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Approaches to reduce lipids: a review of its impacts on in vitro embryo production
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Abstract

In vitro embryo production (IVP) has limitations for better outcomes in blastocyst production,
cryopreservation efficiency and pregnancy rates. Among the factors impairing IVP, high lipid content in both
oocytes and embryos, and consequent reactive oxygen species (ROS) production, have a negative impact in embryo
development and further biotechnologies. The present review aims to address techniques and strategies that
collaborate to improve embryo development rates through reduction of lipid content either in the oocyte or in the
embryo.
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Resumo

A produgdo in vitro de embrides (PIVE) possui limita¢ées para melhoras na produgdo de blastocistos,
eficiéncia da criopreservagdo e taxas de prenhez. Dentre os fatores limitantes a PIVE, o alto conteudo lipidico tanto
em odcitos quanto em embrides e a consequente produgdo de espécies reativas a oxigénio (ROS), possuem impacto
negativo no desenvolvimento embriondrio e subsequentes biotecnologias. A presente revisdo visa tratar sobre
tecnologias e estratégias capazes de colaborar com a melhora nas taxas de desenvolvimento embriondario através
da redugdo do conteudo lipidico tanto em oocitos quanto em embrides.
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embrionario inicial.

Introduction

In vitro embryo production (IVP) system is based on in vitro maturation (IVM), in vitro fertilization (IVF)
and in vitro culture (IVC) (Somfai and Hirao, 2011). Two important limiting factors in this system, for both oocytes
and embryos, are: (1) the high lipid content and accumulation of lipid droplets (LD) that occurs in some domestic
species, mainly in pigs (McEvoy et al., 2000; Gajda, 2009) and; (2) the high levels of reactive oxygen species (ROS)
produced in response to fatty acids f-oxidation and culturing conditions. Together these factors negatively impacts
embryo development rates (Romek et al., 2017), as well as cryopreservation efficiency (Grupen, 2014). Therefore,
reduction of lipid content could be beneficial, however the total removal is not indicated, since they have metabolic
functions (Tsuyjii et al., 2001), and LD act as energy source to the cells (Walther and Farese Jr, 2012; Thiele and
Penno, 2015; Welte and Gould, 2017) by forming metabolic units together with mitochondria and the endoplasmic
reticulum (Warzych et al., 2017).

In oocytes, during follicular growth and development (Paulini et al., 2014) cumulus-oocyte complex (COC)
modulates the expression of genes that regulate fatty acid (FA) metabolism (Sanchez-Lazo et al., 2014). As a result,
during final development, oocytes already contain LD with triacylglycerol and sterol esters as main stored lipids
(Walther and Farese Jr, 2012; Warzych et al., 2017) that requires B-oxidation in order to support the maturation
process (Dunning et al., 2014). On the other hand, in embryos, during first cleavage, the energy is obtained
preferably via pentose phosphate pathway (PPP), while, for further embryo development, glycolysis and B-oxidation
are more prominent (reviewed by Prates et al. 2014).

ROS are by products of the cellular oxidative metabolism, a process where ATP is synthesized by reduction
of oxygen in the mitochondria, though proton and electron transfer reactions (Fu et al., 2014). ROS production
seems also be related to lipid accumulation (Furukawa et al., 2004). This production, associated with the reduction
of antioxidant enzymes, can result in oxidative stress, with serious detrimental effects such as: (1) lipid peroxidation,
(2) breaking of DNA double strand, and (3) mitochondrial DNA mutation, which result in decrease in embryo and
oocytes viability (Guérin et al., 2001).

IVP embryos had higher lipid content and produce higher ROS levels than their in vivo counterparts, ROS
production also varies according to the stage of development (Guérin et al., 2001). Culture media composition also
has influence over these factors (Romek et al., 2010). Thus, it is necessary to optimize the IVP system aiming to
reduce lipid content and to increase protection against ROS.
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This review aims to gather information about the approaches that have been recently used to reduce lipids
levels during IVP. As it will be observed, most of the results use pig as model because it presents oocytes and
embryos with a high lipid content when compared to other species (McEvoy et al., 2000).
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Strategies to reduce lipids levels
Mechanic delipidation techniques

Mechanical delipidation includes physical methods to remove or disrupt LD from the cytoplasm. One of the
first to attempt this approach was Nagashima et al. in 1994, which used centrifugation and micromanipulation as a
combined alternative to reduce LD in porcine oocytes. Their results showed improvement on chilling resistance, but
no significant differences in embryo development for delipidated or partially delipidated oocytes. More recently,
porcine embryos were used as model to test different centrifugation protocols and their benefits in embryo
vitrification, with generally better results for the delipidated ones (Kawakami et al., 2008). Delipidation also reduced
the triglyceride content and the expression of GPAT1, AGPATI1, AGPAT2, LIPIN1, DGAT, genes related to
triacylglycerol synthesis (Zeng et al., 2017), which are essential for LD structure and formation (Walther and Farese
Jr, 2012). However, in one study, mechanical delipidation have not improved total blastocyst survival after
cryopreservation, but, on the other hand, those that survived and were transferred to recipients resulted in
pregnancies and piglets’ birth (Men et al., 2011).

Similar behavior was observed in sheep embryos, were Romao et al. (2015) found that centrifugation plus
exposure to cytochalasin D or the use of trans-10 cis-12- conjugated linoleic acid isomer (CLA) resulted in higher
blastocyst rate and survival after vitrification and warming, possibly by reduction of the lipid content, although no
lipid evaluation was performed. Briefly, besides being a time-consuming practice, mechanical delipidation improves
the efficiency of IVP system.

Fatty acids supplementation

FA are a class of lipids that form structural components of membranes and are an energy source as they are
stored as triacylglycerol inside LD. They are metabolized by B-oxidation, influencing oocyte development potential
(Dunning et al., 2014). Although the addition of lipids may seem controversial, once oocytes and embryo already have
a high lipid content, recent studies have shown that supplementation with FA may be beneficial as it forces lipid
metabolism and contributes to energy supply. Sanchez-Lazo et al. (2014) described that FA synthesis, lipolytic activity
and fatty acid oxidation (FAO) have direct influence in the oocyte maturation process. Likewise, the expression of
genes related to FA metabolism is consonant with the modifications of lipid content in cumullus cells, since they
comunicate with the oocyte through paracrine signals and tranzonal projections (reviewed by Clarke, 2018).

In bovines, the addition of frans-10, cis-12 octadeca-dienoic acid (¢10, c12 CLA), a conjugated isomer of
the linoneic acid to the IVC medium, had no effect on cleavage or blastocyst rates, but reduced lipid content and
increased survival rate of vitrified-warmed bovine embryos (Pereira et al., 2008). Controversially, addition of high
levels of both non-esterified fatty acids (NEFA) or stearic acid (SA) in the maturation media of bovine COC, lead to
different effects: (1) the first, significantly reduced blastocyst development and also increased the LD content; (2)
and the second, reduced LD accumulation and lowered re-expansion rates after the cryopreservation-warming
process (Van Hoeck et al., 2015).

Such as high content of NEFA, an elevated dose of polyunsaturated fatty acids (PUFA) in the maturation
media impaired the development of bovine (Oseikria et al., 2016) and porcine (Hoyos-Marulanda et al., 2019)
embryos. However, Oseikria et al (2016) found that a lower dose -1uM - of docosahexaenoic acid (DHA), an
omega-3 essential fatty acid during IVM, improved cleavage rates of both parthenogenetic or fertilized bovine
embryos, although no differences in the expression of FA metabolism related genes such as FA synthase (FASN),
diacylglycerol O-acyl-transferase (DGAT1), FA transport (transporters CD36, FA binding protein genes FABP3 and
FABPS), lipolysis (phospholipase PNPLA2), lipid storage (perilipin PLIN2), and mitochondrial b-oxidation
(CPT1A, CPT2) were found. In our lab, MIV supplementation with eicosapentaenoic acid (EPA), also an omega-3
fatty acid, reduced cleavage rates, while SOuM of DHA improved cleavage rates and reduced blastocysts lipid
content (Hoyos-Marulanda et al., 2019).

By modifying maturation media of mice oocytes, Paczkowski et al (2014) found that carnitine, a lipid
modulator, alone or in combination with 1uM palmitic acid, common saturated fatty acid, reduced lipid content,
while 100uM palmitic acid made the opposite; nevertheless, the use of these agents resulted in alterations of gene
expression that directly affected the lipid content (Paczkowski et al., 2014).

Therefore, the use of fatty acids during IVP modulates lipid metabolism in oocytes and embryos. However,
they either improve or impair embryo production, depending on the concentration and nature of fatty acid used.

Lipid modulators

Lipid modulators are substances that can reduce and/or modify lipid content within cells through several
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mechanisms (Prates et a., 2014). Among them, carnitine, phenazine ethosulfate (PES) and forskolin are examples
utilized during IVP procedures.

Carnitine

Carnitine carries FA into the mitochondria for ATP generation via B-oxidation and binds to Acetyl-CoA
going back to the cytoplasm, influencing glucose metabolism (Dunning and Robker, 2012) and reducing lipid
peroxidation (Somfai et al., 2011). The addition of carnitine during MIV enhanced oocyte maturation, embryo
development, and mitochondrial activity, while reducing lipid content and ROS levels in porcine (Somfai et al.,
2011; Wuetal., 2011; You et al., 2012), buffalo (Verma et al., 2018) and bovine (Ghanem et al., 2014).

Although being mostly advantageous, Wu et al (2011) found that porcine COC exposed to 2 mg/mL of
carnitine presented reduction in maturation and the blastocyst rates, whereas lower (0.5 mg/mL) concentrations were
beneficial for parthenote embryo development, reducing ROS levels. On the other hand, You et al. (2012) obtained
better blastocyst development when pig oocytes were matured with 1.98 mg/mL of carnitine, increasing glutathione
and reducing ROS levels. Interestingly, Somfai et al. (2011), also added lower concentrations of carnitine (1.25
mg/mL) during [IVM, resulting in higher maturation rates, although no differences on blastocyst rate were observed.
Authors also described reduction on lipid content and ROS production, as also found by Wu et al (2011) and You et
al. (2012).

Verma et al (2018) added different doses of carnitine, 48h after buffalo IVF, resulting in lipid droplets
reduction, and altered expression of metabolism related genes DGAT1 and DGAT2, as well as blastocyst
competence markers GLUT1, OCT4 and INFz, leading to a higher developmental rates of blastocysts after
vitrification. Similarly, Ghanem et al. (2014) related that bovine embryos supplemented with carnitine and/or
phenazine ethosulfate (PES) presented reduced lipid content, increased mitochondria density and cryotolerance,
presenting also modification in the expression profile of genes related to FA transport (SLC27A1 and SLC22A5),
FA oxidation (CPT1B and CPT2), FA synthesis (ACCa), LD formation (DGAT1, DGAT2 and PLIN2) and embryo
competency (SOD2, NADH and GLUTS). Therefore, both lipid modulators improved embryo quality and
cryotolerance, but carnitine supplementation seems to be more beneficial.

Finally, supplementation of IVP media with lower carnitine concentration is beneficial in reducing lipid
content, and increasing cleavage and blastocyst rates. Carnitine is also capable to alter the expression profile of
different genes related to energy and lipid metabolism, as well as embryo quality.

Phenazine Ethosulfate (PES)

PES is a metabolic regulator that inhibits fatty acids synthesis by NADH oxidation to NADP, favoring
glucose metabolism through phosphate pentose pathway (PPP) (Ghanem et al., 2014). De La Torre-Sanchez et al.
(2006) compared metabolic regulators on bovine embryos and found that 0.3uM PES during IVC accelerate glucose
metabolism by a higher glucose flux through PPP and reduced the amount of large lipid droplets in blastomere
cytoplasm. The same PES concentration during IVC had no detrimental effect on cattle pregnancy and parturition
after embryo transfer (Barcelo-Fimbres et al., 2009). For pigs, 0.05 uM PES supplementation during IVC had no
effect on cleavage rate but increased morula and blastocyst production, also, this concentration was able to reduce
lipid content by 23% but the survival rate after vitrification was similar than the control (Gajda et al., 2011).

Even though PES seems promising, few researches demonstrated its potential for lipid reduction.
Furthermore, it is interestingly that a lower concentration significantly reduced lipids in the porcine COCs, which
has highest lipid content in comparison to bovines (McEvoy et al., 2000) that needed higher concentrations to
improve lipid metabolism.

Forskolin

Forskolin is a chemical stimulator of lipolysis through the activation of adenyl cyclase (cAMP) (Prates et
al., 2014). This substance is also capable of synchronize cytoplasmic and nuclear maturation of oocytes by arresting
meiotic progression (Park et al., 2016).

According to Fu et al. (2011), 10uM of forskolin reduced lipid content and improved survival rate of
porcine COC after cryopreservation. However, independently of the period of exposure to forskolin, cleavage rates
were lower than the control. Going further, Park et al. (2016) exposed pig COC to 50uM forskolin prior to IVM,
resulting in higher blastocyst rates and reduction of lipid levels in parthenogenetically activated embryos, although
lower cleavage rates was also observed. However, when compared with cilostamide, another cAMP modulator,
forskolin couldn’t maintain the same maturation levels for pig COC derived from small antral follicles and seems to
inhibit cilostamide effects when both were supplemented (Park et al., 2016). Forskolin was also beneficial to lipid
reduction in buffalo and bovine embryos exposed to 10uM during IVC and had progressive lipid reduction from day
2 to day 7 embryos, besides no effect on embryo cleavage or in freezing ability (Panyaboriban et al., 2018).

As can be observed, forskolin is efficient in reducing lipid content, increasing cryotolerance and blastocyst
rate, besides these beneficial characteristics, this substance seems to impair cleavage rates.
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Conclusion

This review showed alternative ways to deal with high lipid content in oocytes and embryo derived from
IVP systems. Significant progress has been made, especially regarding cryoresistance and blastocyst development in
different species. On the other hand, there is still no well determined pattern related to the best strategy for lipid
reduction, since diverse modulators and concentrations were used in different species. In conclusion, additional
studies should be conducted to find the optimal combination of substances and strategies, as well as the
concentrations and phases of PIV to be used, to avoid that the accumulation of lipid observed in oocytes and
embryos does not become an obstacle to optimize embryonic development and cryotolerance.
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