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Abstract

Purpose: This study aims to assess the expression profile
of hexosaminidase genes in the brain of ob/ob mice, to
better understand the mechanisms underlying post-
translational protein modifications that leads to Polycystic
Ovary Syndrome (PCOS). Glycoproteins assembled within
the endoplasmic reticulum carry biological codes
determining their fate. Reproduction depends on
important glycoproteins and their circulating levels might
be affected by leptin.

Methods: B6.V-Lepob/J mice were divided into three
groups: Control normal weight; control obese and 7-day-
treated obese. Their brains were processed for RNA
extraction. PCR Array assays were performed in plates
containing 11 mannosidases genes.

Results: Genetic profile of the 7-day group compared to
the Control group showed that 82% of the 11
hexosaminidase genes were differentially expressed.
These genes were downregulated: Edem1 and 3 can be
highlighted. Only two out of six glucosidase-related genes
were differentially expressed, Hexa and b, both
downregulated.

Conclusion: Leptin alters glycosylation processes of brain
molecules pivotal for the malfunctioning of reproductive
system, Gene expression levels of hexosaminidases are
altered after a seven-day leptin treatment, that causes a
gene-expression profile similar to those of the normal
weight. Leptin treatment might lead to lower levels of

monoglucosylated glycoforms of LH, a hallmark of
glycoprotein degradation.
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Introduction
The Polycystic Ovary Syndrome (PCOS) is a common

reproductive and metabolic disorder that is characterized by
the presence of polycystic ovaries, obesity, infertility and
periods of amenorrhea [1-4]. These patients are bushy and
have increased risk for developing endometrial cancer and
cardiovascular disease, as well as changes in glucose
metabolism and early diabetes risk [5,6]. The PCOS has an
estimated prevalence of 4-12% among women in childbearing
age [7].

Among the genetic factors involved in the pathogenesis of
PCOS are Insulin-like and Growth Factor I (IGF-1), which act
along with luteinizing hormone (LH) to increase the production
of androgens by the ovaries [8,9]. Clinically, it was observed
menstrual changes and hirsutism, usually accompanied by
weight gain [10-12].

Weight loss of 5 to 10% may be sufficient to restore the
reproductive function and to improve the ovarian response to
ovulation induction [13,14].

Leptin is not the only hormone secreted by the adipose
tissue [15] and the placenta [16,17]. However it is well-
characterized as a regulator of energy balance and energy
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expenditure that exerts these two main actions by acting on
neurons in the hypothalamic arcuate nucleus [18].

It has been demonstrated that administration of
recombinant leptin in ob/ob mice can regulate body weight
and glucose metabolism, and it can also restore fertility in
these animals [19]. A leptin peak during the luteal phase of the
sex cycle correlates with maximal level of progesterone. The
role played by the absence of leptin action in obese mice
infertility has been the focus of intense research [20].

Previous studies suggest that patients with leptin deficiency
treated with recombinant leptin leads to successful results
[21]. In addition to conventional treatment with leptin
injection to correct obesity, there is also the possibility of using
adipose tissue transplantation, which would cause the
physiological release of this hormone. It is known that
transplantation of adipose tissue from normal mice improves
metabolic abnormalities in receptor mice with lipodystrophy
[22,23]. Adipose tissue transplantation technique as an
alternative to hormone treatment is effective for prevention
and treatment of obese mice presenting some type of
lipodystrophy and obesity. However, little is known about the
early effects, namely in the short term, this procedure in obese
and infertile mice. There is a need to carry out more intensive
studies in order to assess the fertility restoration in ob/ob mice
transplanted with adipose tissue regarding studies of
molecular markers of glycosylation in PCOS involved with
obesity. In the literature, there are studies describing
experiments with models of obese diabetic mice presenting IR
and micro polycystic ovaries. Considering the importance of
leptin to the functioning of the hypothalamic-hypophyseal-
gonadal axis, many other studies focused on obese mice
fertility restoration as well [24].

The brain is rich in glycoproteins and different
hexosaminidases are associated with neurological disorders of
this nature, like Tay-Sachs disease and GM1-glangliosidosis.
Both gonadotropins are glycoproteins displaying distinct
glycosylation levels of their molecules, according to many
different physiological conditions and these levels are key to
determine affinity for membrane-bound receptors [25]. Male
and female ob/ob mice present lower levels of circulating LH
and FSH when compared to lean mice, indicating a persistent
immaturity of the hypothalamic-pituitary function of the
genetically obese animals [26].

Information in the literature regarding the behavior of
transplantation of adipose tissue in obese mice with PCOS are
lacking, and considering it to be an efficient animal model, we
decided to conduct this study. Therefore, we aimed to assess
the main changes in glycosylation-related genes expression
and how they correlate to fertility restoration in ob/ob mice
and to gonadotropins (LH/FSH) glycosylation after adipose
tissue transplantation.

Materials and Methods

Experimental animals and surgical procedure
In this study, ten transgenic obese and anovulatory leptin-

deficient mice (B6.V-Lep ob/J, designated as ob/ob mice) and
five isogenic lean ovulatory littermates (wild-type) were
obtained from the Center for the Development of
Experimental Models, Federal University of São Paulo, Brazil
(CEDEME). These animals were maintained in a temperature-
controlled environment at approximately 24°C under a 12/12-
h light-dark cycle and were handled at least once a week. Five
ob/ob mice received a white adipose tissue (WAT) transplant
as described by Gavrilova and Marcus-Samuels et al. [27] and
Pereira et al. [28]: the adipose gonad tissue samples that were
obtained from the wild-type mice were placed in phosphate
buffer solution (PBS) and fragmented into small pieces.
Gonadal fat pads were collected from donor control mice and
grafts of approximately 1 g were implanted in the
subcutaneous tissue of receptor mice through small, shaved
skin incisions on the dorsal region of the animal, which was
anesthetized with halothane (Baxter Healthcare Corp, Round
Lake, IL). Animals were also euthanized with halothane
overdose. The brains of all of the animals were removed by the
reported procedure and kept in liquid nitrogen until use.

Experimental groups
The animals that were described in the previous section

were divided into three experimental groups as follows:

Control group (CG): Five (5) normal-weight B6.V-Lepob/J
mice at two to three months of age and ovulatory cycles. Their
mean weight in g was 24.0 ± 0.7.

Obese group (OG): Five (5) ob/ob mice at two to three
months of age and anovulatory cycles. Their mean weight in g
was 52.0 ± 1.3.

7-day Transplanted Mice group (7dTM): Five (5) ob/ob mice
at two to three months of age and anovulatory cycles were
implanted with adipose gonadal tissue from mice with
ovulatory cycles. These animals were sacrificed seven (7) days
after the surgical procedure. Their mean weight in g was 52.8 ±
1.8 before transplantation and 50.8 ± 2.5 seven days after the
procedure.

RNA extraction
After using liquid nitrogen for cryogenic soaking, the tissues

were homogenized in TrizolTM reagent (Invitrogen, Carlsbad,
CA, USA) following the manufacturer’s instructions. After the
complete dissociation of the nucleoprotein complexes, phase
separation was achieved with chloroform and centrifugation.
The precipitated RNA from the aqueous phase was washed
with 75% ethanol. The RNA was dried and dissolved in RNase-
free water. The total RNA was then purified with the Qiagen
RNeasy Mini Kit (Qiagen, Valencia, CA) and submitted to DNase
treatment. The amount and quality of the extracted RNA were
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assessed by spectrophotometry using NanoDrop v3.3.0
(NanoDrop Technologies Inc., Rockland, DE).

qPCR
The total RNA (1.0 μg) per plate/array from each

experimental group pool was used to synthesize the cDNA. The
samples were treated with buffers from the kit, and reverse
transcription reactions were performed using the RT2 First
Strand Kit from SA Biosciences (Qiagen Company) according to
the manufacturer's protocol. The qPCR array was performed
using the RT2 Profiler™ PCR array of SA Biosciences (http://
www.sabiosciences.com/ArrayList.php). For each
experimental group, 84 genes were examined in triplicate
(Glycosylation RT² Profiler PCR Array - Cat. no. PAMM-046).
The amplification, data acquisition and analysis curves were
performed on an ABI Prism 7500 Fast Sequence Detection
System (Applied Biosystems, Foster City, CA). In turn, each
gene was checked for the efficiency and the minimum and
maximum threshold curve pattern. To ensure accurate
comparisons between the curves, the same threshold was
established for every gene. Three genes were used for
normalization (Gapdh and Actb), and the average qC values
were used to standardize the gene expression (2-CT change
table) and to determine the difference between the groups. To
consider a gene differentially expressed, we used a differential
cut-off of two-fold (up- or downregulated).

Statistical analysis
The p values were calculated based on Student’s t-test of

the three replicate 2(-Δct) values for each gene in the control
and treatment groups, and p values less than 0.05 were

considered significant. The qPCR reactions were processed
through the online software RT2 Profiler™ PCR Array Data
Analysis (SA Biosciences).

Ethics
The procedures were performed in accordance with the

ethical standards of the institution and national guidelines for
the care and use of laboratory animals. The study protocol for
the use of laboratory animals in research was approved by the
local ethics committee (CEP/UNIFESP, number 0295/12).

Results
We investigated 17 genes related to protein glycosilation,

which belong to two different groups of enzymes: 11
mannosidases-related genes (Edem1, Edem2, Edem3, Man1a,
Man1a2, Man1b1, Man1c1, Man2a1, Man2a2, Man2b1,
Manba) and six glucosidases-related genes (Ganab, Glb1,
Hexa, Hexb, Mogs, Prkcsh). Next, we describe the expression
pattern of each set of genes.

Mannosidases
Nine out of the eleven (82%) glycosylation-related genes

were differentially expressed in the 7dTM group, using the CG
as calibrator. All of these nine genes were downregulated, and
none were upregulated.The downregulated genes included
Edem1, Edem3, Man1a, Man1a2, Man1b1, Man1c1, Man2a1,
Man2a2, Man2b1. Among the non-differentially expressed
genes, Edem2 and Manba were detected in both groups
(7dTM and CG). The fold-change values of each mannosidase-
related gene can be observed in Table 1 and Figure 1.

Table 1 Fold-regulation values that were obtained for the glycosylation-related genes in the 7dTM group using the CG group as a
calibrator. The data were processed with the online program Data AssistTM SA Biosciences (Qiagen Company). nde = non-
differentially expressed.

Gene Symbol Gene Name Refseq

7dTM X CG

 

Fold Regulation p value

MANNOSIDASES

Edem1 ER degradation enhancer, mannosidase alpha-like 1 NM_138677 -2.2 0.0018

Edem2 ER degradation enhancer, mannosidase alpha-like 2 NM_145557 nde

Edem3 ER degradation enhancer, mannosidase alpha-like 3 NM_001039644 -6.43 0.0001

Man1a Mannosidase 1,alpha NM_008541 -18.45 0.0045

Man1a2 Mannosidase, alpha, class 1a, member 2 NM_010763 -5.82 0.0015

Man1b1 Mannosidase, alpha, class 1b, member 1 NM_001029983 -4,21 0.0002

Man1c1 Mannosidase, alpha, class 1c, member 1 NM_207237 -10.48 0.0014

Man2a1 Mannosidase 2, alpha1 NM_008549 -3.45 0.0055

Man2a2 Mannosidase 2, alpha1 NM_172903 4.08 0.0007

Man2b1 Mannosidase 2, alphab1 NM_010764 -5.3 0.0018

Manba Mannosidase, beta a, lysosomal NM_027288 nde
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GLUCOSIDASES

Glb1 Galactosidase, beta1 NM_009752 nde

Ganab Alpha glucosidase2 alpha neutral subunit NM_008060 nde

Hexa Hexosaminidase a NM_010421 -2.55 0.0009

Hexb Hexosaminidase b NM_010422 -10.13 0

Mogs Mannosyl-oligosaccharide glucosidase NM_020619 nde  

Prkcsh Protein kinase C substrate 80k-h NM_008925 nde  

Figure 1 Differentially expressed genes related to
mannosidases in the brain of obese isogenic mice seven
days transplantated with adipose tissue from lean mice
compared to the brain of lean mice.

Glucosidases
Two out of six genes (33%) were differentially expressed in

the 7dTM group, using the CG as calibrator. These two genes
were downregulated. The downregulated genes were Hexa
and Hexb. Among the non-differentially expressed genes,
Ganab, Glb1, Mogs and Prkcsh were detected in both groups
(7dTM and CG). The fold-change values of each glucosidase-
related gene can also be observed in Table 1 and Figure 2.

Figure 2: Differentially expressed genes related to
glucosidases in the brain of obese isogenic mice seven days
transplantated with adipose tissue from lean mice
compared to the brain of lean mice.

Discussion
After treating ob/ob mice with adipose tissue, we observed

fertility restoration and, therefore, regular levels of circulating
hypothalamic-hypophyseal-gonadal axis-related hormones
[28]. Pereira et al. also demonstrated that gonadal tissue
transplantation increases the production of Leptin Receptors
in the ovary [28]. However, what are the molecular changes
underlying gonadal reactivation? More specifically, what are
the changes in the expression of the enzymes that regulate
glycosylation of gonadotropic hormones? The glycosylation-
related gene expression data shown in this study make us
believe that, in order to restore fertility, intracellular
interferences of leptin over the action of mannosidases and of
glucosidases during early glycoprotein synthesis take place in
the endoplasmic reticulum, reducing circulating levels of
monoglucosylated glycoforms of LH. This reduction will explain
the alteration of the ob/ob mice’s hormonal profile, that is,
ob/ob mice present low levels of circulating LH and leptin

treatment might early reduce intracellular levels of
monoglucosylated glycoforms of LH, which is a hallmark of
glycoprotein degradation.

The O-linked oligosaccharides are not important for in vitro
bioactivity or receptor binding, but they play an important role
in the in vivo bioactivity and half-life of the glycoprotein
hormones. Addition of the O-linked oligosaccharide chains to
the backbone of glycoprotein hormones could be an
interesting strategy for designing long acting agonists of
glycoprotein hormones. On the other hand, the N-linked
oligosaccharides are not important for receptor binding, but
they are critical for bioactivity of glycoprotein hormones.
Deletion of the N-linked oligosaccharides resulted in the
development of glycoprotein hormone antagonists [29-31].

Expression of glycosyltransferase genes is essential for
glycosylation. However, the detailed mechanisms of how
glycosyltransferase gene expression is regulated in a specific
tissue or during disease progression are poorly understood. In
particular, epigenetic studies of glycosyltransferase genes are
limited, although epigenetic mechanisms, such as histone and
DNA modifications, are central to establish tissue-specific gene
expression. New epigenetic mechanism of brain-specific GnT-
IX expression regulated by defined chromatin modifiers have
been described, providing new insights into the tissue-specific
expression of glycosyltransferases [32]. The absence of leptin
action alters key glycosylation processes of brain molecules in
obese mice, which are pivotal for the malfunctioning of the
hypothalamic-hypophyseal-gonadal axis, including N-Glycan
processing in the Endoplasmic Reticulum. Gene expression
levels of hexosaminidases are markedly altered after a seven-
day leptin treatment.

Differentially expressed genes detected in the 7-day group
like Manba, Edem2 Mogs, Edem3 Man1c1 e Hexb are
associated with the neural cell adhesion molecule (NCAM), but
also influences key neural functions, including synaptic
plasticity, neurite growth, and cell migration [33].

Conclusion
Leptin treatment seems to trigger a gene-expression profile

similar to those of the normal weight mice. Leptin treatment
might lead to lower levels of monoglucosylated glycoforms of
LH, which is a hallmark of glycoprotein degradation. These
mechanisms are markedly suppressed after a seven day
treatment of leptin, which induces the treated mice brain to
display a generic profile similar to those of the normal weight.
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In summary, the data presented here indicate an early
decrease in the central glucose metabolism after leptin
treatment. These results confirm the ability of the adipose
tissue-derived hormone leptin to regulate crucial genes that
are related to glycolysis mechanisms and to the TCA cycle.
Leptin seems to early revert central physiological conditions
associated with PCOS in the central nervous system, however,
the morphological alterations that are associated with fertility
in the peripheral tissues can only be observed within a 45-day
treatment. The extrapolation of these results to patients with
metabolic syndrome must await further investigation.
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