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Developmental Sex Differences 
in the Metabolism of Cardiolipin 
in Mouse Cerebral Cortex 
Mitochondria
Estefanía Acaz-Fonseca1, Ana Ortiz-Rodriguez1, Ana B. Lopez-Rodriguez1, Luis M. Garcia-
Segura1 & Mariana Astiz1,2

Cardiolipin (CL) is a mitochondrial-specific phospholipid. CL content and acyl chain composition are 
crucial for energy production. Given that estradiol induces CL synthesis in neurons, we aimed to assess 
CL metabolism in the cerebral cortex (CC) of male and female mice during early postnatal life, when sex 
steroids induce sex-dimorphic maturation of the brain. Despite the fact that total amount of CL was 
similar, its fatty acid composition differed between males and females at birth. In males, CL was more 
mature (lower saturation ratio) and the expression of the enzymes involved in synthetic and remodeling 
pathways was higher, compared to females. Importantly, the sex differences found in CL metabolism 
were due to the testosterone peak that male mice experience perinatally. These changes were 
associated with a higher expression of UCP-2 and its activators in the CC of males. Overall, our results 
suggest that the perinatal testosterone surge in male mice regulates CL biosynthesis and remodeling 
in the CC, inducing a sex-dimorphic fatty acid composition. In male’s CC, CL is more susceptible to 
peroxidation, likely explaining the testosterone-dependent induction of neuroprotective molecules 
such as UCP-2. These differences may account for the sex-dependent mitochondrial susceptibility after 
perinatal hypoxia/ischemia.

Cardiolipin (CL) is a unique phospholipid that is almost exclusively localized at the inner mitochondrial mem-
brane (IMM). CL is structurally unique from other glycerophospholipids since it contains four, rather than two, 
fatty acyl side chains. CL plays a relevant role in mitochondrial function, which is now appreciated to be multifac-
eted. CL content and fatty acid (FA) composition determine membrane fluidity and, therefore, affect the assembly 
of protein complexes1,2. CL contributes to the stabilization of the oxidative phosphorylation (OXPHOS) machin-
ery and uncoupling proteins (such as UCP-2), increasing the efficiency of ATP synthesis3–8. Moreover, CL sta-
bilizes mitochondrial outer membrane translocators (translocase of the outer membrane, TOM and sorting and 
assembly machinery, SAM)9, regulates apoptosis by serving as a recruitment platform for caspase 8 downstream 
of Fas receptor signaling and is involved in cytochrome C release upstream of caspase 310,11. CL is also involved 
in mitochondrial fission/fusion processes12,13, as well as in the initiation of mitophagy14,15. Thus, alterations in CL 
structure, content, and acyl chain composition have been associated with mitochondrial dysfunction in multiple 
tissues in several physiopathological conditions16.

CL synthesis occurs entirely in the mitochondria. Phosphatidylglycerolphosphate synthase (PGS-1) catalyzes 
the first step in CL biosynthesis, transforming cytidinediphosphate (CDP)-diacylglycerol (CDP-DAG) in the 
short-lived phosphatidylglycerolphosphate (PGP), which is then desphosphorylated. CL synthase (CLS) gener-
ates immature CL from phosphatidylglycerol and another molecule of CDP-DAG. Immature CL is characterized 
by a random assortment of its acyl chains, which are mainly saturated and variable in length. An acyl chain 
remodeling process, which is typically defined by the incorporation of longer and unsaturated fatty acyl chains, 
is responsible for the molecular composition of mature cardiolipin17. This remodeling process is initiated by a 
phospholipase, in mammals the calcium-independent iPLA2-γ​18, which removes an acyl chain from cardiolipin, 
generating monolysocardiolipin (MLCL). Taffazin (Taz) then reacylates MLCL, by exchanging an acyl chain from 
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another phospholipid, preferentially phosphatidylcholine (PC) or phosphatidylethanolamine (PE). Alternatively, 
lysocardiolipin acyltransferase-1 (LCLAT-1) utilizes an acyl-CoA as a donor for reacylating MLCL19. This remod-
eling process is highly tissue-specific, indeed, cardiac CL from adult mice is almost exclusively composed by 
linoleic acid (18:2), while adult brain CL is enriched in a variety of long and highly unsaturated FAs20,21.

Interestingly, our current knowledge in CL metabolism comes from studies in adult tissues22; however, little is 
known about the role of this phospholipid during brain development. Few years ago, was demonstrated that the 
large-scale reorganization of neuronal circuits after birth is accompanied by intense mitochondrial activity, high 
expression of uncoupling proteins and profound alterations in CL content and molecular species distribution23–26. 
During embryonic development, CL contains relatively high amounts of short aliphatic chains (palmitoleic and 
oleic acids). In contrast, after birth CL becomes enriched in long chain polyunsaturated FAs (PUFAs), such as 
arachidonic and docosahexanoic acids25. This rapid CL remodeling may affect the susceptibility to peroxidation, 
the physical properties of the IMM, the stability and activity of integral protein complexes, likely playing a role 
in brain development.

Around birth, testosterone produced by the developing testes in male mice, enters the brain and is aromatized 
to estradiol and plays an essential role in brain sex differentiation27,28. Since the effect of estradiol inducing CL 
synthesis has been shown in previous studies in cultured neurons29, we hypothesized that CL metabolism and 
structure are influenced by the testosterone surge during the perinatal period. To test this hypothesis we have 
studied CL levels and CL fatty acid composition in mitochondria from cerebral cortex (CC) of newborn male and 
female mice, as well as the impact of the hormonal status on the CL biosynthetic pathways.

Results
Sexual dimorphism in CL levels and CL fatty acid composition in mitochondria from mice 
CC.  To assess CL content and composition, mitochondria were extracted from the CC of male and female mice 
at different days after birth (Fig. 1). CL content was not affected by the sex of the animals (F =​ 0.002, p =​ 0.962), 
but was significantly affected by their age (F =​ 12.183, p =​ 0.000). Given that there was no interaction between 
these two factors (F =​ 0.556, p =​ 0.733), the effect of age was analyzed for each sex independently by one-way 
ANOVA. There was a significant effect of age in both sexes (F =​ 6.098, p =​ 0.002 in males and F =​ 6.627, p =​ 0.002 
in females), CL content decreased significantly at PND 2 and restored up by PND 10 (Fig. 1a).

CL fatty acid composition was assessed by liquid-gas chromatography and a saturation ratio was calculated 
(Saturation ratio =​ ∑​ Saturated/∑​ Polyunsaturated, Fig. 1b). Two-way ANOVA revealed a statistically significant 
effect of sex (F =​ 10.297, p =​ 0.003), but not of age (F =​ 2.214, p =​ 0.072) on the distribution of the saturation ratio. 
A significant interaction between these two factors was detected (F =​ 3.102, p =​ 0.019). According to the post-hoc 
test, CL from females showed a higher proportion of saturated FAs than males at birth. By PND 4, the saturation 
ratio significantly decreased in females and remained similar to that of males until PND 10 (Fig. 1b).

Androgenization of female pups abolishes sex differences in CL saturation ratio.  Only male 
mice experience an increase in testosterone plasma levels around birth, which defines a critical hormonal status 
for the sexual dimorphic development of the brain. In order to assess the influence of the hormonal status in 
CL composition, we emulated the physiologic perinatal testosterone peak in females, through the injection of 
testosterone propionate (TP) at PND 0. CL-fatty acid composition in males (Males Veh), females (Females Veh) 
and TP- injected females (Females TP) was assessed at PND 1, 2 and 3 (Fig. 2). Regarding the saturation ratio of 
CL (Fig. 2a), two-way ANOVA revealed a significant global effect of the hormonal status (F =​ 13.001, p =​ 0.000), 

Figure 1.  CL content and CL saturation ratio in mitochondria from the cerebral cortex of postnatal male 
and female mice. (a) CL content in mitochondria from cerebral cortex of male and female mouse pups.  
(b) CL composition in mitochondria from the cerebral cortex of male and female mouse pups, expressed as 
the saturation ratio (∑​ Saturated (16:0 +​ 18:0)/∑​ Polyunsaturated (18:2 +​ 18:3 +​ 20:4 +​ 22:5 +​ 22:6)). Sample 
size N ≥​ 4. *Significant differences (p <​ 0.05) vs. Females for each time point. &Significant differences (p <​ 0.05) 
vs. Females at the previous time point. #Significant differences (p <​ 0.05) vs. Males at the previous time point. 
@Significant difference (p <​ 0.05) vs. Females at PND 0.
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independently of the age (F =​ 27.470, p =​ 0.686). Given that there was no significant interaction between the 
hormonal status and age, the differences between groups were analyzed for each time point. Females Veh showed 
a significantly higher saturation ratio than Males Veh. However, the saturation ratio in Females TP was simi-
lar to that of Males Veh, while significantly different from that of Females Veh at PND 2 and PND 3 (Fig. 2a). 
Interestingly, the effect of testosterone on the saturation ratio could not be attributed to changes in any specific 
FAs, but rather to a global effect on the proportion of most of them (Fig. 2b). Indeed, the specific CL species 
enriched in TP females were different from those in males.

Effect of neonatal testosterone on CL biosynthetic pathways.  As mentioned before, the CL fatty acid 
composition strongly depends on the activity of both the de novo and the remodeling synthetic pathways (repre-
sented in Fig. 3a). Thus, in order to assess whether the influence of the hormonal status on the saturation ratio was 
due to an effect on the expression of the enzymes involved in CL synthesis, we quantified the mRNA expression of 
enzymes from both the de novo pathway (Fig. 3b and c) and the remodeling pathway (Fig. 3d,e and f).

Phosphatidylglycerolphosphate synthase (PGS-1) catalyzes the first and committed step in cardiolipin  
de novo biosynthesis. PGS-1 mRNA expression (Fig. 3b) was significantly influenced by both, the hormonal 
status (F =​ 107.586, p =​ 0.000) and the age (F =​ 4.485, p =​ 0.007). Besides, these two factors showed a statistically 
significant interaction (F =​ 5.636, p =​ 0.000). Females Veh displayed a constant expression of PGS-1 along time, 
while Males Veh showed a peak of PGS-1 expression at PND 3 and Females TP at PND 2. PGS-1 expression levels 
were significantly lower in Females Veh compared to Males Veh and to Females TP at every time point studied.

Cardiolipin synthase (CLS) forms CL by condensing phosphatidylglycerol (PG) and a molecule of CDP-DAG. 
mRNA levels of CLS (Fig. 3c) were also affected by the hormonal status (F =​ 77.839, p =​ 0.000) and age (F =​ 4.006, 
p =​ 0.012), showing a significant interaction (F =​ 2.682, p =​ 0.024). The expression of CLS in Females Veh is lower 
than in Males Veh at every time point, except at PND 3. TP treatment after birth significantly increased CLS 
mRNA expression in female pups, reaching similar levels of expression to those found in Males Veh.

The remodeling process of CL is initiated by the calcium-independent phospholipase A2γ​ (iPLA2-γ​). Later, 
a reacylation step is catalyzed by Taffazin (Taz) by exchanging acyl chains from other phospholipids or, alterna-
tively, by lysocardiolipin acyltransferase-1 (LCLAT-1), which uses an acyl-CoA as a donor for the reacylation 
(Fig. 3a).

The transcription of iPLA2-γ​ (Fig. 3d) was significantly affected by age (F =​ 7.250, p =​ 0.000) and the hormo-
nal status (F =​ 108.230, p =​ 0.000) of the animals; however the interaction between these two factors was not sig-
nificant (F =​ 1.251, p =​ 0.296). Hence, in order to assess the effect of each factor independently, data were split and 
analyzed by one-way ANOVA. Females Veh showed significantly less iPLA2-γ​ mRNA expression than Males Veh 
and Females TP at each time point. Moreover, Females TP was the only group in which iPLA2-γ​ mRNA expres-
sion was dependent on the age of the animals. At PND 4, iPLA2-γ​ transcription significantly increased in Females 
TP (compared to PND 1), but the transcription of this gene in the rest of groups remained stable along time. This 
fact drove to the appearance of a significant difference between Females TP and Males Veh at PND 4 (Fig. 3d).

TAZ mRNA expression (Fig. 3e), analysed by two-way ANOVA, revealed a significant effect of the hormo-
nal status (F =​ 101.831, p =​ 0.000) but not of the age (F =​ 1.948, p =​ 0.134). A significant interaction (F =​ 4.471, 
p =​ 0.001) between these factors was detected. Females Veh showed lower expression levels of TAZ mRNA than 
Males Veh at all ages except for PND 3, and than Females TP at all ages.

LCLAT-1 mRNA expression (Fig. 3f) was significantly influenced by both the hormonal status (F =​ 131.244, 
P =​ 0.000) and the age of the animals (F =​ 13.473, p =​ 0.000), but these factors did not show a significant interac-
tion (F =​ 2.094, p =​ 0.07). In order to assess the effect of each factor, data were split and the differences analyzed 
by one-way ANOVA. LCLAT-1 mRNA expression was significantly higher in Females Veh than in Males Veh 
and than in Females TP, at every time point. In addition, the age of the animals had a significant impact on the 
transcription of LCLAT-1 in Males Veh (F =​ 6.810, p =​ 0.004) and Females TP (F =​ 5.922, p =​ 0.007), but not in 
Females Veh (F =​ 2.604, p =​ 0.080).

Figure 2.  Androgenization of female pups abolishes sex differences in CL saturation ratio in mitochondria 
from the developing cerebral cortex. (a) CL composition in the cerebral cortex of male and female mouse 
pups treated with vehicle and females treated with TP at PND 1, 2 and 3, expressed as the saturation ratio (∑​ 
Saturated (16:0 +​ 18:0)/∑​ Polyunsaturated (18:2 +​ 18:3 +​ 20:4 +​ 22:5 +​ 22:6)). (b) Relative amount of CL species 
in the cerebral cortex of Males Veh, Females Veh and Females TP at PND 1–3. Sample size N ≥​ 3. *Significant 
differences (p <​ 0.05) vs. Females Veh for each time point.
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Effect of neonatal testosterone on fatty-acid desaturases expression.  To assess the possible effect 
of the hormonal status on the availability of unsaturated FAs, the expression of the rate-limiting enzymes in their 
byosinthesis was quantified. FADS-1 (Fatty acid desaturase-1) mRNA expression (Fig. 4a) was significantly influ-
enced by both the hormonal status (F =​ 85.665, P =​ 0.000) and the age of the animals (F =​ 10.736, p =​ 0.000), and 
a significant interaction was detected between the two factors (F =​ 6.396, p =​ 0.000). Females Veh showed lower 
expression levels of FADS-1 than Males Veh and Females TP at all ages (Fig. 4a).

Figure 3.  Sex differences and effect of neonatal testosterone on CL biosynthetic pathways. (a) Scheme of 
CL synthesis. The de novo synthesis is catalized by Phosphatidylglycerolphosphate synthase (PGS-1) which 
transforms cytidinediphosphate CDP-diacylglycerol (CDP-DAG) into phosphatidylglycerolphosphate 
(PGP), which is later desphosphorylated. CL synthase (CLS) forms immature CL from phosphatidylglycerol 
and another molecule of CDP-DAG. The remodeling of CL is initiated by the calcium-independent 
phospholipase A2 gamma (iPLA2-γ​), which removes the acyl chains from CL and generates the intermediate 
monolysocardiolipin (MLCL). Taffazin (Taz), or alternatively lysocardiolipin acyltransferase-1 (LCLAT-1), 
reacylate MLCL to CL. (b–f) mRNA expression of the main enzymes involved in CL synthesis: PGS-1 (b), 
CLS (c), iPLA2-γ​ (d), TAZ (e) and LCLAT-1 (f). Sample size N ≥​ 4. **, ***Significant differences (p <​ 0.01 and 
p <​ 0.001) between Males Veh and Females Veh at each time point. %, %%, %%%Significant differences (p <​ 0.05, 
p <​ 0.01 and p <​ 0.001) between Females Veh and Females TP at each time point. $Significant difference 
(p <​ 0.05) vs. Males Veh PND 1. &&Significant differences (p <​ 0.01) vs. Females TP PND 1. @Significant 
(p <​ 0.05) differences between Females TP and Males Veh.
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FADS-2 (fatty acid desaturase-2) mRNA expression (Fig. 4b) was neither influenced by the hormonal status 
(F =​ 2.877, P =​ 0.065), nor by the age of the animals (F =​ 1.534, p =​ 0.217); these factors did not show a significant 
interaction (F =​ 0.331, p =​ 0.917) (Fig. 4b).

Effect of neonatal testosterone on UCP2 and PPAR-α expression.  To investigate a possi-
ble impact of the sexual dimporphic composition of CL on oxidative phosphorylation efficiency, we assessed 
the mRNA expression of UCP-2 (one of the main UCPs isoforms in the brain) and its activator peroxisome 
proliferator-activated receptor alpha (PPAR-α​)30,31 in the androgenization model (Fig. 5). UCP-2 mRNA expres-
sion (Fig. 5a) was dependent on the hormonal status of the animals (F =​ 48.060, p =​ 0.000), but not on their age 
(F =​ 1.645, p =​ 0.191). These two factors did not show a significant interaction (F =​ 1.082, p =​ 0.385); therefore, 
the effect of the hormonal status was assessed at each time point by one-way ANOVA. UCP-2 expression was sig-
nificantly lower in Females Veh than in Males Veh and Females TP except for pups at PND 3 (where the variable 
was not dependent on the hormonal status, F =​ 3.693 and p =​ 0.056). According to the two-way ANOVA, the tran-
scription of PPAR-α​ (Fig. 5b) was significantly affected by the hormonal status (F =​ 50.304, p =​ 0.000) and by age 
(F =​ 4.634, p =​ 0.006). Given that there was no significant interaction between these factors (F =​ 1.151, p =​ 0.347), 
the effect of the hormonal status was assessed at each time point by one-way ANOVA. Females Veh showed 
significantly lower levels of PPAR-α​ expression than Males Veh, and also than Females TP except at PND 2.  
The expression of PPAR-α​ was not affected by postnatal age.

Moreover, we evaluated a possible correlation between PPAR-α​ and UCP-2 mRNA expression by a Spearman 
test. For each sample, paired Δ​Ct values for UCP-2 and PPAR-α​ were plotted (Fig. 6a). Given that changes in 

Figure 4.  Sex differences and effect of neonatal testosterone on desaturases. mRNA expression of FADS-1 
(Fatty acid desaturase-1) (a) and FADS-2 (Fatty acid desaturase-2) (b). Sample size N ≥​ 4. *, ***Significant 
differences (p <​ 0.05 and p <​ 0.001) between Males Veh and Females Veh at each time point. %%, %%%Significant 
differences (p <​ 0.01 and p <​ 0.001) between Females Veh and Females TP at each time point. $$$Significant 
difference (p <​ 0.001) vs. Males Veh PND 1. @@Significant (p <​ 0.01) differences between Females TP and Males 
Veh.

Figure 5.  Sex differences and effect of neonatal testosterone on UCP2 and PPAR-α expression. mRNA 
expression of UCP2 (a) and PPAR-α​ (b). Sample size N ≥​ 4. *, **Significant differences (p <​ 0.05 and p <​ 0.01) 
between Males Veh and Females Veh at each time point. %, %%, %%%Significant differences (p <​ 0.05, p <​ 0.01 and 
p <​ 0.001) between Females Veh and Females TP at each time point.
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PPAR-α​ mRNA expression are translated into changes in its protein levels and activity32, this correlation was 
performed as an approach to figure out whether PPAR-α​ protein could increase UCP-2 transcription in our 
model. The Spearman’s test revealed a statistically significant (Rho =​ 0.752, p =​ 0.0000) correlation between the 
transcription of PPAR-α​ and UCP-2 (Fig. 6a).

UCP-2 mRNA expression (Fig. 5a) and CL saturation ratio (Fig. 2a) were both influenced by the sex of the 
animals and by the hormonal status. Since free FAs, mainly produced by iPLA2-γ​, are able to activate UCP-233, 
we evaluated by an indirect approach whether the transcription of UCP-2 and iPLA2-γ​ may be related. Again, 
for each sample, paired Δ​Ct values for UCP-2 and iPLA2-γ​ were plotted and a global Spearman’s correlation was 
performed (Fig. 6b). The analysis revealed a significant correlation (Rho =​ 0.841, p =​ 0.000) between the mRNA 
expression of UCP2 and iPLA2-γ​. These data were clearly arranged into two different populations, one of them 
containing the information from Females Veh (red spots) and the other one formed by the intermingled data 
from Males Veh (blue) and Females TP (black). Given this obvious arrangement of the data by the hormonal 
status of the animals, a Spearman’s test was applied for each experimental group in order to discard a possible 
spurious correlation in the global analysis. A significant correlation between the transcription of UCP-2 and 
iPLA2-γ​ was found in Males Veh (Rho =​ 0.553, p <​ 0. 014), Females Veh (Rho =​ 0.643, p <​ 0.001) and Females 
TP (Rho =​ 0.505, p <​ 0.027).

Discussion
During embryonic development in mammals, the pituitary of male fetuses releases gonadotropins, which induce 
a sudden testosterone production by their testis34,35. Plasmatic testosterone reaches the brain36, where is trans-
formed into estradiol or DHT by the enzymes aromatase and 5α​-reductase, respectively27. Both metabolites are 
involved in organizational actions of testosterone in the nervous system of males, contributing to long-term 
sexual dimorphisms at the molecular, anatomical and behavioral levels28,37–40.

Despite the difference in the hormonal status between male and female pups, CL content in the CC was sim-
ilar for both sexes during the first 10 days of post-natal life. Interestingly, CL content decreased significantly at 
PND 2. In experimental models of hypoxia/reperfusion, CL and cytochrome c are released from mitochondria 
after re-oxygenation in a ROS-dependent way41. The transient decay in cortical CL, already observed25, may be a 
consequence of the moderate hypoxia/reperfusion process associated with vaginal birth42, which also includes a 
moderate ATP depletion in the nervous tissue43,44.

Unlike total content, the fatty acid composition of CL was different between male and female pups at birth. 
The saturation ratio (∑​ (16:0 +​ 18:0)/∑​ (18:2 +​ 18:3 +​ 20:4 +​ 22:5 +​ 22:6)) reflects the maturation state of CL; 
thus, CL in the CC of females is more immature than in males at PND 0, but it is progressively recycled to 
reach the same maturation level than in males by PND 4. Given that CL composition experiences a progressive 
exchange of saturated FAs by polyunsaturated FAs (PUFAs) with age25,45, we speculate that CL also suffers an 
intense remodeling and maturation process after birth, and that it is slower or delayed in females than in males.

As stated above, CL strongly binds to protein complexes at the IMM46,47. This binding confers stability to both 
the protein supercomplexes and CL and slows down CL turnover48. Taking into consideration that most of the 
studies regarding CL metabolism have been obtained from fully mature tissues, the dynamic character of CL 
composition in the brain during the first days of life could be explained by the extremely active process of mito-
chondrial turnover that takes place during this period26.

In order to elucidate whether the perinatal testosterone surge has an impact on the sexual differences in CL 
molecular species we used a classical model of neonatal female androgenization49–51. Our findings indicate that 
the fatty acid composition of cortical CL is regulated by testosterone, explaining at least in part, its sex-dimorphic 
pattern during early postnatal life. Testosterone propionate treatment induced an enrichment of PUFAs in CL 
from female mice, achieving an overall saturation ratio similar to males, but through the increase of different 
CL species. A similar effect of testosterone on phospholipid FA composition was described before52,53. Further 
experiments are necessary to find other factors, apart from testosterone, regulating the specific enrichment of CL 
species in males. Among these factors, cell-autonomous effects of sex chromosomes outside of the gonads have 

Figure 6.  Correlation of UCP2 mRNA expression with PPAR-α(A) and iPLA2-γ(B) mRNA levels. Number 
of XY pairs =​ 62 for global analyses, 19 for Males Veh and Females TP groups and 24 for Females Veh group.
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been implicated in the generation of sex differences in different brain parameters54,55 and are, therefore, a poten-
tial mechanism to induce developmental sex differences in the enrichment of different CL species in the cerebral 
cortex (see below).

Additionally, in order to find out the molecular pathway responsible for this sexual dimorphism, we ana-
lyzed whether the effects of testosterone on CL fatty acid composition were due to the regulation of the enzymes 
involved in CL de novo synthesis or in CL remodeling. The mRNA expression of all the enzymes analyzed 
remained stable from PND 0 to PND 4, as had been previously shown25. Strikingly, all these enzymes showed a 
clear sex-dimorphic expression pattern, which was dependent on perinatal testosterone. PGS-1 and CLS, involved 
in CL de novo synthesis, were more abundantly transcribed in males and androgenized females than in females. 
Despite the higher ratio of de novo synthesis found in males (determined by the mRNA expression of CLS and 
PGS-1), the total amount of CL was similar in both sexes, likely due to the almost 100-fold higher expression of 
iPLA2-γ​ found in males compared to females.

Among the remodeling enzymes, testosterone induced TAZ mRNA expression, explaining the lower satura-
tion ratio of CL in males compared to females. However, LCLAT-1 expression was unexpectedly higher in females 
and was repressed by testosterone, which goes against the observed sex difference in saturation ratio. The specific-
ity of the recycling enzymes for certain FAs is still under debate. In fact, it was recently shown that the remodeling 
specificities are driven by the physical properties of the lipids rather than by the enzymes themselves22. Therefore, 
the observed sex difference in saturation ratio may relay on the availability of PUFAs for the reacylation process. 
In fact, while the expression FADS-1, one of the rate-limiting enzymes in long-chain PUFAs byosinthesis, was 
higher in males and was induced by testosterone, the expression of FADS-2 was similar in all the groups.

Overall, our findings point out the idea that perinatal testosterone enhances CL recycling in the mouse CC, 
resulting in a sex-specific saturation ratio of this essential mitochondrial phospholipid. Further research needs 
to be done in order to elucidate the underlying molecular mechanisms mediating the effects of the perinatal 
testosterone surge on CL composition. Nevertheless, a preliminary in silico analysis was performed to predict 
the presence of different transcription factor binding sites (TFBSs) in the promoters of the genes involved in 
CL metabolism. By combining the results provided by different search tools (PROMO v3.0.256, TFIS57 and 
GPMiner58) we found binding sites for estrogen receptors in the promoters of PGS-1, CLS, iPLA2-γ​ and TAZ. 
However, the androgen receptor binding sites seem to be absent from the promoters of all these genes. This 
suggests that the effect of testosterone is mediated by its metabolite estradiol, synthesized in the brain by the 
enzyme aromatase. Although perinatal testosterone had a clear effect on LCLAT-1 mRNA expression, no ER or 
AR binding sites were predicted in the LCLAT-1 promoter. It is important to recall, however, that estrogens are 
able to modulate transcription by regultating other transcription factors59. For instance, estrogens activate AP-160, 
which was predicted to have a binding site in LCLAT-1 promoter. Furthermore, the search tools also predicted 
that binding sites for SRY might be present in the promoters of CLS, iPLA2-γ​ and LCLAT-1. SRY, also known as 
“the sex determining factor”, is a transcription factor encoded in the Y chromosome and responsible of the mas-
culinization of embryonic gonads during development61–63. Since SRY gene is expressed in the brain64, a direct 
contribution of sex chromosomes in the generation of sex differences is possible.

Given the crucial role of CL in mitochondrial function, the hormone-induced sexual differences in the metab-
olism of CL shown here, may set a possible explanation for the well-documented sexual dimorphisms in the out-
come of perinatal hypoxia65. Males show higher rates of neuronal death and deeper cognitive impairments than 
females when exposed to the same hypoxic/ischemic (HI) injury66. Cell death in these models is a consequence of 
the reoxygenation process that follows ischemia67, thus, sex differences in mitochondrial function and membrane 
composition may underlie these differential outcome. Indeed, male pups present a deeper deficit in electron chain 
transport and a weaker anti-oxidant system than females after HI68–70. From our results, CL molecular species in 
males are enriched in PUFAs and therefore more sensitive to oxidative stress71. In addition, it was demonstrated 
that the nature of the fatty acid chains of CL influences both, the conformational and ion transport properties 
of neuronal UCP-28. UCP-2 is considered to be a neuroprotective factor72,73 that is overexpressed during oxi-
dative stress or after brain injuries74–76, contributing to decrease the production of ROS in the mitochondria77. 
Interestingly, UCP-2 expression increases in the mice brain after vaginal birth23, supporting the idea of vaginal 
birth as a mild hypoxic insult for the brain. In our experiments, UCP-2 expression was higher in males than in 
females as a consequence of the perinatal testosterone peak, possibly meaning that the nervous tissue from males 
needs a higher protection against oxidative stress than in females. On the other hand, PPAR-α​ activates UCP-2 
transcription78–80, thus, the significant positive correlation between PPAR-α​ and UCP-2 mRNA expression, sup-
ports the possibility that the testosterone-induced PPAR-α​ expression/activity contributes to increase UCP-2 
transcription in male pups. Furthermore, the increased expression of iPLA2-γ​ in the male CC may induce the 
activity of UCP-2 by increasing the amount of free FAs (FFAs)81,82. FFAs are also able to activate PPAR-α​83,84, 
which in turn would reinforce the transcription of UCP-2.

In summary the present work demonstrates that the perinatal testosterone surge regulates CL biosynthesis 
in the CC, by increasing its turnover and maturation in males, relative to females. Consequently, CL from males 
is enriched in PUFAs, being more susceptible to peroxidation and oxidative stress, which may be in part com-
pensated by a higher uncoupling of the electron transport chain. Although our findings would be strengthened 
by assessing other brain regions at this specific developmental stage, the physiological sex differences found in 
the CC could partially explain the sex-dependent mitochondrial dysfunctions observed after perinatal hypoxia/
ischemia events; however, further studies using a perinatal hypoxia model would be necessary to contrast this 
hypothesis.
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Methods
Drugs.  All drugs and chemicals were obtained from Sigma Chemical Co., St. Louis, MO, USA. Organic 
solvents (Carlo Erba, Milan, Italy) and phospholipid standards were obtained from Avanti Polar Lipids Inc. 
(Alabama, USA).

Mice.  Wild-type C57Bl/6J mice were provided by the animal facility of the University of La Plata (UNLP). 
All the procedures were revised by the Institutional Animal Care and Use Committee (IACUC) of the Medicine 
School, UNLP. The approved protocol (# P01-01-2015) is in agreement with local guidelines for vertebrate animal 
welfare as well as with USPHS and/or European Union policy. Adult virgin female mice (8–10 weeks old) were 
group-housed (5 per cage) to coordinate their estrous cycles in a light/dark cycle of 12 h light-12 h dark, temper-
ature 25 ±​ 2 °C and food ad libitum. Females in estrus were individually housed overnight in the presence of a 
sexually experienced male. On the next day, vaginal plugs were checked to confirm successful mating; females 
were separated and singly housed till birth.

In experiment I, newborn mice were sorted by sex and euthanized at post-natal day (PND) 0, 2, 4, 6, 8 and 10 
(n between 3 and 6). In experiment II, newborn mice were sorted by sex, at PND 0, females were injected sub-
cutaneously either with 100 μ​g of testosterone propionate (Females TP) or with corn oil as vehicle (Females Veh) 
and males were injected with corn oil (Males Veh). Males Veh, females Veh and females TP were euthanized at 
PND 1, 2, 3 and 4.

At each time point, mice were euthanized by rapid decapitation, brains were extracted and the midbrain, the 
brainstem, the cerebellum and the olfactory bulbs were removed. Then the entire cerebral cortex (CC) from both 
hemispheres was dissected from the rest of the prosencephalon.

Mitochondria isolation.  Cortical mitochondrial fractions were obtained from tissue homogenates by dif-
ferential centrifugation. Briefly, tissue was homogenized by twelve strokes with a glass-Teflon homogenizer in 
Tris-HCl 10 mM pH 7.4, containing 70 mM sucrose, 230 mM Mannitol and 1 mM EDTA and centrifuged at 700 g 
for 10 min to discard nuclei and cell debris. Then, the supernatant was centrifuged at 8000 g for 10 min and the 
enriched mitochondria pellet was resuspended in a minimum volume (20 μ​L) of the same buffer. The whole pro-
cedure was carried out at 4 °C.

Mitochondrial cardiolipin isolation and fatty acid composition.  Total lipids from an aliquot of 
mitochondrial fraction containing 2 mg of protein were extracted by the method of Folch85. Phospholipids 
were isolated by 2-D high-performance thin layer chromatography (HPTLC) on pre-coated silica gel plates 
(10 ×​ 20 cm) from Whatman Schleicher and Schuell (Maidstone, England). The mobile phase for the first-D was 
chloroform:methanol:water:amonium hidroxide (65:25:4:0.5, v/v) and the mobile phase for the second-D was 
chloroform:acetone:methanol:acetic acid:water (36:48:12:12:6, v/v). Spots were visualized by iodine vapor. CL 
was identified by comparison with commercial standards and quantified by densitometric analysis using the 
Image J sofware (NIH). CL spots were scrapped off from the plate and extracted from the silica with chloro-
form:methanol (1:2, v/v). The extracts were dried under N2, and saponified with 10% KOH in ethanol (30 min at 
85 °C). Unsaponified compounds were extracted with hexane and later, the aqueous phase acidified with 37% HCl 
(v/v) and extracted twice with hexane. Fatty-acid methyl esters (FAMEs) were synthesized by incubation for 1 hr 
at 85 °C in 10% BF3 in methanol. The resulting FAMEs were extracted with hexane and quantified by Gas-liquid 
chromatography using a capillary column (Omegawax 250) mounted on a Hewlett Packard HP 6890 Series GC 
System Plus (Avondale, PA). The FAMEs were identified by comparison of their relative retention times with 
authentic standards and mass distribution was calculated by quantification of the peak areas and expressed as 
relative quantity of each FAME from the total FAMEs in the sample. The saturation ratio was calculated with the 
relative amount of the identified saturated and polyunsaturated FAs (Saturation ratio =​ ∑​ Saturated (16:0 +​ 18:0)/ 
∑​ Polyunsaturated (18:2 +​ 18:3 +​ 20:4 +​ 22:5 +​ 22:6)).

Quantitative RT-PCR.  Frozen tissue was homogenized in TRI Reagent®​ Solution (Ambion), RNA isolation 
was performed according to manufacturer instructions. First-strand cDNA was prepared from 2 μ​g RNA using 
M-MLV reverse transcriptase (Promega, Madison, WI, USA). After reverse transcription, 5 μ​L of cDNA were 
amplified by real-time PCR in a 15 μL ​volume reaction using SYBR Green Mix (Applied Biosystems, Foster City, 
CA, USA) in the ABI Prism 7500 Sequence Detection System (Applied Biosystems) with conventional Applied 
Biosystems cycling parameters (40 cycles of changing temperatures, first at 95 °C for 15 seconds and then at 60 °C 
for a minute).

All the primer sequences (Table 1) were designed using Primer Express software (Applied Biosystems). For 
each primer pair an appropriate dilution of cDNA was chosen in order to achieve the same amplification effi-
ciency than the housekeeping genes (18S rRNA, β​-Actin and Rpl13A). Changes in mRNA expression were cal-
culated using the DDCt method86, using the Best Keeper index87 as total mRNA load reference for each sample.

Protein measurement.  Protein content was determined by the method of Lowry88 using bovine serum 
albumin as standard.

Statistical analysis.  Data shown in the figures are presented as the mean ±​ standard error of the mean 
(SEM). The size of the experimental groups is indicated in each figure legend. Gaussian distribution of data sets 
was assessed by Kolmogorov-Smirnov test. Statistical significance was evaluated by two-way analysis of variance 
(ANOVA) followed by Bonferroni or Games-Howell post-hoc tests (depending on whether variances were homo-
geneous or not, respectively) for multiple comparisons. In those cases in which an interaction between two factors 
was not detected, data were split and each factor was analyzed by one-way ANOVA.
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For the correlation studies Spearman’s test was applied to detect the association (not necessarily linear) 
between two continuous variables89.

SPSS v23.0 software (IBM Corp. Armonk, NY, USA) was used for the analysis. The significance level was set 
at p <​ 0.05.

References
1.	 Vergeade, A. et al. Cardiolipin fatty acid remodeling regulates mitochondrial function by modifying the electron entry point in the 

respiratory chain. Mitochondrion 28, 88–95 (2016).
2.	 Aoun, M. et al. Rat liver mitochondrial membrane characteristics and mitochondrial functions are more profoundly altered by 

dietary lipid quantity than by dietary lipid quality: effect of different nutritional lipid patterns. Br. J. Nutr. 107, 647–59 (2012).
3.	 Zhang, M., Mileykovskaya, E. & Dowhan, W. Cardiolipin Is Essential for Organization of Complexes III and IV into a Supercomplex 

in Intact Yeast Mitochondria. J. Biol. Chem. 280, 29403–29408 (2005).
4.	 Bazan, S. et al. Cardiolipin-dependent Reconstitution of Respiratory Supercomplexes from Purified Saccharomyces cerevisiae 

Complexes III and IV. J. Biol. Chem. 288, 401–411 (2013).
5.	 Fry, M. & Green, D. E. Cardiolipin requirement for electron transfer in complex I and III of the mitochondrial respiratory chain. J. 

Biol. Chem. 256, 1874–80 (1981).
6.	 Jiang, F. et al. Absence of Cardiolipin in the crd1 Null Mutant Results in Decreased Mitochondrial Membrane Potential and Reduced 

Mitochondrial Function. J. Biol. Chem. 275, 22387–22394 (2000).
7.	 Duncan, A. L., Robinson, A. J. & Walker, J. E. Cardiolipin binds selectively but transiently to conserved lysine residues in the rotor 

of metazoan ATP synthases. Proc. Natl. Acad. Sci. USA 113, 8687–92 (2016).
8.	 Hoang, T., Smith, M. D. & Jelokhani-Niaraki, M. Toward understanding the mechanism of ion transport activity of neuronal 

uncoupling proteins UCP2, UCP4, and UCP5. Biochemistry 51, 4004–4014 (2012).
9.	 Sauerwald, J. et al. Genome-Wide Screens in Saccharomyces cerevisiae Highlight a Role for Cardiolipin in Biogenesis of 

Mitochondrial Outer Membrane Multispan Proteins. Mol. Cell. Biol. 35, 3200–11 (2015).
10.	 Li, X.-X., Tsoi, B., Li, Y.-F., Kurihara, H. & He, R.-R. Cardiolipin and its different properties in mitophagy and apoptosis. J. 

Histochem. Cytochem. 63, 301–11 (2015).
11.	 Manganelli, V. et al. Altered Traffic of Cardiolipin during Apoptosis: Exposure on the Cell Surface as a Trigger for “Antiphospholipid 

Antibodies”. J. Immunol. Res. 2015, 847985 (2015).
12.	 Bustillo-Zabalbeitia, I. et al. Specific Interaction with Cardiolipin Triggers Functional Activation of Dynamin-Related Protein 1. 

PLoS One 9, e102738 (2014).
13.	 DeVay, R. M. et al. Coassembly of Mgm1 isoforms requires cardiolipin and mediates mitochondrial inner membrane fusion. J. Cell 

Biol. 186, 793–803 (2009).
14.	 Hsu, P. et al. Cardiolipin remodeling by TAZ/tafazzin is selectively required for the initiation of mitophagy. Autophagy 11, 643–652 

(2015).
15.	 Chu, C. T. et al. Cardiolipin externalization to the outer mitochondrial membrane acts as an elimination signal for mitophagy in 

neuronal cells. Nat. Cell Biol. 15, 1197–1205 (2013).
16.	 Paradies, G., Paradies, V., Ruggiero, F. M. & Petrosillo, G. Cardiolipin and mitochondrial function in health and disease. Antioxid. 

Redox Signal. 20, 1925–53 (2014).
17.	 Houtkooper, R. H. et al. The enigmatic role of tafazzin in cardiolipin metabolism. Biochimica et Biophysica Acta - Biomembranes 

1788, 2003–2014 (2009).
18.	 Mancuso, D. J. et al. Genetic ablation of calcium-independent phospholipase A2{gamma} leads to alterations in hippocampal 

cardiolipin content and molecular species distribution, mitochondrial degeneration, autophagy, and cognitive dysfunction. J. Biol. 
Chem. 284, 35632–44 (2009).

19.	 Xu, Y., Malhotra, A., Ren, M. & Schlame, M. The enzymatic function of tafazzin. J. Biol. Chem. 281, 39217–24 (2006).
20.	 Courtade, S., Marinetti, G. V. & Stotz, E. The structure and abundance of rat tissue cardiolipins. Biochim. Biophys. Acta 137, 121–34 

(1967).
21.	 Amoscato, A. A. et al. Imaging mass spectrometry of diversified cardiolipin molecular species in the brain. Anal. Chem. 86, 

6587–6595 (2014).
22.	 Schlame, M. & Greenberg, M. L. Biosynthesis, remodeling and turnover of mitochondrial cardiolipin. Biochim. Biophys. Acta, doi: 

10.1016/j.bbalip.2016.08.010 (2016).
23.	 Simon-Areces, J. et al. Ucp2 induced by natural birth regulates neuronal differentiation of the hippocampus and related adult 

behavior. PLoS One 7, 2–9 (2012).
24.	 Varela, L., Schwartz, M. L. & Horvath, T. L. Mitochondria controlled by UCP2 determine hypoxia-induced synaptic remodeling in 

the cortex and hippocampus. Neurobiol. Dis. 90, 68–74 (2016).

Gene Forward 5′–3′ Reverse 5′–3′

18 S RNA CGCCGCTAGAGGTGAAATTCT CATTCTTGGCAAATGCTTTCG

β​-Actin CAACTTGATGTATGAAGGCTTTTGGT ACTTTTATTGGTCTCAAGTCAGTGTACAG

Rpl13A TACCAGAAAGTTTGCTTACCTGGG TGCCTGTTTCCGTAACCTCAAG

TAZ CCTGAAGTTGATGCGTTGGA GACACACAGGCACACATTTGC

CLS TGTAATGTTGATCGCTGCTGTGT CCTAGCCGTGGCATAGCAA

PGS-1 GCCAGGACCGCTACGTGTT GCCCTGCAACTGCAAGGATA

iPLA2-γ​ GGAATAGAAGTGAAGCACATTGCA TAAGTCCCTTGGGAGCAGAAGT

LCLAT-1 GCATTTGTTAGTGGGAGAGTGCTA GTAAGTTCCCAGCAGGATTAAAGTG

UCP-2 ACAAGACCATTGCACGAGAG ATGAGGTTGGCTTTCAGGAG

PPAR-α​ CAGCGTCACGTCTTGACCAA CCCTCTACATAGAACTGCAAGGTTT

FASD-1 GGAATCACCTGCTACATCATTTTG AGCAGTTAGGCTTGGCATGGT

FASD-2 GCCTGGTTCATCCTCTCGTACT TGTTGCAGCCATCCAGCTT

Table 1.   Primer sequence for quantitative-PCR.



www.nature.com/scientificreports/

1 0Scientific Reports | 7:43878 | DOI: 10.1038/srep43878

25.	 Cheng, H. et al. Shotgun lipidomics reveals the temporally dependent, highly diversified cardiolipin profile in the mammalian brain: 
temporally coordinated postnatal diversification of cardiolipin molecular species with neuronal remodeling. Biochemistry 47, 
5869–80 (2008).

26.	 Hagberg, H., Mallard, C., Rousset, C. I. & Thornton, C. Mitochondria: hub of injury responses in the developing brain. Lancet 
Neurol. 13, 217–32 (2014).

27.	 Tobet, S. A., Shim, J. H., Osiecki, S. T., Baum, M. J. & Canick, J. A. Androgen aromatization and 5 alpha-reduction in ferret brain 
during perinatal development: effects of sex and testosterone manipulation. Endocrinology 116, 1869–77 (1985).

28.	 McCarthy, M. M., Pickett, L. A., VanRyzin, J. W. & Kight, K. E. Surprising origins of sex differences in the brain. Horm. Behav. 76, 
3–10 (2015).

29.	 Jones, T. T. & Brewer, G. J. Critical age-related loss of cofactors of neuron cytochrome C oxidase reversed by estrogen. Exp. Neurol. 
215, 212–9 (2009).

30.	 Rubattu, S. et al. Differential modulation of AMPK/PPARα​/UCP2 axis in relation to hypertension and aging in the brain, kidneys 
and heart of two closely related spontaneously hypertensive rat strains. Oncotarget 6, 18800–18 (2015).

31.	 Rubattu, S. et al. Protective effects of Brassica oleracea sprouts extract toward renal damage in high-salt-fed SHRSP: role of AMPK/
PPARα​/UCP2 axis. J. Hypertens. 33, 1465–79 (2015).

32.	 Chistyakov, D. V., Aleshin, S. E., Astakhova, A. A., Sergeeva, M. G. & Reiser, G. Regulation of peroxisome proliferator-activated 
receptors (PPAR) α​ and -γ​ of rat brain astrocytes in the course of activation by toll-like receptor agonists. J. Neurochem. 134, 113–24 
(2015).

33.	 Žáčková, M., Škobisová, E., Urbánková, E. & Ježek, P. Activating ω​-6 polyunsaturated fatty acids and inhibitory purine nucleotides 
are high affinity ligands for novel mitochondrial uncoupling proteins UCP2 and UCP3. J. Biol. Chem. 278, 20761–20769 (2003).

34.	 Corbier, P., Edwards, D. A. & Roffi, J. The neonatal testosterone surge: a comparative study. Arch. Int. Physiol. Biochim. Biophys. 100, 
127–31 (1992).

35.	 Clarkson, J. & Herbison, A. E. Hypothalamic control of the male neonatal testosterone surge. Philos. Trans. R. Soc. B Biol. Sci. 371, 
1–9 (2016).

36.	 Mogi, K., Takanashi, H., Nagasawa, M. & Kikusui, T. Sex differences in spatiotemporal expression of AR, ERalpha, and ERbeta 
mRNA in the perinatal mouse brain. Neurosci Lett 584, 88–92 (2015).

37.	 Bowers, J. M., Waddell, J. & McCarthy, M. M. A developmental sex difference in hippocampal neurogenesis is mediated by 
endogenous oestradiol. Biol. Sex Differ. 1, 8 (2010).

38.	 Zuloaga, D. G., Puts, D. A. & Breedlove, S. M. The role of androgen receptors in the masculinization of brain and behavior: What 
we’ve learned from the testicular feminization mutation. Horm. Behav. 53, 613–626 (2008).

39.	 Martini, M. et al. Androgen receptors are required for full masculinization of nitric oxide synthase system in rat limbic-hypothalamic 
region. Horm. Behav. 54, 557–64 (2008).

40.	 Allieri, F. et al. Androgen receptor deficiency alters the arginine-vasopressin sexually dimorphic system in Tfm rats. Neuroscience 
253, 67–77 (2013).

41.	 Morin, C., Zini, R. & Tillement, J.-P. Anoxia-reoxygenation-induced cytochrome c and cardiolipin release from rat brain 
mitochondria. Biochem. Biophys. Res. Commun. 307, 477–82 (2003).

42.	 Kratky, E. et al. Regional cerebral oxygen saturation in newborn infants in the first 15 min of life after vaginal delivery. Physiol. Meas. 
33, 95–102 (2012).

43.	 Vannucci, R. C. & Duffy, T. E. Influence of birth on carbohydrate and energy metabolism in rat brain. Am. J. Physiol. 226, 933–40 
(1974).

44.	 Vaillancourt, C., Berger, N. & Boksa, P. Effects of vaginal birth versus caesarean section birth with general anesthesia on blood gases 
and brain energy metabolism in neonatal rats. Exp Neurol 160, 142–50 (1999).

45.	 Bruce, A. Changes in the concentration and fatty acid composition of phospholipids in rat skeletal muscle during postnatal 
development. Acta Physiol. Scand. 90, 743–9 (1974).

46.	 Julienne, C. M. et al. Cardiolipin content is involved in liver mitochondrial energy wasting associated with cancer-induced cachexia 
without the involvement of adenine nucleotide translocase. Biochim. Biophys. Acta 1842, 726–33 (2014).

47.	 Peyta, L. et al. Reduced cardiolipin content decreases respiratory chain capacities and increases ATP synthesis yield in the human 
HepaRG cells. Biochim. Biophys. Acta - Bioenerg. 1857, 443–453 (2016).

48.	 Xu, Y. et al. Loss of protein association causes cardiolipin degradation in Barth syndrome. Nat. Chem. Biol. 12, 641–7 (2016).
49.	 Yang, S. L. et al. Perinatal androgenization prevents age-related neuron loss in the sexually dimorphic nucleus of the preoptic area in 

female rats. Dev. Neurosci. 26, 54–60 (2004).
50.	 Breedlove, S. M., Jacobson, C. D., Gorski, R. A. & Arnold, A. P. Masculinization of the female rat spinal cord following a single 

neonatal injection of testosterone propionate but not estradiol benzoate. Brain Res. 237, 173–81 (1982).
51.	 Hisasue, S., Seney, M. L., Immerman, E. & Forger, N. G. Control of cell number in the bed nucleus of the stria terminalis of mice: role 

of testosterone metabolites and estrogen receptor subtypes. J. Sex. Med. 7, 1401–9 (2010).
52.	 Angelova, P. et al. Testosterone replacement therapy improves erythrocyte membrane lipid composition in hypogonadal men. Aging 

Male 15, 173–9 (2012).
53.	 Maddaiah, T., Clejan, S., Collipp, P. J. & Maddaiah, V. T. Hormones and Liver Mitochondria : Influence of Growth Hormone, and 

Insulin on Thermotropic Effects of Respiration and Fatty Acid Composition of Membranes’. Arch. Biochem. Biophys. 203, 744–752 
(1980).

54.	 Arnold, A. P., Chen, X., Link, J. C., Itoh, Y. & Reue, K. Cell-autonomous sex determination outside of the gonad. Dev Dyn 242, 
371–379 (2013).

55.	 Arnold, A. P. A general theory of sexual differentiation. J. Neurosci. Res. 95, 291–300 (2017).
56.	 Farré, D. D. et al. Identification of patterns in biological sequences at the ALGGEN server: PROMO and MALGEN. Nucleic Acids 

Res. 31, 3651–3653 (2003).
57.	 Narad, P. et al. Transcription Factor Information System (TFIS): A Tool for Detection of Transcription Factor Binding Sites. 

Interdiscip. Sci., doi: 10.1007/s12539-016-0168-5 (2016).
58.	 Lee, T.-Y., Chang, W.-C., Hsu, J. B.-K., Chang, T.-H. & Shien, D.-M. GPMiner: an integrated system for mining combinatorial cis-

regulatory elements in mammalian gene group. BMC Genomics 13 Suppl 1, S3 (2012).
59.	 Arevalo, M.-A. A., Azcoitia, I. & Garcia-Segura, L. M. The neuroprotective actions of oestradiol and oestrogen receptors. Nat. Rev. 

Neurosci. 16, 17–29 (2014).
60.	 Kushner, P. J. et al. Estrogen receptor pathways to AP-1. J. Steroid Biochem. Mol. Biol. 74, 311–317 (2000).
61.	 Lovell-Badge, R. The role of Sry in mammalian sex determination. Ciba Found. Symp. 165, 162-79-82 (1992).
62.	 Tanaka, S. S. & Nishinakamura, R. Regulation of male sex determination: genital ridge formation and Sry activation in mice. Cell. 

Mol. Life Sci. 71, 4781–802 (2014).
63.	 Larney, C., Bailey, T. L. & Koopman, P. Switching on sex: transcriptional regulation of the testis-determining gene Sry. Development 

141, 2195–205 (2014).
64.	 Arnold, A. P. Sex chromosomes and brain gender. Nat. Rev. Neurosci. 5, 701–708 (2004).
65.	 Hill, C. A., Threlkeld, S. W. & Fitch, R. H. Early testosterone modulated sex differences in behavioral outcome following neonatal 

hypoxia ischemia in rats. Int. J. Dev. Neurosci. 29, 381–8 (2011).



www.nature.com/scientificreports/

1 1Scientific Reports | 7:43878 | DOI: 10.1038/srep43878

66.	 Smith, A. L., Alexander, M., Rosenkrantz, T. S., Sadek, M. L. & Fitch, R. H. Sex differences in behavioral outcome following neonatal 
hypoxia ischemia: insights from a clinical meta-analysis and a rodent model of induced hypoxic ischemic brain injury. Exp. Neurol. 
254, 54–67 (2014).

67.	 Petrosillo, G. et al. Mitochondrial dysfunction associated with cardiac ischemia/reperfusion can be attenuated by oxygen tension 
control. Role of oxygen-free radicals and cardiolipin. Biochim. Biophys. Acta 1710, 78–86 (2005).

68.	 Demarest, T. G., Schuh, R. A., Waddell, J., McKenna, M. C. & Fiskum, G. Sex dependent mitochondrial respiratory impairment and 
oxidative stress in a rat model of neonatal hypoxic-ischemic encephalopathy. J. Neurochem. n/a-n/a, doi: 10.1111/jnc.13590 (2016).

69.	 Weis, S. N. et al. Neonatal hypoxia-ischemia induces sex-related changes in rat brain mitochondria. Mitochondrion 12, 271–9 (2012).
70.	 Morken, T. S. et al. Altered astrocyte-neuronal interactions after hypoxia-ischemia in the neonatal brain in female and male rats. 

Stroke. 45, 2777–85 (2014).
71.	 Ji, J. et al. Lipidomics identifies cardiolipin oxidation as a mitochondrial target for redox therapy of brain injury. Nat. Neurosci. 15, 

1407–13 (2012).
72.	 Horvath, T. L., Diano, S. & Barnstable, C. Mitochondrial uncoupling protein 2 in the central nervous system: neuromodulator and 

neuroprotector. Biochem. Pharmacol. 65, 1917–21 (2003).
73.	 Bechmann, I. et al. Brain mitochondrial uncoupling protein 2 (UCP2): a protective stress signal in neuronal injury. Biochem. 

Pharmacol. 64, 363–7 (2002).
74.	 Mattiasson, G. et al. Uncoupling protein-2 prevents neuronal death and diminishes brain dysfunction after stroke and brain trauma. 

Nat. Med. 9, 1062–8 (2003).
75.	 Echtay, K. S., Murphy, M. P., Smith, R. A. J., Talbot, D. A. & Brand, M. D. Superoxide activates mitochondrial uncoupling protein 2 

from the matrix side. Studies using targeted antioxidants. J. Biol. Chem. 277, 47129–35 (2002).
76.	 Echtay, K. S. et al. Superoxide activates mitochondrial uncoupling proteins. Nature 415, 96–9 (2002).
77.	 Nègre-Salvayre, A. et al. A role for uncoupling protein-2 as a regulator of mitochondrial hydrogen peroxide generation. FASEB J. 11, 

809–15 (1997).
78.	 Kelly, L. J. et al. Peroxisome proliferator-activated receptors gamma and alpha mediate in vivo regulation of uncoupling protein 

(UCP-1, UCP-2, UCP-3) gene expression. Endocrinology 139, 4920–7 (1998).
79.	 Villarroya, F., Iglesias, R. & Giralt, M. PPARs in the control of uncoupling proteins gene expression. PPAR Res. 2007 (2007).
80.	 Patterson, A. D., Shah, Y. M., Matsubara, T., Krausz, K. W. & Gonzalez, F. J. Peroxisome proliferator-activated receptor alpha 

induction of uncoupling protein 2 protects against acetaminophen-induced liver toxicity. Hepatology 56, 281–290 (2012).
81.	 Medvedev, A. V. et al. Regulation of the Uncoupling Protein-2 Gene in INS-1 beta -Cells by Oleic Acid. J. Biol. Chem. 277, 

42639–42644 (2002).
82.	 Ježek, J., Dlasková, A., Zelenka, J., Jabůrek, M. & Ježek, P. H2O2-Activated Mitochondrial Phospholipase iPLA2γ​ Prevents Lipotoxic 

Oxidative Stress in Synergy with UCP2, Amplifies Signaling via G-Protein-Coupled Receptor GPR40, and Regulates Insulin 
Secretion in Pancreatic β​-Cells. Antioxid. Redox Signal. 23, 958–72 (2015).

83.	 Kliewer, S. A. et al. Fatty acids and eicosanoids regulate gene expression through direct interactions with peroxisome proliferator-
activated receptors alpha and gamma. Proc. Natl. Acad. Sci. USA 94, 4318–23 (1997).

84.	 Wahli, W., Braissant, O. & Desvergne, B. Peroxisome proliferator activated receptors: transcriptional regulators of adipogenesis, lipid 
metabolism and more…​. Chem. Biol. 2, 261–266 (1995).

85.	 Folch, J., Lees, M. & Sloane Stanley, G. H. A simple method for the isolation and purification of total lipides from animal tissues. J. 
Biol. Chem. 226, 497–509 (1957).

86.	 Pfaffl, M. W. A new mathematical model for relative quantification in real-time RT-PCR. Nucleic Acids Res. 29, e45 (2001).
87.	 Pfaffl, M. W., Tichopad, A., Prgomet, C. & Neuvians, T. P. Determination of stable housekeeping genes, differentially regulated target 

genes and sample integrity: BestKeeper–Excel-based tool using pair-wise correlations. Biotechnol. Lett. 26, 509–15 (2004).
88.	 Lowry, O. H., Rosebrough, N. J., Farr, A. L. & Randall, R. J. Protein measurement with the Folin phenol reagent. J. Biol. Chem. 193, 

265–75 (1951).
89.	 Altman, N. & Krzywinski, M. Association, correlation and causation. Nat. Publ. Gr. 12, (2015).

Acknowledgements
This work was supported by a grant from the Ministerio de Economía y Competividad, Spain (BFU2014-51836-
C2-1-R) to LMGS and a young researchers grant from the National Agency for Scientific and Technological 
Promotion (PICT 2014-1549), Argentina to MA.

Author Contributions
E.A.F. and M.A. designed the experiments. A.O.R., A.B.L.R., E.A.F. and M.A. obtained data. E.A.F., L.M.G.S. and 
M.A. discussed the results. E.A.F., M.A. and L.M.G.S. wrote the paper. All authors revised the manuscript.

Additional Information
Competing Interests: The authors declare no competing financial interests.
How to cite this article: Acaz-Fonseca, E. et al. Developmental Sex Differences in the Metabolism of 
Cardiolipin in Mouse Cerebral Cortex Mitochondria. Sci. Rep. 7, 43878; doi: 10.1038/srep43878 (2017).
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

This work is licensed under a Creative Commons Attribution 4.0 International License. The images 
or other third party material in this article are included in the article’s Creative Commons license, 

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/
 
© The Author(s) 2017

http://creativecommons.org/licenses/by/4.0/

	Developmental Sex Differences in the Metabolism of Cardiolipin in Mouse Cerebral Cortex Mitochondria

	Results

	Sexual dimorphism in CL levels and CL fatty acid composition in mitochondria from mice CC. 
	Androgenization of female pups abolishes sex differences in CL saturation ratio. 
	Effect of neonatal testosterone on CL biosynthetic pathways. 
	Effect of neonatal testosterone on fatty-acid desaturases expression. 
	Effect of neonatal testosterone on UCP2 and PPAR-α expression. 

	Discussion

	Methods

	Drugs. 
	Mice. 
	Mitochondria isolation. 
	Mitochondrial cardiolipin isolation and fatty acid composition. 
	Quantitative RT-PCR. 
	Protein measurement. 
	Statistical analysis. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ CL content and CL saturation ratio in mitochondria from the cerebral cortex of postnatal male and female mice.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Androgenization of female pups abolishes sex differences in CL saturation ratio in mitochondria from the developing cerebral cortex.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Sex differences and effect of neonatal testosterone on CL biosynthetic pathways.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Sex differences and effect of neonatal testosterone on desaturases.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Sex differences and effect of neonatal testosterone on UCP2 and PPAR-α expression.
	﻿Figure 6﻿﻿.﻿﻿ ﻿ Correlation of UCP2 mRNA expression with PPAR-α(A) and iPLA2-γ(B) mRNA levels.
	﻿Table 1﻿﻿. ﻿  Primer sequence for quantitative-PCR.



 
    
       
          application/pdf
          
             
                Developmental Sex Differences in the Metabolism of Cardiolipin in Mouse Cerebral Cortex Mitochondria
            
         
          
             
                srep ,  (2017). doi:10.1038/srep43878
            
         
          
             
                Estefanía Acaz-Fonseca
                Ana Ortiz-Rodriguez
                Ana B. Lopez-Rodriguez
                Luis M. Garcia-Segura
                Mariana Astiz
            
         
          doi:10.1038/srep43878
          
             
                Nature Publishing Group
            
         
          
             
                © 2017 Nature Publishing Group
            
         
      
       
          
      
       
          © 2017 The Author(s)
          10.1038/srep43878
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep43878
            
         
      
       
          
          
          
             
                doi:10.1038/srep43878
            
         
          
             
                srep ,  (2017). doi:10.1038/srep43878
            
         
          
          
      
       
       
          True
      
   




