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Abstract 
 

Lipotoxicity is characterized by excessive 
saturated fatty acids in the blood, increasing storage in 
non-adipose cells, which leads to changes in the 
expression pattern of genes related to endoplasmic 
reticulum stress (e.g., ATF4, ATF6, CHOP, and 
GRP78), pro- and anti-apoptotic pathways (e.g., Bax 
and Bcl-2, and protein stability, including heat shock 
proteins, e.g., HSP70). A negative sub-cellular effect is 
usually an end result, which also occurs in the ovarian 
follicular population, affecting granulosa cells and 
cumulus-oocyte complexes (COCs), which leads to a 
decrease in oocyte quality and mitochondrial activity, 
and increased apoptosis. The addition of high doses of 
non-esterified fatty acids to oocyte in vitro maturation 
medium has been shown to slow the progression of 
meiosis, hampering oocyte maturation and subsequent 
in vitro embryo development. Due to its importance in 
the control of cellular lipid droplets and expression 
correlation with cytosolic lipid accumulation, the 
expression of the Plin 2 (Perilipin 2) protein is also 
highlighted. The aim of this review is to discuss some 
reproductive implications of dietary lipid 
supplementation in ruminant females, and the potential 
effects of lipotoxicity on oocyte quality and 
reproduction, and the main mechanisms involved in the 
expression of genes related to endoplasmic reticulum 
stress and cellular lipid accumulation. 
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Introduction 
 

Lipotoxicity is characterized by excessive 
plasma saturated fatty acids, increasing lipid storage in 
non-adipose cells, through a mechanism by which the 
fat intake can negatively influence reproductive tissues 
(Jungheim et al., 2010, 2011; Robker et al., 2011; Yang 
et al., 2012), affecting, for instance, granulosa cells and 
oocytes (Wu et al., 2010; Yang et al., 2012). These 
effects have been associated with a decrease in oocyte 
quality in cows (in vitro), rats (in vivo) and women (in 
vivo; Leroy et al., 2005; Wu et al., 2010; Yang et al., 
2012). Such lipotoxicity effects can be associated with 
changes in the expression of various genes related to 
endoplasmic reticulum (ER) stress, such as activating 

transcription factors 4 and 6 (ATF4 and ATF6), glucose 
regulated protein 78 (Grp78; Yang et al., 2012), and the 
protein homologue of C/EBP (CHOP; Zinszner et al., 
1998), as well as the pro- and anti-apoptotic genes, such 
as Bax (Bcl-2 asssociated protein X) and Bcl-2 (B cell 
lymphoma protein 2), respectively (Leroy et al., 2005), 
and genes associated with protein stability due to stress, 
such as the inducible 70-kDa heat shock protein 
(HSP70; Wu et al., 2010). 

Studies have demonstrated that the addition of 
different concentrations of non-esterified fatty acids 
(NEFAs), such as linoleic acid (18:2), stearic acid 
(18:0), palmitic acid (16:0) and oleic acid (18:1) to the 
in vitro maturation (IVM) medium reduces oocyte 
maturation rates, with negative effects on subsequent 
embryo development (Marei et al., 2010; Van Hoeck et 
al., 2011). Moreover, the addition of NEFAs to the 
culture medium of granulosa cells reduces cell 
proliferation and increases apoptotic rates (Vanholder et 
al., 2005). It is believed that such negative effects due to 
exposure to high concentrations of fatty acids on oocyte 
quality are caused by the changes in the structure of the 
mitochondrial membrane and the ER. In certain 
situations, reactive oxygen species (ROS) can be formed 
by the enzymatic action of lipooxygenase, leading to 
lipid peroxidation of organelles such as the 
mitochondria, which contain large quantities of 
polyunsaturated fatty acids (PUFA) that could turn into 
peroxides. In the mitochondria, ROS can be toxic and 
harmful to the development of the oocyte, which can 
worsen in hyperlipidemia (Marei et al., 2012). 
Moreover, ROS hampers ER function in the folding and 
secretion of proteins, triggering a mechanism known as 
unfolded protein response (UPR), which lowers 
translation rates and activates a degradation system 
associated with the ER (Xu et al., 2005; Wu et al., 
2011). Such reactions can compromise cell viability, 
and if reaching the gametes or embryos, can 
compromise fertility. This review aims to discuss some 
recent knowledge regarding the main reproductive 
changes caused by the dietary supplementation of lipids 
to mammalian females, with special regard to the effects 
of lipotoxicity on oocyte quality. 

 
Lipotoxicity and reproductive response 

 

The process of lipotoxicity is characterized by 
excessive circulation of long-chain saturated fatty acids, 
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which are produced by adipocytes or obtained 
through the diet (Jungheim et al., 2012). When 
adipocytes are unable to store fatty acids, other types 
of cells store lipids (Jungheim et al., 2012). In fact, in 
a study where mice were fed a diet containing 22% 

fat, oocytes showed high lipid levels, before and after 
ovulation, in comparison with oocytes from mice fed 
a control balanced diet (Fig. 1), which led to 
alterations in mitochondrial activity and ER stress 
(Wu et al., 2010). 

 

 
Figure 1. Increase in lipid concentration in COCs from female mice fed a fat rich 
diet, prior and after hCG treatment. Adapted from Wu et al. (2010). 

 
The accumulation of intracellular lipids may 

lead to oxidative damage and formation of highly 
reactive cytotoxic lipid peroxides, harmful to 
intracellular organelles, particularly to the ER and 
mitochondria (Malhi and Gores, 2008; Li et al., 2011). 
Moreover, the increase in free fatty acids levels in the 
blood results in increased concentrations of free fatty 
acids in the follicular fluid, which can affect the 
morphology of the cumulus-oocyte complexes (COCs) 
and subsequent embryo quality (Leroy et al., 2005; 
Metwally et al., 2007; Jungheim et al., 2011).  

Studies in rats have demonstrated that obesity 
induced by a fat-rich diet affects oocyte quality, 
reducing blastocyst rates and cell allocation following in 
vitro fertilization, with embryos showing a higher 
number of cells allocated to the trophectoderm and a 
slight reduction in the number of cells in the inner cell 
mass, thereby decreasing the percentage of cells 
destined to form the embryo (Minge et al., 2008). Such 
perturbations in cell allocation during blastocyst 
development may not be trivial, having a potential to 
compromise embryo and fetal development, also 
contributing to the embryo origin of diseases manifested 
later as an adult (Kwong et al., 2000). Such fact has also 
been shown in cattle, since the treatment of COCs with 
increasing doses of fatty acids during IVM 
compromised oocyte maturation and subsequent embryo 
development (Leroy et al., 2005; Aardema et al., 2011; 
Van Hoeck et al., 2011).  

Physiological NEFA concentrations of stearic 
acid, palmitic acid, oleic acid are 25, 50 and 75 µm, 
respectively (Van Hoeck et al., 2011). But blastocyst 
rates in cattle can also be lowered when in vitro-
produced embryos are exposed to stearic acid, palmitic 
acid, oleic acid in concentration of 75, 150, 200 µm, 
respectively (Van Hoeck et al., 2011). In cattle and 
human embryos, the first 3-4 cleavage rounds occur 
under the control of maternal mRNAs and proteins 
present in the oocyte, until the activation of the 
embryonic genome in humans and in cattle. In recent 
studies, a reduction in blastocyst rates indicated that 
exposure to NEFAs during oocyte development had a 
significant negative impact on the development of post-
genome activation, as well as on the pattern of gene 
expression (Van Hoeck et al., 2011). In addition, high 
levels of NEFAs added to the bovine in vitro culture 
media were harmful to the function and development of 
granulosa cells (Vanholder et al., 2005). However, 
progesterone production by the cells was not affected, 
as a limiting step in the progesterone production rate by 
luteal cells is likely the transport cholesterol to the inner 
mitochondrial membrane (Diaz et al., 2002). 

The supplementation of high concentrations of 
NEFA during the in vitro maturation of bovine oocytes 
significantly increased apoptosis rate in embryos, with the 
accumulation of higher levels of stearic acid in comparison 
with control embryos (Van Hoeck et al., 2011). Such 
difference can be related to the fact that oocytes have the
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capacity to accumulate fatty acids, which can have variable 
levels and/or composition of stored lipids depending on 
the lipid supply (Kim et al., 2001).  

Interestingly, the addition of NEFAs, such as 
stearic and palmitic acids to the follicular fluid of dairy 
cows during IVM slowed meiosis progression, which 
was expressed by a significantly greater number of 

oocytes held in metaphase I, along with a relatively low 
number of oocytes in metaphase II (Table 1; Leroy et 
al., 2005). Likewise, the addition of linoleic acid to the 
in vitro maturation medium for 24 h was shown to also 
hamper oocyte development (Marei et al., 2010), with a 
decrease in fully expanded COCs and low percentage of 
oocytes at the metaphase II stage.  

 
Table 1. Effect of supplementation with stearic acid (C18:0) and palmitic acid (C16:0) to the in vitro maturation medium on 
oocyte maturation, compared to negative (IVM medium) and positive (IVM medium added with ethanol) controls. 

Maturation rate  
(%) 

Negative control Positive control Stearic acid Negative control Positive control 
(C18:0) 

Palmitic acid 
(C16:0) 

Metaphase I 9.2a 18.6b* 26.0b* 9.1a 12.5a 24.1b 

Anapahse/Telophase 16.1a 11.6a 18.4a 15a,b 10.5a 19.9b 

Metaphase I 74.8a 67.8a 54.0b 75.0a 77.1a 63.2b 
a,bData within a row marked with different superscripts differ significantly (P < 0.05). *P = 0.1. Adapted from Leroy et al. (2005) 
 
 

Plin2 and accumulation of intracellular lipids 
 
The major structural proteins present at the 

surface of intracellular lipid droplets are those 
belonging to the PAT protein family, named after 
perilipin (PLIN1), adipophilin (PLIN2), and tail-
interacting protein of 47 kDa (TIP47). Perilipins are 
associated with the lipid droplets (LD) either during 
budding from the ER or derived from a soluble pool 
within the cytosol (Kimmel et al., 2010). Evidence 
suggests that some perilipin family members, such as 
Plin3 and Plin4, are associated with coat and very small 
nascent LDs (Wolins et al., 2005).  

Perilinpin 2 (Plin2) is the main protein 
associated with lipid droplets in non-adipose tissues, 
important to the control of cellular lipid accumulation 
(Aminoff, 2012). Plin2 expression is highly correlated 
with cytosolic association of lipids (Brasaemle et al., 
1997), being found in adipocytes during adipogenesis, 
involved in the storage of lipids in steroidogenic cells 
and other non-specialized cells (Bickel et al., 2009). 
Also, a protein related to the differentiation of lipid 
molecules found in all cells examined to date, named 
adipose differentiation-related protein (ADRP), has an 
N-terminal end highly similar to the perilipins, which 
may play a functional role or contain targeting signals in 
lipid storage, promoting the association of the proteins 
with lipid droplets in the cytosol (Brasaemle et al., 
1997). 

According to Aminoff (2012), the 
accumulation of lipids in non-adipose tissues results in 
cellular dysfunction, inflammation and eventually cell 
death. Thus, Plin2 protects cells from toxic lipid 
metabolites, by promoting the storage of neutral lipids 
into cytosolic droplets (Jungheim et al., 2012). Yang et 
al. (2012) evaluated the expression of Plin2 in mouse 
COCs in vitro-matured in lipid-rich follicular fluid, and 

observed higher expression of Plin2 and altered 
expression of ER stress marker genes, compared with 
COCs matured in lipid-poor follicular fluid or under in 
vivo conditions. Sastre et al. (2014) also evaluated the 
expression of Plin2 and Plin3 in oocyte maturation and 
early embryo development in dairy cows and observed 
that the expression of Plin2 was greater in in vitro-
matured oocytes when compared with Plin3. Although 
Plin2 seems to be quickly degraded in the cytosol, Plin3 
remains active for a longer time, being observed to be 
either soluble in the cytosol or associated with LD. A 
higher expression of Plin2 could reflect in the metabolic 
response of the oocyte to avoid total depletion of lipid 
stocks, considering the high energy demand during the 
first rounds of embryo cleavages.  
 
Lipid diet effect on endoplasmic reticulum stress and 

expression of apoptotic genes 
 
The ER is the main site for the synthesis and 

folding of proteins, serving also as a site for the 
biosynthesis of steroids, cholesterol and other lipids 
(Rao et al., 2001). The lumen of the ER is the entrance 
site of proteins designed for endo/exocytotic routes, and 
therefore has a unique environment for folding, 
assembly, formation of disulfide bridges and 
glycosylation (Bromati, 2009). Exposure of the ER to 
high levels of free fatty acids and lipid peroxides causes 
structural alterations and perturbs such functions 
(Diakogiannaki et al., 2008). 

Studies have demonstrated that a fat-rich diet 
given to female mice causes an increase in lipid 
accumulation and induces the expression of ER stress 
marker genes, such as ATF4 and GRP78, decreasing 
mitochondrial activity and increasing apoptosis in 
COCs, which is associated with a reduction in 
fertilization rates under in vivo conditions (Wu et al.,



 Alves et al. Lipid supplementation, and oocyte quality and fertility. 
 

294 Anim. Reprod., Belo Horizonte, v.12, n.2, p.291-297, Apr./Jun. 2015 

2010). Also, the expression of ATF4 was increased in 
rat granulosa cells in response to the high amount of fat 
in the diet. The expression of such gene was also 
significantly increased in the granulosa cells of obese 
women. Yang et al. (2012) confirmed this finding, 
observing a significant increase in expression of ER 
stress marker genes (ATF4, ATF6 and GRP78) in COCs 
matured in lipid-rich follicular fluid in comparison with 
COCs matured in lipid-poor follicular fluid.  

However, under stress conditions, the ER is 
subjected to UPR (Malhi and Gores, 2008), such 
mechanism is initiated by the presence of large amounts 
of immature proteins in the ER and is characterized by 
the coordinated activation of multiple proteins that 
trigger the expression of gene coding for chaperones, 
enzymes and structural components of the ER, which 
can lead to ER activation, reduce the risk of errors in the 
assembly of the tertiary and quaternary structures of the 
proteins, thereby reducing the number of unfolded 
proteins in that organelle and allow cell survival (Rao et 
al., 2001; Xu et al., 2005). 

When unfolded proteins accumulate in the ER 
the immediate response is the recruitment of resident 
chaperones from their binding sites in the ER 
membrane. The binding of chaperones to the cell occurs 
due to the presence of different transmembrane proteins, 
which act as signaling molecules of the reticular 
function throughout the cell. The main proteins of the 
ER membrane involved in the induction of UPR are 
IRE1 (inositol-requiring enzyme 1), PERK (RNA-
activated protein kinase (PKR)-like ER kinase) and 
ATF6 (Shen et al., 2004). These transmembrane 
proteins have a cytosolic N-terminal domain and a C-
terminal domain pointed towards the lumen of the ER, 
thereby constituting a connecting point between the two 
compartments. In the basal state, those three proteins are 
inhibited by the binding of the chaperone BiP (binding 
protein (Bertolotti et al., 2000). These transducers of ER 
stress are inactive when the chaperone GRP78/BiP 
binds to its luminal domains, thus impeding its 
aggregation. When there is an accumulation of proteins 
in the ER, the GRP78/BiP complex is recruited to 
inhibit the aggregation of accumulated proteins, 
dissociating them from PERK, IRE1α and ATF6. The 
last one, released from BiP, migrates to the Golgi 
apparatus, where the resident proteases S1P and S2P 
(site-1 protease and site-2 protease) cleave and release 
the transcription factor into the cytosol. The proteolytic 
cleavage of ATF6 directly induces the transcriptional 
activation of the genes encoding XBP-1 and chaperones 
(Ye et al., 2000; Seo et al., 2008). Released PERK and 
IRE1α homodimerize and undergo autophosphorylation, 

which activates their intrinsic kinase activities (Hussain 
and Ramaiah, 2007). Meanwhile, under such conditions, 
mRNAs coding for proteins functioning in the 
adaptation to stress gain a selective advantage, 
translation, such as the transcription factor of ATF4 
(Harding et al., 2001). 

A strict relation between PERK, CHOP and 
ATF4 exists, since chronic activation of PERK can 
increase the expression of CHOP (C/EBP-homologous 
protein) through ATF4 (Bromati, 2009). The increase in 
CHOP expression is associated with the translocation of 
the pro-apoptotic protein BAX from the cytosol to the 
mitochondria, reduction in the anti-apoptotic protein 
Bcl-2, and increase in proteins GADD34 (Growth 
Arrest and DNA Damage-Inducible Gene), DR-5 
(Death Receptor 5), and TRB3 (Tribbles related protein 
3; Yamaguchi and Wang, 2004; Ohoka et al., 2005; 
Pirot et al., 2007). The increased expression of CHOP, 
therefore, blocks cell cycle and causes cell death (Ron, 
2002; Fig. 2). 

It should be noted that HSPs stand out among 
the class of molecular chaperones, in which HSP70 is 
essential for the recovery of cells from stress, cell 
survival and normal cell functions (Guzhova and 
Margulis, 2006). However, no differences in HSP70 
expression have been observed in animals fed either a 
high-fat diet or control diets (Wu et al., 2010). 
Nonetheless, GRP78 is the most abundant chaperone 
protein in the ER, serving as a master regulator of UPR 
and in detecting ER stress (Wang et al., 2009). The 
GRP78 protein has been considered essential for 
embryonic cell proliferation, protecting the inner cell 
mass from apoptosis during early embryo development 
(Luo et al., 2006). When evaluated in goats, the GRP78 
gene was observed in granulosa cells of atretic follicles 
(Lin et al., 2012), with increased GRP78, CHOP, ATF6 
and ATF4 levels in granulosa cells during follicular 
atresia. However, the biological significance of such 
findings still needs to be better defined. 

When apoptosis is activated, the accumulation 
of intracellular lipids alters the expression of 
homologous proteins of the Bcl-2 family. This was 
demonstrated by Valckx et al. (2014), who 
demonstrated mouse granulosa cells to express Bax at 
high levels, also showing a high Bax/Bcl-2 ratio when 
cells were subjected to high NEFA concentrations 
(stearic acid at 112 mM; palmitic acid at 230 mM; and 
oleic acid at 210 mM) in culture. Apparently, excess 
lipids, when greater than the cell detoxification 
capacity, can lead to increased apoptotic rates, which 
still needs to be elucidated in in vivo or in vitro 
experiments with mammalian gametes and embryos. 
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Figure 2. Events associated with endoplasmic reticulum (ER) stress and unfolded protein response (UPR). Adapted from Li et al. (2011). 
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Final considerations 
 
Studies that relate the effect of hyperlipidemic 

diets with the COC quality and competence are still 
limited. However, available studies indicate that 
exposure to high lipid concentrations, either under in 
vivo or in vitro conditions, alters the expression pattern 
of different genes related to oocyte matured quality, 
including ATF4, ATF6, GRP78 and CHOP, BAX and 
Bcl-2, and HSP70.  

It is clear, therefore, that for oocytes or 
embryos, high levels of free fatty acids in in vivo or in 
vitro conditions can have toxic effects that translate into 
alterations in the expression of important genes for 
direct or indirect lipid detoxification, and excess can 
lead to higher apoptotic rates and lower developmental 
competence, resulting in reduced fertility potential. 
Accordingly, new investigations into the molecular 
mechanisms involved in COC lipotoxicity should be 
carried out, aiming to increase developmental 
competence of oocytes and, consequently, enhancing 
reproductive efficiency. 
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