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Abstract

Background and Aims:
Expression of genes encoding enzymes involved in glycerolipid and monoacylglycerol pathways in
speci�c brain regions is poorly known and their alterations in insulin resistance (IR) and type 2 diabetes
(T2D) remain unreported. We determined the mRNA levels of enzymes involved in glycerolipid synthesis
in speci�c regions of the mouse brain and their changes in two models of severe IR, the lipodystrophic
Agpat2−/− and the obese Leprdb/db mice.

Methods
Cerebral cortex, hypothalamus, hippocampus and cerebellum were dissected from adult Agpat2−/− mice,
Leprdb/db mice and their respective wild type littermates. Total RNA was isolated and the relative mRNA
abundance of enzymes was determined by RT-qPCR.

Results
GPAT1, AGPAT1-4, LIPIN1/2, DGAT1/2 and MOGAT1 mRNAs were detected in all studied brain regions,
whereas GPAT2, LIPIN3 and MOGAT2 were undetectable. Abundance of GPAT1, AGPAT1, AGPAT2,
AGPAT4, LIPIN1, and MOGAT1, was higher in the hypothalamus. AGPAT3 and DGAT1 were higher in
cortex and cerebellum, and LIPIN2 and DGAT2 were higher in cortex and hippocampus. In Agpat2−/− mice,
LIPIN1 levels were increased in all the brain regions. By contrast, GPAT1 and AGPAT4 in hypothalamus,
AGPAT3 in hippocampus and hypothalamus, and MOGAT1 in cortex, hypothalamus and cerebellum were
lower in Agpat2−/− mice. Leprdb/db mice showed fewer and milder changes, with increased levels of
GPAT1 and LIPIN1 in cerebellum, and AGPAT3 in hypothalamus.

Conclusions
Enzymes involved in glycerolipids synthesis are differentially expressed across regions of the mouse
brain and IR and T2D determine altered gene expression of these enzymes in the mouse brain.

Background
Type 2 diabetes (T2D) is associated with abnormalities in the structure and functioning of the brain (1).
These changes include reduced brain and hippocampus volume and impaired attention, executive
function, information processing, visuospatial construction and visual memory (1). In mice, high-fat diet-
induced insulin resistance (IR) and hyperglycemia result in loss of neurons and reduced olfactory learning
(2).
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Glycerophospholipids and diacylglycerol regulate signaling, apoptosis, membrane anchoring, and
antioxidant capacity in the brain (3). Incubation of rat brain tissue sections with the phosphatidylserine
(PS) increases α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) binding to AMPA glutamate
receptors without modifying glutamate binding to N-methyl-D-aspartate (NMDA) receptor, indicating that
PS speci�cally regulates AMPA receptor binding activity (4). Because blood brain barrier limits lipid
tra�cking, de novo lipogenesis is the main source of glycerolipids in the brain (5).

Glycerolipids are synthesized by sequential acylation of glycerol-3-phosphate or monoacylglycerol. The
�rst intermediate in glycerol-3-phosphate pathway is lysophosphatidic acid (LPA; 1-acylglycerol 3-
phosphate) which is formed by glycerol-3-phosphate acyltransferases (GPATs). LPA is then acylated in
sn2 position by 1-acylglycerol-3-phosphate acyltransferases (AGPATs), forming phosphatidic acid (PA; 1,2
diacylglycerol phosphate). Phosphate group of PA is removed by phosphatidic acid phosphatases (PAPs,
LIPINs), resulting in diacylglycerol (DAG) which is then acylated in sn3 position by diacylglycerol
acyltransferases (DGATs) to generate triacylglycerol (TAG) (6). DGATs activity has been reported in very
low levels in the brain (7). Monoacylglycerol pathway starts with acylation of 2-monoacylglycerol by
monoacylglycerol acyltransferases (MOGATs) to form DAG, which is further acylated by DGATs to
produce TAG (7).

All enzymes involved in glycerolipid synthesis have multiple isoforms encoded by individual genes with
differential tissue expression patterns (8). Although some of these enzymes have been reported, at the
mRNA level, in whole brain homogenates (6, 8), their expression across speci�c regions of the brain
remains unknown. Furthermore, the effects of IR and T2D on the abundance of these enzymes in the
brain have not been reported.

Agpat2 null (Agpat2-/-) mice lack white and brown adipose tissue and develop severe IR, diabetes,
dyslipidemia and fatty liver (9) as a result of leptin de�ciency (10). Mice with inactivating mutations in
leptin receptor (Leprdb/db) also develop IR and T2D, but, opposite to Agpat2-/- mice, develop severe obesity
as a result of hyperphagia and decreased energy expenditure (11, 12). Progressive hyperglycemia and
hyperinsulinemia start at the sixth week of age in Leprdb/db mice and severe hyperglycemia is already
present at the fourteenth week.

In this study we aimed to quantify the mRNA levels of enzymes involved in the glycerolipid synthesis
pathway across different regions of the mouse brain and to determine the differences in the expression
level between two models of severe IR and diabetes. In spite of the similar metabolic abnormalities
between Agpat2−/− and Leprdb/db mice we found that whereas Leprdb/db had few and small changes
compared to wild type mice, Agpat2−/− mice had several changes that might be owed to speci�c lipid
composition perturbation derived from AGPAT2 de�ciency rather than to primary metabolic alterations.

Methods
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Animals: Mice were housed 3–4 per cage, maintained on a 12 h light/12 h dark cycle and fed a standard
chow diet (Prolab RMH 3000; LabDiet, St. Louis, MO) ad libitum. Generation of Agpat2−/− mice has been
described previously (9). Agpat2−/− and Agpat2+/+ mice were obtained by mating of Agpat2+/− mice.
Lepr+/+ and Leprdb/db mice were generated by mating of Lepr+/db mice (obtained from The Jackson
Laboratory, Bar Harbor, ME). Agpat2−/−, Agpat2+/+, Leprdb/db and Lepr+/+ adult mice (9–14 weeks) of both
sexes were anesthetized by ketamine/xylazine (100:10 mg/Kg) and euthanized by exsanguination under
deep anesthesia. The brain was extracted and dissected into cerebral prefrontal cortex, hypothalamus,
hippocampus and cerebellum and �ash frozen in liquid nitrogen and stored at -80 °C. For the brain
dissection, we placed the whole brain in a petri dish on ice. First, we put the brain's ventral side up, and we
extracted the hypothalamus with curved tweezers. Then, we placed the dorsal side of the brain up, and we
dissected the cerebellum, separating it from the medulla and the pons. We cut the cerebellum with a
surgical blade into the right and left cerebellum. After, we made a sagittal cut of the brain, dividing the
brain into two hemispheres, left and right. For each hemisphere, we freed the hippocampus, separating it
from the cortex using a curved serrated forceps. Once the hippocampus was freed, it was dissected with
the same forceps. Finally, the prefrontal cortex was picked up with the forceps. All mouse procedures
were reviewed and approved by the Institutional Animal Care and Use Committee (IACUC) at Ponti�cia
Universidad Católica de Chile (ID 170717017).

RNA extraction and cDNA preparation

The hypothalamus, left prefrontal cortex, left hippocampus and left cerebellum were homogenized with
Mixer mill (Retsch Inc, Newtown, CT) and total RNA extracted using Trizol® reagent (Invitrogen, Carlsbad,
CA) following manufacturer's instructions. RNA was resuspended with RNAsecure solution (Invitrogen,
Carlsbad, CA). RNA concentration was determined by Nanodrop spectrophotometer Nanodrop 2000
(Thermo Fisher Scienti�c, Waltham, MA). To evaluate the RNA integrity, 1 µg of RNA was visualized in
denaturing agarose/formaldehyde gels. Residual genomic DNA was eliminated with Turbo DNA-free kit
(Invitrogen, Carlsbad, CA). 2 µg of total RNA were reverse transcribed with High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, Foster City, CA) following manufacturer's instructions.

mRNA quanti�cation by reverse transcription real time PCR (RT-qPCR)

Real-time qPCR reactions were performed in Applied Biosystems StepOnePlus thermalcycler using Fast
SYBR® Green Master Mix (Applied Biosystems, Foster City, CA) with 25 ng of template cDNA. Thermal
cycling involved an initial step at 95 °C for 20 seconds and then 40 cycles at 95 °C for 3 seconds and
60 °C for 30 seconds. PCR primer sequences are presented in Table 1. To determine the relative
abundance of speci�c mRNAs across different brain regions, target gene cycle threshold (Ct) value (cut
off = 30) was normalized to the Ct value of the reference gene cyclophilin (Ppib) using 2−ΔCt method (2−

(CT target gene − CT reference gene)). The relative mRNAs abundance of target genes in speci�c brains regions of
wild type and Agpat2−/− or Leprdb/db mice was determined by the 2−ΔΔCT method with Ppib as reference
gene. The organization of all PCR plates used in this work are shown in supplementary table S6.
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Table 1
Sequence of PCR primers used for quanti�cation of mRNAs by real time qPCR.

Gene name Abbreviated
name

Sequence (5' → 3')

Glycerol-3-phosphate
acyltransferase 1

GPAT1 Forward CAACACCATCCCCGACATC

Reverse GTGACCTTCGATTATGCGATCA

Glycerol-3-phosphate
acyltransferase 2

GPAT2 Forward ACCAGCCTTTGGTCCTCAAG

Reverse AAGAGGGACTCCCAGCTCTT

1-acylglycerol-3-phosphate
acyltransferase 1

AGPAT1 Forward GCTGGCTGGCAGGAATCAT

Reverse GTCTGAGCCACCTCGGACAT

1-acylglycerol-3-phosphate
acyltransferase 2

AGPAT2 Forward TTTGAGGTCAGCGGACAGAA

Reverse AGGATGCTCTGGTGATTAGAGATGA

1-acylglycerol-3-phosphate
acyltransferase 3

AGPAT3 Forward CCAGTGGCTTCACAAGCTGTAC

Reverse CCCTGGGAATACACCCTTCTG

1-acylglycerol-3-phosphate
acyltransferase 4

AGPAT4 Forward ACTTCGTGGAAATGATCTTTTGC

Reverse GAGGTGCAGCAGGCTCTTG

Lipin1 LIPIN1 Forward GAGCATGCCAAGACCAACATC

Reverse CAATGGGAAGACGTGATCGA

Lipin2 LIPIN2 Forward GCATTAACCAAGCCACGTTGT

Reverse AAAGGCGAGCACTGGTAGGA

Lipin3 LIPIN3 Forward GACTGCCTAAGGTGGCGAAAG

Reverse CACAGATCGCCTCAGCCATA

Diacylglycerol acyltransferase 1 DGAT1 Forward GAGGCCTCTCTGCCCCTATG

Reverse GCCCCTGGACAACACAGACT

Diacylglycerol acyltransferase 2 DGAT2 Forward CCGCAAAGGCTTTGTGAAG

Reverse GGAATAAGTGGGAACCAGATCA

Monoacylglycerol
acyltransferase 1

MOGAT1 Forward GAGTAACGGGCCGGTTTCA

Reverse AGACATTGCCACCTCCATCCT

Monoacylglycerol
acyltransferase 2

MOGAT2 Forward GCCCATCGAGGTGCAGAT

Reverse AGAGCTCCTTGATATAGCGCTGAT
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Cyclophilin PPIB Forward TGGAGAGCACCAAGACAGACA

Reverse TGCCGGAGTCGACAATGAT

Statistical analysis

Given the small size of the samples in this work, no normality tests were used (14, 15). Data was log-
transformed, as biological variables often follow lognormal distribution (16, 17), and means were
compared with parametrical tests (18–21).

For two-group comparison, mean values were compared with two-sided Student’s t-test. For experiments
with more than two groups, mean values were analyzed by one-way ANOVA and Bonferroni post-hoc test
for multiple comparisons. GraphPad Prism version 6.00 (GraphPad, La Jolla, CA) was used for plotting,
logarithmic transformation, and statistical analyses. Figure 4 was created with BioRender.com. All the
raw cycle threshold data as well as the con�guration of all qPCR procedures is detailed in the
supplemental material.

Results
1. Quanti�cation of the mRNA levels of enzymes involved in glycerolipid synthesis in different regions of
the mouse brain.

A systematic gene expression analysis of the enzymes involved in glycerolipid synthesis in different
regions of the brain is lacking. We quanti�ed the mRNA abundance of the main isoforms of these
enzymes in the mouse cerebral cortex, hypothalamus, hippocampus and cerebellum.

GPATs mediate the �rst reaction in the glycerol-3-phosphate pathway, generating LPA. GPAT1 mRNA was
detected in all the regions studied and its highest abundance was found in the hypothalamus, followed
by the cerebellum and cortex, and then the hippocampus (Fig. 1A). GPAT2 mRNA was undetectable in all
the brain regions.

AGPATs generate PA from LPA. Among the four AGPAT isoforms that we quanti�ed (AGPAT1-4), the most
abundant was AGPAT4 whereas AGPAT2 had the lowest expression levels (Fig. 1B). Interestingly, the
hypothalamus had the highest expression level of AGPAT4 and AGPAT2. The highest abundance of
AGPAT1 was in the cortex and hypothalamus, while AGPAT3 has its highest expression level in the cortex
and cerebellum. The lowest abundance of AGPAT3 and AGPAT4 was in hippocampus; whereas the
lowest levels of AGPAT1 and AGPAT2 was in the cerebellum and cortex, respectively (Fig. 1B).

LIPINs are phosphatidic acid phosphatases enzymes that transform PA into DAG. The mRNA of LIPIN1
and LIPIN2 was detected in all the brain structures analyzed (Fig. 1C); however, LIPIN1 mRNA abundance
was signi�cantly higher in the hypothalamus and cerebellum in comparison with cerebral cortex and
hippocampus. By contrast, the highest expression level of LIPIN2 was in the cortex, followed by the
hippocampus, hypothalamus, and, �nally, cerebellum. Interestingly, LIPIN2 was the predominant isoform
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in the cortex and hippocampus whereas in the cerebellum and hypothalamus the most abundant isoform
was LIPIN1 (Fig. 1C). LIPIN 3 mRNA was undetectable in all the studied structures.

DGAT1 and DGAT2 mRNAs were detected in all the brain regions studied, although at low levels. Of these,
DGAT2 was the most abundant although its highest levels were in the cortex and hippocampus, followed
by the hypothalamus, and �nally the cerebellum (Fig. 1D). The highest abundance of DGAT1 mRNA was
in the cortex and cerebellum, followed by the hypothalamus and hippocampus.

MOGATs produce DAG from monoacylglycerol. MOGAT1 mRNA was detected in all the studied regions of
the brain, but at very low levels, with its highest abundance in the hypothalamus. MOGAT2 mRNA was
undetectable (Fig. 1E).

2. Effects of AGPAT2 and leptin receptor de�ciency on the mRNA levels of glycerolipid biosynthetic
enzymes in the mouse brain.

To assess the effect of IR and T2D on the mRNA levels of glycerolipid biosynthetic enzymes, we studied
two independent mouse models of leptin action de�ciency, the lipodystrophic Agpat2−/− and the obese
Leprdb/db mice. Overall, only small differences were detected between these mouse models and wild type
mice (Figs. 2 and 3).

In Agpat2−/− mice, GPAT1 mRNA levels were slightly lower in the hypothalamus (p value = 0.0214)
compared to wild type (Agpat2+/+) mice but remained equivalent in all the other brain regions (Fig. 2A).

No differences in AGPAT1 mRNA levels were detected in any of the studied brain regions but the
abundance of AGPAT3 mRNA was slightly lower in the hypothalamus (p value = 0.0481) and
hippocampus (p value = 0.0085) and AGPAT4 mRNA was only lower in the hypothalamus (p value = 
0.0341) in Agpat2−/− mice. As expected, AGPAT2 mRNA was undetected in the brain of Agpat2−/− mice
(Fig. 2B).

LIPIN1 mRNA showed the highest differential abundance in Agpat2−/− mice, with ~ 2-fold increase in the
cerebral cortex (p value = 0.0182) and hypothalamus (p value = 0.0263) and ~ 1.5-fold increase in the
cerebellum (p value = 0.0183) and hippocampus (p value = 0.0329). No differences were detected in the
abundance of LIPIN2 mRNA between genotypes (Fig. 2C). Interestingly, LIPINs have reported roles in
brain function. LIPIN2 de�cient mice develop ataxia and decreased LIPIN1 levels, resulting in altered
cerebellar phospholipid composition (22). In humans, the splicing isoform LIPIN1γ is highly expressed in
the brain (23), suggesting a regulatory role on brain glycerolipid metabolism.

DGAT1 and DGAT2 mRNA levels were equivalent between Agpat2−/− and wild type mice (Fig. 2D). By
contrast, MOGAT1 was strongly decreased in the cerebral cortex (p value = 0.0269), hypothalamus (p
value = 0.0248) and cerebellum (p value = 0.0225) of Agpat2−/− mice but unchanged in the hippocampus
(Fig. 2E).
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Lepr db/db mice showed fewer and smaller differences compared to wild type mice than Agpat2−/− mice
(Fig. 3). The abundance of GPAT1 mRNA in the cerebellum in these animals was higher compared to wild
type (Lepr+/+) mice (p value = 0.0196) (Fig. 3A), with no further differences detected in the other regions of
the brain.

Among AGPAT isoforms, only AGPAT3 mRNA levels were slightly increased in the hypothalamus of
Leprdb/db mice (p value = 0.0406) (Fig. 3B).

Similarly, LIPIN1 was increased only in the cerebellum of Leprdb/db mice (p value = 0.0139) (Fig. 3C). No
differences were found in the mRNA levels of DGAT1, DGAT2 and MOGAT1 between genotypes (Fig. 3D-
E).

Discussion
This is the �rst study that explores the expression of the enzymes involved in glycerolipid synthesis in
different brain structures in two mouse models of leptin action de�ciency, insulin resistance and type 2
diabetes but with diverging body adiposity. We focused on the cerebral cortex, hypothalamus,
hippocampus and cerebellum because these regions of the brain have the highest abundance of insulin
receptor (24, 25) and because previous studies have reported lipid composition changes in murine
models of IR and T2D states in these regions of the brain (26–29).

We found that hypothalamus was the brain region with the highest abundance of several enzymes
(GPAT1, AGPAT1, AGPAT2, AGPAT4, LIPIN1, and MOGAT1) at the mRNA level, suggesting important roles
for the glycerolipids in the structure and/or function of this brain regions. Concordantly, it has been
shown that glycerolipid metabolism is required for hypothalamic neurons to regulate thermogenesis and
energy expenditure in mice (30). Moreover, two of the studied enzymes in our study, LIPIN1 and LIPIN2,
seem to have a role in maintaining glycerolipid homeostasis in the mice aging cerebellum. LIPIN2
de�cient mice develop ataxia and impaired balance as the mice age, as well as a reduction in cerebellar
LIPIN1 levels, resulting in altered cerebellar phospholipid composition (22).

Interestingly, LIPIN2 is expressed in all the brain structures studied, whereas LIPIN1 and MOGAT1 were
present mostly in the hypothalamus. These enzymes are essential to generate diacylglycerol, a lipid that
has a key role in brain signaling. It has been shown that diacylglycerol participates in synapse plasticity,
modulating exocytosis, cytoskeletal reorganization, tra�c, and polarization (31). Although these
antecedents suggest a role for diacylglycerol generating enzymes in the brain, these actions remain
formally unknown.

AGPAT4 was previously reported as the most abundant AGPAT isoform in whole mouse brain
preparations (32) and its mRNA was detectable at similar levels between brain stem, cerebellum, cortex,
hippocampus and olfactory bulb in mice (33). Agpat4−/− mice have impaired spatial learning and
memory, in association with drastically decreased NMDA and AMPA receptor levels in the brain (34). On
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the other hand, AGPAT4 is involved in phosphatidylcholine, phosphatidylethanolamine and
phosphatidylinositol synthesis in the brain (33); however, whether phospholipid alterations are connected
to the neurological defects of the AGPAT4 de�cient mice remains to be elucidated. Similarly, a recent
study suggests that AGPAT1 can have roles in neuronal function, since Agpat1−/− mice have abnormal
hippocampal neuron development and develop audiogenic seizures (35).

The role of AGPAT2 in brain lipid composition and function has not been systematically studied. Previous
studies have shown that AGPAT2 is expressed in the cerebral cortex, spinal cord, medulla, and
subthalamic nucleus of the human brain (36). However, patients with congenital generalized
lipodystrophy owed to mutations in AGPAT2 gene (37, 38) and Agpat2−/− mice (9) have no clinically
evident neurological defects, suggesting that AGPAT2 is disposable for brain functions. By contrast,
neurological alterations analogous to those present in patients with schizophrenia, depression and
Alzheimer’s disease have been reported in Leprdb/db mice (39, 40). In addition, these mice have an
accelerated cognitive decline, that starts at 7 weeks of life (41–43). Provocatively, abnormal levels of
proteins involved in energy metabolism, cellular structure and neural functioning have been described in
the frontal cortex and hippocampus of Leprdb/db mice (40), indicating that abnormal metabolic regulation
is correlated with abnormal neurological function in these animals. It remains to be determined whether
subclinical manifestations of neurological dysfunction are present in the lipodystrophic Agpat2−/− mice,
and likely in lipodystrophic patient with mutations in AGPAT2, and if so whether these potential
alterations are correlated with changes in glycerolipid metabolism.

In spite of the neurological disorders of the Leprdb/db mice, we only found fewer and milder changes in
the expression of glycerolipid enzymes: only LIPIN1 and GPAT1 were slightly increased in the cerebellum
while AGPAT3 was increased in the hypothalamus (Fig. 3). By contrast, in the Agpat2−/− mice, GPAT1,
AGPAT3, AGPAT4 and MOGAT1 mRNA levels were lower in the hypothalamus, whereas MOGAT1 was
lower in the cerebral cortex and cerebellum, and AGPAT3 was lower in the hippocampus. LIPIN1 mRNA
was increased in all studied brain structures in the Agpat2−/− mice (Fig. 2). Importantly, the animal
models used in this paper do not allow to dissect the contribution of IR, T2D and insu�cient leptin action
on the abnormal levels of the studied mRNAs. This is because, although both mouse models have a
strikingly divergent adiposity phenotype (generalized lipodystrophy vs. morbid obesity), they share
several metabolic abnormalities, such as de�ciency in leptin action, hyperglycemia, hyperinsulinemia,
hepatic steatosis and increased intramyocellular lipid load. The observation that some mRNAs were
differentially affected between AGPAT2 de�cient and Leprdb/db mice, suggest that these could be
regulated for factors that diverge between these otherwise metabolically similar mouse models, such as
others than leptin adipose tissue-derived hormones.

It is important to notice that different brain structures were not affected equally. This emphasizes the
importance of studying brain structures separately rather than whole brain tissue. Hypothalamus was
one of the most affected structures, which might be explained by the critical role of the hypothalamus in
metabolic regulation, including food intake, energy expenditure, and hepatic glucose production.
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Some reports have described changes in the levels of several lipid species in the brain of murine models
of IR and T2D. Sallam et al. found a decrease in total phospholipid levels and an increase in triglyceride
(TAG) levels in hippocampal synaptosomes isolated from high fat diet (HFD)-fed AtENPP1-Tg mice
(adipocyte-speci�c ecto-nucleotide pyrophosphate phosphodiesterase overexpressing transgenic mice).
These changes were associated with impaired basal synaptic transmission to hippocampal synapses,
decreased phosphorylation of the GluN1 glutamate receptor subunit, down-regulation of insulin receptor
expression, and up-regulation of the free fatty acids receptor 1 (26). Another study analyzed the effect of
T2D induced by a high-fat diet (HFD) on the lipid pro�les of the cortex, hippocampus, hypothalamus, and
olfactory bulb of the mouse brain. HFD signi�cantly increased diacylglycerol abundance in all analyzed
regions. Most phosphatidylserine species were decreased, while lysophosphatidylserine species were
substantially increased (27). In the cortex and hippocampus of mice fed with a diet enriched in saturated
fatty acids for six months (which induces both IR and T2D), there was an increase in some cholesterol-
ester species and a decrease in some species of phosphatidylcholine and diacylglycerol (28). Rats with
streptozotocin-induced diabetes have increased levels of ceramides and some species of sphingomyelin
in the prefrontal cortex with possible signaling implications (29).

However, it is important to recognize that in none of these studies is possible to distinguish between
diabetes-, HFD-, obesity-, IR- or insulin de�ciency-induced changes in brain lipids.

Some of these changes could be related to our results because many of the reported lipids
(glycerophospholipids, diacylglycerol, and triglycerides) are synthesized by the enzymes analyzed in our
study. Lysophosphatidic acid (LPA) is acylated by 1-acylglycerol-3-phosphate acyltransferases (AGPATs),
to form phosphatidic acid (PA), which is the precursor of phosphatidylinositol, phosphatidylglycerol and
cardiolipin. The phosphate group of PA is removed by phosphatidic acid phosphatases (mostly belonging
to LIPIN family), resulting in diacylglycerol (DAG), a precursor of TAG, and as well as phosphatidylcholine,
phosphatidylethanolamine, and phosphatidylserine. Most of the above commented studies show a
decline in speci�c phospholipids in the cortex, hippocampus, and hypothalamus.

The changes observed in the brain of Agpat2−/− mice are in contrast with to those observed in the liver of
these mice. In fact, Agpat2−/− mice have increased hepatic abundance of GPAT1, AGPAT1, AGPAT3 and
MOGAT1 in comparison with wild type mice (9). In the liver, GPAT1 gene expression is potently induced by
insulin by mechanisms involving sterol regulatory element-binding protein-1 (SREBP-1) (8), whereas
MOGAT1 expression is promoted by peroxisome proliferator-activated receptor gamma (PPARγ) by
insulin independent mechanisms (44). The diverging regulation of GPAT1 between these two organs of
the Agpat2−/− mice can be explained by a differential effect of IR between the brain and the liver.
Alternatively, the mechanisms regulating the expression of these enzymes in the brain might be different
than in the liver. A recent study showed that the mRNA levels of AGPAT1–5 in liver, heart and whole brain
are induced by fasting in mice (45), suggesting the physiological regulation of these enzymes is
in�uenced by nutritional/metabolic status across different tissues. However, the physiological role of the
enzymes involved in the glycerolipid biosynthesis in the brain for the metabolic adaptation to fasting
remains totally unknown.
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The results obtained in this work can be an starting point for studies intended to disclose a number of
unresolved problems such as: 1) function of the genes involved in glycerolipid synthesis in the brain,
considering the very low levels of neutral lipids in this tissue, but the important structural and regulatory
functions of the different glycerophospholipids, 2) the regulation of the gene expression of these
enzymes in the different areas of the brain, and 3) the role of brain glycerolipids in the general
pathophysiology of insulin resistance and neurodegeneration.

Our study suggest that enzymes involved in glycerolipid synthesis have a differential gene expression
across brain regions and that leptin, insulin and/or any of the metabolic abnormalities associated with IR
have an effect on the expression level of these enzymes.

An important limitation of our work is that is limited to the description of the mRNA levels.
Comprehensive quantitative analyses of the glycerolipids of the different brain regions will represent a
major advance in the �eld of brain lipid metabolism and will shed light on the functional meaning of the
results reported by us. We hope that future studies will be able to compare lipid composition in the brain
in mouse models of IR and leptin de�ciency.

Conclusions
Herein we found that enzymes involved in glycerolipids synthesis are differentially expressed across
regions of the brain in mice; and that two different models of IR and T2D have a differential expression
pattern of some of these enzymes in different regions of the brain. Leprdb/db had fewer and smaller
changes in comparison with the Agpat2−/− mice (Fig. 4) suggesting that the abnormal gene expression in
the Agpat2−/− mice is due to speci�c lipid composition perturbations derived from AGPAT2 de�ciency
rather than primary general metabolic alterations owed to leptin action de�ciency. It remains to be studied
whether these mRNA changes have an impact on the abundance of different glycerophospholipids in the
brain and its role in brain functioning as a whole-body metabolic regulator.
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Figure 1

mRNA expression levels of enzymes involved in the glycerolipid synthesis in cerebral cortex,
hippocampus, cerebellum and hypothalamus in wild type (C57BL/6) mice. Expression of each gene was
normalized to the reference gene Cyclophilin (Ppib) and was calculated by the 2-ΔCT method (2-(CT
target gen – CT reference gen)). Ct value cut off was 30. Mean values were analyzed by one-way ANOVA
and Bonferroni test for multiple comparisons. * p < 0.05, ** p < 0.01, *** p < 0.001 and **** p < 0.0001. n =
4 per group (for cortex, cerebellum and hippocampus, there are 2 male and 2 female in each group; for
hypothalamus, there are 3 males and 1 female in each group). N.D.: not detected.
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Figure 2

mRNA expression levels of enzymes involved in glycerolipid synthesis in cerebral cortex, hippocampus,
cerebellum and hypothalamus of Agpat2+/+ and Agpat2-/- mice. mRNA expression levels of each gene
were normalized by Cyclophilin mRNA expression levels and expressed as fold-change compared to wild
type (Agpat2+/+) mice, by 2-ΔΔCT method. * p < 0.05, ** p < 0.01, *** p < 0.001 and **** p < 0.0001. Mean
values were analyzed by unpaired Student´s t test. n = 4 animals per group (two male and two female per
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group; except for genes measured in the hypothalamus of wild type mice, in which there are 3 males and
1 female per group). N.D.: not detected.
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type (Agpat2+/+) mice, by 2-ΔΔCT method. * p < 0.05, ** p < 0.01, *** p < 0.001 and **** p < 0.0001. Mean
values were analyzed by unpaired Student´s t test. n = 4 animals per group (two male and two female per
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Figure 3

mRNA expression levels of enzymes involved in glycerolipid synthesis in cerebral cortex, hippocampus,
cerebellum and hypothalamus of Lepr+/+ and Leprdb/db mice. mRNA expression levels of each gene
were normalized by Cyclophilin mRNA expression levels and expressed as fold-change compared to wild
type (Lepr+/+) mice, by 2-ΔΔCT method. * p < 0.05, ** p < 0.01, *** p < 0.001 and **** p < 0.0001. Mean
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values were analyzed by unpaired Student´s t test. n = 4 animals per group (two male and two female per
group). N.D.: not detected.
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type (Lepr+/+) mice, by 2-ΔΔCT method. * p < 0.05, ** p < 0.01, *** p < 0.001 and **** p < 0.0001. Mean
values were analyzed by unpaired Student´s t test. n = 4 animals per group (two male and two female per
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mRNA expression levels of enzymes involved in glycerolipid synthesis in cerebral cortex, hippocampus,
cerebellum and hypothalamus of Lepr+/+ and Leprdb/db mice. mRNA expression levels of each gene
were normalized by Cyclophilin mRNA expression levels and expressed as fold-change compared to wild
type (Lepr+/+) mice, by 2-ΔΔCT method. * p < 0.05, ** p < 0.01, *** p < 0.001 and **** p < 0.0001. Mean
values were analyzed by unpaired Student´s t test. n = 4 animals per group (two male and two female per
group). N.D.: not detected.

Figure 4

Summary of the signi�cant changes in mRNA levels of the enzymes involved in glycerolipids synthesis in
Agpat2-/- and Leprdb/db mice. The �gure shows the genes that presented statistically signi�cant
changes in mRNA expression in comparison to wild type mice. ↑ indicates an increase in the mRNA
expression levels with respect to wild type littermates. ↓ indicates a decrease in the mRNA expression
levels with respect to wild type littermates.
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