with the INS0 group (P¼ 0.03;
Table 1). In both treated groups, the cell number was increased
by nearly 10% compared with control.

Effects of insulin on gene expression patterns in BC8

Analysis of gene expression in insulin-treated versus control
groups revealed differences for 156 transcripts in the INS0.1

group (four downregulated, 152 upregulated; Fig. 1) and 229
transcripts in the INS10 group (five downregulated, 224 upre-
gulated; Fig. 2)with 120 of the changed transcripts being present

in both groups (Fig. 3). Compared with the control group, most
of the concordant DETs showed a more prominent fold-change
in the INS10 than INS0.1 group, with a more pronounced effect

of insulin on gene expression following maturation in the
presence of the higher concentration of insulin. Correlation
between fold-changes in the INS0.1 and INS10 groups was high
(r¼ 0.70; P, 0001), showing that most genes responded in a

similar way to the lower and higher concentrations of insulin.

The global transcription pattern of embryos developing after
insulin treatment during oocyte maturation exhibited overall
upregulation of gene expression.

Following global gene expression pattern analysis, genes
associated with growth/chromatin structure, steroid/cholesterol
metabolism and energy supply were found in the top 10
upregulated genes, sorted by fold-change (Tables 2, 3). Canoni-

cal pathway and cellular function analysis by IPA revealed that
DETswere associatedwith NF-E2 p45-related factor-2 (NRF2)-
mediated oxidative stress response (seven DETs in INS0.1 and

six DETs in INS10, including kelch-like ECH-associated pro-
tein 1, KEAP1), the cell cycle (60 DETs in INS0.1 and 11 DETs
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Fig. 1. Volcano plot of fold-changes and P-values following treatment

with 0.1 mgmL�1 insulin (INS0.1) showing relative overexpression of

transcripts compared with the control group (INS0). Black spots indicate

significance P, 0.05 and fold-changes.1.5, with general upregulation of

gene expression following insulin treatment (152 regions are upregulated;

four regions are downregulated).
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Fig. 2. Volcano plot of fold-changes and P-values following treatment

with 10 mgmL�1 insulin (INS10) showing relative overexpression of tran-

scripts compared with the control group (INS0). Black spots indicate

significance P, 0.05 and fold-changes .1.5, with general upregulation of

gene expression following insulin treatment (224 regions are upregulated;

five regions are downregulated).
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Fig. 3. Number of differently expressed transcripts (DET) in Day 8

blastocysts illustrated by a Venn diagram of DET following insulin treat-

ment during maturation with either 0.1 or 10 mgmL�1 insulin (INS0.1 and

INS10, respectively).
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in INS10, including SRY (sex determining region Y)-box 2
(SOX2)), cellular compromise (22 DETs in INS0.1 and 13DETs

in INS10, including KEAP1), lipid and carbohydrate metabo-
lism (16 DETs in INS0.1 and 17 DETs in INS10, including
acetyl-/propionyl-coenzyme A carboxylase alpha chain

(ACCA1), apolipoprotein A-I (APOA1), cytochrome P450 fam-
ily 11 subfamily A member 1 (CYP11A), 7-dehydrocholesterol

reductase (DHCR7), insulin induced gene 1 (INSIG)), cellular
growth and proliferation (24DETs in INS0.1 and 21 DETs in

INS10, including APOA1 and DHCR7) and cellular assembly
and organisation (16 DETs in INS0.1 and 25 DETs in INS10,
including APOA1, CYP11A1, INSIG; Table 4; Tables S2–S13).

The specified genes were used as representatives for the path-
ways and validated by RT-qPCR. More detailed analysis of the

Table 2. Fold-changes for upregulated genes in the group derived from oocytes exposed to 0.1lgmL21 insulin during maturation

The top 10 significant differentially expressed transcripts sorted bymost prominent fold-changes in the 0.1 mgmL�1 insulin-treated groupwere associatedwith

growth/chromatin structure, steroid/cholesterol metabolism and energy supply. NCBI, National Center for Biotechnology Information

Gene symbol Gene name Fold-change Association (according NCBI gene database summary)

XCL2 Chemokine (C motif) ligand 2 2.523

ARL6IP4 ADP-ribosylation factor-like 6 2.474

LMNA Lamin A/C 2.196 Chromatin structure

ATP5D ATP synthase, Hþ transporter 2.163 ATP supply (oxidative phosphorylation)

RPL13 Ribosomal protein L13 2.039

CTSZ Cathepsin Z 2.028

VIM Vimentin 2.020 Cholesterol metabolism

SEC13 SEC13 homologue (S. cerevisiae) 2.010

TUBB3 Tubulin b 3 class 2.010

RALY RALY heterogeneous nuclear 2.008

Table 3. Fold-changes for upregulated genes in the group derived from oocytes exposed to 10 lgmL21 insulin during maturation

The top 10 significant differentially expressed transcripts sorted bymost prominent fold-changes in the 10 mgmL�1 insulin-treated group were associated with

growth/chromatin structure; steroid/cholesterol metabolism and energy supply. NCBI, National Center for Biotechnology Information

Gene symbol Gene name Fold-change Association (according NCBI gene database summary)

PRPF6 Pre-mRNA processing factor 6 2.821 Steroid metabolism (androgen-receptor binding)

LMNA Lamin A/C 2.578 Chromatin structure

SEC13 SEC13 homologue (S. cerevisiae) 2.503

ATP5D ATP synthase, Hþ transporter 2.452 ATP supply (oxidative phosphorylation)

CYP11A1 Cytochrome p450, family 11 2.384 Steroid/cholesterol metabolism

DHCR7 7-Dehydrocholesterol reductase 2.325 Steroid/cholesterol metabolism

TUBB2B Tubulin b 2b class 2.244

RPL13 Ribosomal protein L13 2.234

MAP2K2 Mitogen-activated protein kinase 2.218 Growth (mitogen growth factor signal transduction)

ARPC1B Actin related protein 2/3 complex 2.211

Table 4. Most relevant pathways changed following treatment with 0.1 or 10lgmL21 insulin (INS0.1 and

INS10, respectively) sorted by number of genes linked to pathway or function

NRF2, nuclear factor (erythroid-derived 2)-like 2

INS0.1 INS10

Molecular and cellular functions

Cell morphology Cell cycle

Cellular growth and proliferation Cellular compromise

Cell cycle Lipid metabolism

Carbohydrate metabolism Molecular transport

Cellular assembly and organisation

Canonical pathways

NRF2-mediated oxidative stress response Epithelial adherens junction signalling

Epithelial adherens junction signalling Remodelling of epithelial adherens junctions

Remodelling of epithelial adherens junctions NRF2-mediated oxidative stress response
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gene network linked to lipid metabolism revealed strong evi-
dence of changes in the cholesterol and steroid metabolism of

both insulin-treated groups (Fig. 4a, b).
The data discussed herein have been deposited in the

Gene Expression Omnibus of the National Center for Bio-

technology Information (NCBI; Edgar et al. 2002) and are
accessible through GEO Series accession number GSE62881

(http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE62881,
accessed 17 September 2015).

RT-qPCR validation of differential gene expression
of selected candidate genes

RT-qPCR validation was performed for 14 candidate genes
chosen among representative genes of the most affected
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Fig. 4. (a) Effects of treatment with 10mgmL�1 insulin (INS10) on genes linked to cholesterol and steroid metabolism, showing upregulation of genes

(red) and stimulatory pathways (orange) leading to cholesterol and lipid accumulation, as well as the induction of regulatory pathways to avoid excess

accumulation of lipids (blue). (b) Effects of treatment with 0.1 mgmL�1 insulin (INS0.1) on genes linked to cholesterol and steroid metabolism, showing

upregulation of genes (red) involved in cholesterol metabolism and lipid uptake.
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pathways, thus allowing broad validation of the changes in gene
expression induced by insulin treatment. Most genes were
linked to energy metabolism, cell differentiation and cellular

compromise (gene groups sorted by function, according to IPA),
with some genes having an effect in several pathways, which is
why their validation is of particular importance. Eleven of the
14 selected genes (80%) showed similar patterns as the micro-

array data (Fig. S1a, b, c, d). Of these, four differed in the same
direction with a tendency for higher expression as determined

by RT-qPCR in the treated compared with control groups.
Tendencies for differences in expression following a different
direction than the microarray results were observed for the

mevalonate (diphospho) decarboxylase (MVD), Fas-activated
serine/threonine kinase (FASTK) andATPase, HþTransporting,
Lysosomal Accessory Protein 2 (ATP6AP2) transcripts.
Genes involved in apoptotic signalling (FASTK) and cell

differentiation/blastocyst formation (SOX2, goosecoid homeo-
box (GSC)) were selected to validate the effects of insulin on
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developmental potential. Effects on metabolism were addressed
by selecting genes involved in growth, lipid metabolism

(adiponectin receptor 2 (ADIPOR2), INSIG1, APOA1, DHCR7,
MVD, CYP11A1, ACCA1, and phosphatidic acid phosphatase
type 2C (PPAP2C)) and the oxidative stress response, as well as

in mitochondrial activity (KEAP1 and NADH:ubiquinone
oxidoreductase subunit A10 (NDUFA10)). DNA (cytosine-5-)-
methyltransferase 3 beta (DNMT3B), an important epigenetic

modulator, was also differentially expressed in blastocysts
derived from the insulin-treated groups.

Discussion

The results of the present study validate an in vitro model for
metabolic imbalance caused by hyperinsulinaemia during

oocyte maturation. The use of two different insulin concentra-
tions allowed conclusions regarding different dose effects by
investigating similarities and differences in embryo develop-

mental rates, phenotype and mRNA expression related to the
exposure of oocytes to an extreme (INS10) and more moderate
(INS0.1) concentration of insulin during maturation. It was
shown that both concentrations of insulin led to similar lasting

effects in the blastocysts 8 days after exposure. Regarding
developmental rates and phenotype, both treatment groups were
more closely related to each other than the control group. This

was also apparent in the observed gene expression patterns,
where a strong fold-change correlation for INS0.1 and INS10
was obtained and similar pathways were affected regardless of

the treatment concentration. This was further supported by RT-
qPCR results. This correlation strengthens our results because
the DET data from both insulin groups could be seen as issued

from a complete biological replicate. Still, the strongest effect in
all aspects was observed in the INS10 group, which is interesting
because it reveals the potentially toxic effect of high insulin
concentrations on early embryo development by gaining

insights into the molecular patterns involved. This result pro-
vides a basis for further investigations and should lead to a better
understanding of reasons behind fertility problems linked to

hyperinsulinaemia.
We could not find any significant differences in cleavage rate

between the different groups (Table 1). Early cleavage is usually

known to be linked to developmental competence (Yadav et al.
1993; Plante et al. 1994; Lonergan et al. 1999;Ward et al. 2001)
and could indicate a possible faster development following
maturation in the presence of insulin. Because we cannot be

certain about the advantage or disadvantage of hastened devel-
opment during this stage, our observations are consistent with
the notion that insulin treatment during maturation did not have

any effects on cleavage rate or pace compared with the control
group. In conclusion, the effect of insulin exposure during
maturation primarily affects events following first cleavage.

The Day 8 blastocyst rate was decreased in the insulin-
treated groups, reaching significance when both treatment
groups togetherwere comparedwith the control group (Table 1),

confirming the hypothesis that elevated insulin concentrations
during maturation impair the developmental competence of the
oocyte. Analyses of differences in gene expression levels linked
to a certain phenotype provided suggestions for the underlying

biological pathways and we suspect that the phenotype in the
INS10 and INS0.1 groups is less favourable for later develop-

ment because we confirmed a lower blastocyst rate in both
groups compared with the control group. The phenotype in the
insulin-treated group was characterised by a higher cell number

in blastocysts on Day 8 compared with those derived from
untreated oocytes. Because there was no significant difference
in developmental stage or embryo quality grade according to

morphological evaluation of all groups on Day 8, the increased
cell number of the developing embryos after insulin treatment
may not be linked to amore progressed developmental stage, but
rather implies increased proliferation. This observation was

confirmed by transcriptome analyses, because none of the DETs
in the INS10 or INS0.1 groups is common with those known to
be associated with stage-related differences (Rekik et al. 2011).

An increased cell number more likely indicates accelerated
proliferation and growth within the equally developed groups,
because embryo stage as a confounder can be excluded.Whether

the variation in cell number is beneficial or harmful for future
development needs to be investigated further. As reported in the
‘quiet embryo hypothesis’ (Baumann et al. 2007; Leese et al.

2007), a slower metabolism during the early stages is seen as

beneficial for survival of the embryo and a characteristic of good
viability. The increased proliferation could be associated with
metabolic stress induced by insulin through an activated meta-

bolic profile. This is supported by our results showing DETs
linked to lipid metabolism and the NRF2-mediated stress
response. Other studies have reported decreased cell numbers

under metabolic stress conditions linked to low circulating
insulin concentration as a model using elevated non-esterified
fatty acids (NEFA) during in vitro maturation mimicking NEB

(Van Hoeck et al. 2011). Earlier, other authors investigated the
effect of insulin on blastocyst cell number in different species,
such as the rabbit (Herrler et al. 1998), mouse (Mihalik et al.

2000) and cow (Matsui et al. 1995, 1997; Bowles and Lishman

1998; Mihalik et al. 2000; Byrne et al. 2002; Augustin et al.

2003). These authors reported contradictory results, including
no effect (Bowles and Lishman 1998;Mihalik et al. 2000; Byrne

et al. 2002) or an increased cell number in cows (Matsui et al.
1995, 1997; Augustin et al. 2003), mice (Mihalik et al. 2000)
and rabbits (Herrler et al. 1998). In the majority of studies,

insulin was added during culture, which is different from our
chosen model, in which insulin is added during maturation.
Differences between species, in the period of exposure and in the
concentrations used make comparisons and final conclusions

difficult. Summarising, we still hypothesise that a cell number
close to the one found in the control group is beneficial for later
development, linking together the best developmental outcome

with phenotype.
A more precise tool to assess the developmental potential of

an embryo is to investigate its gene expression patterns; as such,

molecular studies are likely to reveal more information about
metabolic activity and survival factors expressed by the embryo
(Vigneault et al. 2009). The response of oocytes or embryos

exposed to different metabolic stressors can result in changes in
the transcriptome, as shown for hyperglycaemia (Cagnone et al.
2012), NEFA (Van Hoeck et al. 2015) and serum lipids
(Cagnone and Sirard 2014). The use of different concentrations
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could reveal changes specific for certain substances, as well as
revealing concentration differences with different effects of the

same substance depending on the concentration used (i.e.
physiological or toxic concentrations). We performed large-
scale analyses of transcriptome differences together with

investigations of candidate genes involved in apoptosis, differ-
entiation and metabolism of the Day 8 embryo after insulin
treatment. Because the focus of the present study was to define

developmental potential and embryo survival, candidate genes
were selected supporting the hypothesis that insulin exposure
during maturation increases the development, differentiation
and growth of the growing embryo during metabolic imbalance,

but at the expense of a decreased viability (Baumann et al.

2007). When evaluating the transcriptome in the INS10 and
INS0.1 versus INS0 groups, general upregulation of gene

expression was observed with more evident differences after
exposure to the higher concentration of insulin. This means
that even after a relatively short-term exposure to insulin during

maturation, a different expression pattern remains 8 days after
the initial treatment, which demonstrates the severe impact of
metabolic stress on the developing embryo. Thus, we showed
that the oocyte is sensitive to insulin in the final phase of

maturation and that insulin exposure during maturation has an
effect on early development, at least until the blastocyst stage.
Metabolic programming of the embryo in challenging situations

may also have consequences for the adaption capacity of the
offspring later in life and may cause changes for following
generations, because some epigenetic changes in response to

dietary situations have been reported to be transgenerationally
heritable (Heerwagen et al. 2010). Because we found upregula-
tion of the DNA methyltransferase DNMT3B, a different meth-

ylation pattern of embryos treated with insulin during
maturation may be suspected (Reik et al. 2001).

Using IPA, DETs were further defined and pathways related
to energy metabolism, differentiation, the oxidative stress

response and mitochondrial activity were confirmed by RT-
qPCR, with a concordance of 80% with the microarray data.
Consequently, we confirmed that insulin exposure during matu-

ration has an effect on energy homeostasis of the embryo. Most
evident differences were observed in gene expression linked to
lipid metabolism (e.g. where both upregulation of pathways

leading to lipid accumulation (DHCR7 and MVD) and its
countermeasures (ADIPOR2, APOA1 and INSIG) were found).
The lower insulin concentration (INS0.1) affected cholesterol
metabolism on different levels, with general stimulation of lipid

uptake in the cells, whereas the higher dose (INS10) even
stimulated pathways against the accumulation of cholesterol
and lipids, probably to regulate the excess of stored lipids,

which could be harmful to the normal function of cell metabo-
lism. Insulin increases the production of the apolipoprotein
APOA1 gene expression, as reported earlier (Murao et al.

1998; Lam et al. 2003), which can be seen in insulin-resistant
individuals. Although the catabolic rate of APOA1 is increased
in diabetic patients APOA1 levels are usually reduced. This is

associated with a higher risk of coronary heart disease
(Mooradian et al. 2004). The increased expression of APOA1
in both the INS10 and INS0.1 groups is an interesting finding
because imbalances in serum lipoproteins play an important role

in the hyperinsulinaemia–metabolic syndrome complex and
could be linked to metabolic programming of the embryo (van

Montfoort et al. 2014).
Genes associated with differentiation, blastocyst formation,

inner cell mass development and growth (transcriptional

enhancer factor TEF-3 (TEAD4), SOX2, and GSC) have been
reported as markers of embryo quality (Meijer et al. 2000;
Nishioka et al. 2008) and were found to be upregulated by

insulin treatment in the present study, which supports the
hypothesis that the differential gene expression pattern of the
embryo is showing some asynchrony with the observed pheno-
type. As there are changes in gene expression as well as in the

phenotype (increased cell number) which point in the direction
of an expedite development, detrimental consequences of this
accelerated development cannot be excluded even for later

stages of the embryo. Even if studying the effect of insulin on
early embryo development is still complicated because of
multiple factors interacting with insulin signalling, such as the

IGF system, including binding proteins and different receptor
types, the results of the present study demonstrate important
changes in phenotype and gene expression induced by insulin.
Several observed changes in the transcriptome have a direct link

to metabolism and developmental potential, which shows the
importance of a balanced metabolic situation necessary for
healthy embryonic development in the cow. This knowledge

will also help us to understand the reasons behind reproductive
disorders linked to hyperinsulinaemia in humans, because this
in vitro system is a good model for studying oocyte maturation

in women with hyperinsulinaemia caused by obesity or diabe-
tes. Because we could prove that the oocyte is sensitive to
insulin during maturation with changes persisting 8 days after

exposure, we suggest that the use of insulin in different media
in vitro embryo production systems should be limited. It cannot
be excluded that the effects of insulin on different metabolic
processes remain even at later developmental stages and could

cause problems for the offspring later in life. It may be
interesting to also investigate later stages of development to
determine whether the effects found in the present study persist

after the blastocyst stage or whether compensatory mechanisms
exist. The genes identified in the present study as being
differentially expressed in response to insulin signalling could

be used to investigate andmonitor specific levels ofmethylation
in newborn calves from NEB cows or potentially in children
from patients withmetabolic syndrome. By investigating devel-
opmental rates, morphology and gene expression of BC8

derived from oocytes matured in the presence of two different
insulin concentrations, the present study provides a detailed
picture of the effects of insulin on early development. Because it

even includes conclusions about a different concentration
effects of insulin, the present study could add value for improv-
ing in vitro production protocols and reducing the risk of an

induced hyperinsulinaemia in in vitro production systems. It
further provides information regarding the biological pathways
that could be involved in the impaired fertility caused by

hyperinsulinaemia and elucidates possible negative conse-
quences for offspring derived from hyperinsulinaemic condi-
tions because of metabolic disturbances or created by in vitro

systems.
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