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Abstract

Early embryos recovered from diabetic rats show increased number of blastomeres
undergoing apoptosis and decreased total number of blastomeres, suggesting impaired litter
size and newborn weight. This might increase the chances of metabolic disorders in
adulthood of these animals. Since diabetes-induced hyperglycemia impairs the redox
balance, the aim was to evaluate the embryonic oxidative stress status before the
implantation in order to identify whether there are differences in levels of oxidative stress in
early embryos from diabetic dams. Thus, we hypothesized the decreased cell number found
in early embryos recovered from diabetic rats is due to the low embryonic ability to maintain
their own redox balance. Our study shows that rats with streptozotocin-induced mild and
severe diabetes present impaired redox status in early pregnancy. This maternal unbalance
directly influences the embryonic redox status, reflecting the increased reactive oxygen
species in the morula stage. We also showed that regardless of hyperglycemic level the
embryos trigger defense mechanisms involved in the excessive free radical scavenging as an
attempt to survive. Nevertheless, the success of this defense mechanism seems to depend
on maternal hyperglycemia, highlighting the importance of the programmed pregnancy as

well as appropriate medical care starting in early stages of human diabetic pregnancy.

Key words: Glutathione, morula, free radicals, hyperglycemia, rats.

Highlights:
e Diabetes is related to redox balance changes,
e Maternal severe diabetes led to decreased GSH levels in morulae,
e Relationship between decreased GSH content in morulae and quality and

redox status of maternal oocytes.



Introduction

Oocytes and preimplantation embryos produce reactive oxygen species (ROS), which
have an important role in the embryonic development and implantation. However, if too
much ROS are produced or if free radical scavenging is limiting, the normal development can
be blocked [1]. The metabolism of molecular oxygen is important in embryos [2-4]. The
average oxygen consumption rate of bovine morulae and blastocysts is approximately two
nanoliter per embryo per hour [5]. The major ROS produced by embryos are superoxide
anion radical (O2’), hydrogen peroxide (H202) and hydroxyl radical (-OH) [6]. ROS generation
varies according to embryo development stage [7]. ROS may be generated directly by
embryos, from their surroundings such as cumulus cell and from maternal oviduct.
Therefore, several ROS defense mechanisms are present in both embryos and their
surroundings. In vivo, oocytes and embryos seem to be protected against oxidative stress by
oxygen scavengers present in follicular and oviductal fluids. Oxidative damage may result
from overproduction and/or decreased clearance of ROS by the scavenging mechanisms [1].
Scavenging oxidative molecules have been defined as “any substance that when present at
low concentrations compared to that of oxidizable substrate significantly delays or inhibits
oxidation of that substrate” [8]. This definition includes compounds of a non-enzymatic as
well as an enzymatic nature [1]. Reduced glutathione (GSH) appears to be the main non-
enzymatic defense system against ROS in embryos [9-11]. GSH is also the substrate of

glutathione peroxidase (GSH-Px) enzyme, which reduces lipid hydroperoxides to free

hydrogen peroxide in cells. Synthesis of GSH during oocyte maturation has been reported in

mouse, hamster, porcine, and bovine oocytes [12]. This increase in GSH content provides
oocytes with large GSH stores available for decondensation of the sperm nucleus, and also
protects the embryo against ROS until the blastocyst stage [13]. ROS must be continuously
inactivated in embryos and this occurs both from intracellular free radical scavenging and
external scavenging within the oviductal environment. Oxidative stress seems responsible
for numerous types of embryo damage. Lipid peroxidation can inhibit cell division,
metabolite transport and cause mitochondrial dysfunction. In addition, ROS can break
nuclear DNA strand. The consequences of molecular oxidation include retardation and arrest

of embryo development, disturbed fuel metabolism, and apoptosis [16-20].



Gardiner et al. [21] have shown a 10-fold decrease in total glutathione content during
the first 4 days of mouse embryonic development. This suggests that some stages of
preimplantation development may be more sensitive than others to chemicals or
environments that can cause oxidative stress. During morula compaction, blastomeres
differentiate into trophectoderm (which gives rise to the extraembryonic membranes,
including the fetal placental face of the placenta) and the pluripotent inner cell mass (ICM,
which gives rise to the embryo proper).

Some disease conditions, such as Diabetes mellitus during pregnancy, also change the
embryonic cellular redox status. Maternal diabetes causes oxidative stress due to high blood
glucose level-induced biochemical disturbances contributing to embryotoxicity [25]. In
general, preimplantation loss may be attributed to abnormal gametes, suboptimal condition
in the reproductive tract, or abnormal embryos [26]. Some experimental rodent models of
diabetic pregnancy show reduced number of embryos reaching the blastocyst stage, and
fetal viability rate. In addition, there are reports of increased rates of arrested embryos
(37.7% versus 11%) [27 -29]. Chang et al. [31] have shown that oxidative stress is able to
inhibit post implantation embryo Pax-3 expression during diabetic conditions. Thus,
oxidative stress could present similar mechanisms before the implantation such as
expression of genes required for proper blastocyst formation and these events could be
involved on adverse effects of oxidative stress on preimplantation embryos.

The hypothesis of this study was that the effects of maternal hyperglycemia on the
developing preimplantation embryos is due to some embryos could be more exposed to
oxidative stress during early stages of development. Therefore, a sequence of events
triggered by impaired embryonic antioxidant defense systems could explain the abnormal
development during diabetic pregnancy. Thus, the aim of the present study was to evaluate
the embryonic oxidative stress status before the implantation in order to identify whether

there are differences in levels of oxidative stress in early embryos from diabetic dams.

Materials and Method

Animals and experimental groups



Male and female Sprague-Dawley rats (75 days of age) were purchased from State
University of Campinas (UNICAMP, Sao Paulo, Brazil) and kept under controlled temperature
(22 £ 2°C) and lighting (12h light/12h dark cycle), with free access to food and water in the
vivarium. The mating to obtain newborns to perform the diabetic induction has been
performed in our lab by submitting four females per cage to a male presence overnight. In
the following morning, the vaginal smear was performed to confirm the pregnancy
diagnostic. The animals were randomly distributed into four experimental groups: mild
diabetes (MD - diabetes induced at birth), nondiabetic (NDMD -control for mildly diabetic
group), severe diabetes (SD - diabetes induced in adulthood) and other nondiabetic group
(NDSD — control for severely diabetic group). The study was approved by the institution’s
Animal Research Ethics Committee and the animals were treated in accordance with the

Brazilian College of Animal Experimentation Guidelines (Permit Number: 939/2012).

Diabetes induction

Severe diabetes (SD) was induced in adult female rats (90 days of age) by a single
intraperitoneal injection of streptozotocin (STZ — Sigma Chemical Company, St. Louis,
Millstone, USA), at a dose of 50 mg/kg (0.1M sodium citrate, pH 4.5). The inclusion criteria
for severely diabetic group were rats with glycemia > 300mg/dL [32]. Mild diabetes (MD)
was induced in female newborn (NB) at birth (day 0) after single subcutaneous injection of
STZ (100 mg/kg). Five days after STZ injection glycemia was measured and rats presenting
glycemia > 400mg/dL [27]. The respective non-diabetic groups were given citrate buffer
using the same volumes and routes of injection as their respective diabetic groups. The
inclusion criteria for control groups were rats with glycemia < 120 mg/dL at adulthood [33]

(Figure 1).

Mating and pregnancy

All adult female rats (110 days of life) of different experimental groups (NDMD, MD,
NDSD and SD) were mated overnight with non-diabetic males. The morning when
spermatozoa were found in the vaginal smear was designated as gestational day zero (DO).
After mating, the females were kept in individual cages and blood glucose levels were
measured from a cut tip tail in the afternoon of DO and D3 using a One-Touch Ultra

Glucometer (Life Scan, Johnson and Johnson®). At D2 of pregnancy an oral glucose tolerance



test (OGTT) was performed. Blood glucose levels are measured before (time point 0) glucose
solution (200 g/L) administrated by gavage at a final dose of 2 g/kg body weight, and again at
30, 60, and 120 minutes after the injection. Following that, the blood samples were obtained
from a cut tip tail for blood glucose measurements [34]. OGTT was performed only for MD
and NDMD rats. This test was not performed with SD rats because these animals have
diabetes status already established in previous studies in our lab. Glucose responses during
the glucose tolerance test were evaluated by estimation of the total area under the curve

(AUC), using the trapezoidal method [35].

Maternal oxidative stress status and serum insulin concentration

Between 8:00 and 11:00 AM on D3, pregnant rats were anesthetized with sodium
thiopental (Thiopentax® - Cristalia Produtos Quimicos e Farmacéuticos Ltda., Sao Paulo,
Brazil) and humanely killed by anesthesia overdose and decapitation. Three milliliters of
maternal blood samples were collected from the trunk in tubes with anticoagulant (heparin)
from each rat. Then the samples were centrifuged at 90xg for 10 minutes at 4°C. The
supernatant was discarded and the erythrocytes were washed with phosphate buffered
saline (PBS) followed by centrifugation at 263xg for 1 minute at 4°C. This procedure was
repeated 3 times and final infranatants were used for the measurement of SOD and GSH-Px
activities, MDA and reduced thiol group concentrations as described [36 — modified].

Another blood samples (5mL) were collected for serum insulin measurement.

Embryo recovery (D3 of pregnancy)
The uterus was removed of each rat for morula recovery by flushing each uterine

horn with 1.0mL of pre warmed mR1ECM-pva (Fig. 1) [37].

Embryonic redox status measurement

Protocols for assay of oxidative stress markers have been developed in our lab. For
H,0, analyses, embryos were immediately removed from media and incubated in 5uM CM-
H2DCFDA (Molecular Probes - Invitrogen®) diluted in D-PBS drops at 37°C for 10 minutes.
After that, embryos were washed in D-PBS drops and incubated for 20 minutes in mR1ECM-

pva at 37°C. For GSH, the probe chosen was Thiol Tracker Violet, which is a fluorescent



probe that reacts with thiols and can be used as an effective marker for intracellular GSH
and overall redox state [38]. Morulae were incubated in 20uM Thiol Tracker Violet
(Molecular Probes - Invitrogen), which was diluted in D-PBS drops at 37°C for 30 minutes.
Subsequently, embryos were washed in D-PBS drops and incubated for 20 minutes in
mR1ECM-PVA at 37°C. For the fluorescence analyzes we used the fluorescence microscopy,
excitation/emission for CM-H2DCFDA and Thiol Tracker Violet was 492-495/517-527nm and
404/526nm, respectively. All These procedures were performed in the dark and the
incubations were performed under controlled gas tenses (5% CO2 and 5% O,) respecting the
early stage of development. Images were captured and analyzed by Image J° - NIH software

used for getting information from images, including pixel intensity.

Mild Diabetes
DO D4 D21 D100-115 D104-109
i i " T
Diabetes Weaning
induction Inclusion
criterium
Severe Diabetes D95 D100{115 D104-109
73] »
= 4 4
.Dlabe'Fes Mating Laparotomy
induction

Fig. 1. Experimental design for severe and mild diabetes induction, inclusion criteria, mating
and pregnancy. Control groups were performed following the same protocols, injected

citrate buffer.

Statistical analyses



Results are presented as mean * standard deviation. For normal distribution and
considering homogeneity of groups (NDMD x NDSD; NDMD x MD; NDSD x SD, and MD x SD),

ANOVA followed by t test was performed. A value of P < 0.05 was considered significant.



Results

The insulin concentrations were measured to determine if diabetic rats were insulin
deficient during early pregnancy. Insulin concentrations were decreased in both MD and SD
pregnant rats compared with their respective control groups. In addition, insulin
concentrations of the SD group was further decreased compared with those of MD rats (Fig.
2).

To evaluate the diabetes status during the early pregnancy, a glucose challenge was
administered at D2 of pregnancy to the MD group. In the OGTT, the blood glucose levels
were increased at all time points compared with those of NDMD and compared with the first
time point (fasting). The area under the curve was calculated in order to establish a
quantitative correlation between groups, and it was significantly increased in rats with MD in
relation to that of control group (Fig. 3A and 3B).

The maternal oxidative status was assessed by measuring activities of the free radical
scavenging enzymes, SOD and GSH-Px activities in washed erythrocytes (Fig. 4A and 4B).
Both SOD and GSH-Px activities were decreased in the SD group compared with those of
NDSD and MD groups. To determine the extent of lipid and protein oxidation, MDA and
reduced thiol group concentrations were measured (Fig. 5A and 5B). The SD rats displayed
increased MDA concentrations and decreased thiol content in relation to those of NDSD and
MD groups.

The morulae of the MD group displayed a slight decrease of GSH concentrations
compared with that of the NDMD. However, no significant difference was observed. The
morulae of the SD group presented a lower fluorescent intensity in GSH in relation to NDSD
and MD groups. This GSH depletion in morulae of SD group reflected in a higher hydrogen

peroxide fluorescent intensity relative to those of NDSD and MD groups (Fig. 6).
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Fig. 2. Serum insulin concentrations of mildly and severely diabetic and respective non-
diabetic rats at day 3 of pregnancy (n=13 rats/group).

Data shown as mean + standard deviation
*p < 0.05 - NDMD x NDSD

3p < 0.05 - NDMD x MD
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ANOVA followed by t test
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Fig. 3. A - Oral glucose tolerance test (OGTT) of mildly and severely diabetic and respective
non-diabetic rats day 2 of pregnancy (n=13 rats/group). B - Area under the curve (AUC) of
mildly and severely diabetic and respective non-diabetic rats at day 2 of pregnancy.

Data shown as mean * standard deviation
3p < 0.05 - NDMD x MD (ANOVA followed by t test)
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Fig. 4. A - Superoxide dismutase (SOD) activity, B - Glutathione Peroxidase (GSH-Px) activity
in washed erythrocytes of mildly and severely diabetic and respective non-diabetic rats at
day 3 of pregnancy (n=13 rats/group).

Data shown as mean * standard deviation
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ANOVA followed by t test
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Fig. 5. A - Malondyaldeyde (MDA) concentration, B — Reduced thiol group concentrations in
washed erythrocytes of mildly and severely diabetic and respective non-diabetic rats at day
3 of pregnancy (n=13 rats/group).

Data shown as mean + standard deviation
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Fig. 6. Relative fluorescence intensity after incubation of rat morulae of mildly, severely
diabetic and respective non-diabetic rats after treatment GSH (A) and hydrogen peroxide (B)
probes (n=33 morula/group/probe). The relative intensity is presented by the ratio between
absolute intensity and pixel number per embryo.

Data shown as mean + standard deviation
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Discussion

This study was undertaken to determine whether the early embryo is capable to
protect itself from maternal diabetes-induced changes in the uterine environment. Given
that diabetes is related to changes in the balance between production and removal of
reactive oxygen species, we studied the relationship between embryo redox status and
maternal diabetes-induced changes. In both diabetic groups (MD and SD), OGTT, blood
glucose levels and AUC were compatible with those expected when using the methods

employed in this study for the induction of mild and severe diabetes [39].

Mild Diabetes

The MD rats showed lower serum insulin concentrations than NDMD. There is
evidence that rodents stimulated during the first weeks after birth show impressive B-cell
proliferation capacity [40]. In spite of such capacity, diabetic rats showed high glycemic
levels at all time points (0, 30, 60 and 120 minutes) of OGTT, which confirmed the diabetic
status. Moreover, AUC calculation showed that the amount of glucose circulating in one
deciliter of blood was 263mg per minute, once again confirming the rats’ diabetic status.
Nonetheless, this glucose concentration was not high enough to cause maternal oxidative
stress, as confirmed by measures of MDA and reduced thiol group concentrations, as well as
enzymatic activity of SOD, and GSH-Px, which seem to respond to the hyperglycemic insult in
early pregnancy.

Our results show that embryos collected from diabetic rats during the morula stage
present slightly decreased GSH concentration. This might have resulted from the
mobilization of GSH storage as a form to decrease hydrogen peroxide levels. GSH is the
major intracellular nonprotein thiol in embryonic cells that plays an essential role against
oxidative damages [41], and thus improves embryo development and quality [41,42]. GSH
intracellular synthesis occurs during oocyte maturation [43] and depends on cysteine
availability [44]. The literature shows that the preimplantation mouse embryo does not have
the capacity for de novo synthesis of GSH until the blastocyst stage [10], and that a greater
use of GSH storage is likely to protect blastomeres from oxidative stress, particularly at a

time when the embryo appears to be more sensitive as it undergoes the maternal-zygotic



genome switch [45]. However, once maternal GSH stores provided to the embryo through
the oocyte, are depleted, there is no mechanism for GSH concentration recovery [46]. These
reports corroborate our findings that GSH was used to protect blastomeres maintaining the
redox status balance to ensure adequate embryo development. As the rats with mild
diabetes are capable of maintaining their redox status, their embryos seem to have the same
capacity. However, another study conducted at our lab demonstrated that the number of
blastomeres was lower in embryos recovered from rats with mild diabetes [27] even the
present study showing the redox state is controlled. Thus, even though the oxidation
molecules scavengers are recruited to maintain a balance of the redox status, this event
does not ensure the blastomere protection during the early development.

Trying to better understand the early development in high glucose concentration
environment, Descalzo et al. [47] cultured murine ESC in medium containing high glucose
concentrations. The exposure to varying glucose concentration modulated cell growth,
increasing the proliferative nature of short-term (24 hours) glucose-challenged cells.
However, as the cells continued in high glucose culture (5 days), the pattern appeared to
reverse, resulting on fewer cells after longer glucose exposure. According to these authors,
c-jun NH2-terminal kinase (JNK) activation appears to stimulate the glucose exposure-
mediated nuclear presence of forkhead box O transcription factor (FOXO), specifically
FOXO3a. In hyperglycemic conditions, the immediate increase in ROS generation promotes
JNK activation leading to nuclear activation of FOXO3a/CTNNB1 complex, which stimulates
promoters of genes that regulate ROS removal. On the other hand, this complex also
regulates cyclin-dependent kinase inhibitor, blocking the cell cycle and reducing cell
proliferation. This mechanism can explain our previous data that show decreased
blastomeres in embryos recovered from diabetic rats [22]. In addition, these findings suggest
that this mechanism is activated in late stages of preimplantation development (blastocyst
stage), when there is increased embryonic gene transcription, but not in morulae stage, as
we are studying now, because morulae are depend on maternal transcripts. It is worth
highlight that both mild diabetic dams and their embryos (morulae stage) are able to
maintain the redox balance, but this information does not mean they are no affected by

diabetes adverse outcomes.



Severe Diabetes

Severely diabetic rats did not undergo to OGTT because they had fasting or pre-
prandial glycemia > 600 mg/dL [27], and glucose overload could cause their death. In our
study, SD rats showed oxidative stress with decreased antioxidant enzyme activity that led
to oxidative damage to lipids and proteins. Oxidative stress in uncontrolled diabetes arises
from a variety of mechanisms such as excessive oxygen radical production from auto-
oxidation of glucose, glycated proteins, and glycation of antioxidant enzymes, which limit
their capacity to detoxify oxygen radicals, and shifts in redox balances, decreased
concentrations of antioxidants and impaired activities of antioxidant defense enzymes, such
as SOD, GSH-Px and catalase [48].

The polyol pathway is another mechanism that has been suggested as being
responsible for the generation of oxygen radicals in uncontrolled diabetes. It is based on the
aldose reductase enzyme, which uses a wide variety of carbonyl mixtures as substrates, and
reduces them to their respective sugar alcohols, by binding to NADPH. In the presence of the
coenzyme NADPH, aldose reductase reduces glucose to sorbitol. As NADPH is a cofactor
required to regenerate GSH, a decreased NADPH availability leads to low GSH content, which
may induce or exacerbate intracellular oxidative stress [49]. Furthermore, ketosis, a hallmark
of type 1 Diabetes mellitus in particular, has been reported to increase oxygen radical
production in diabetic patients with uncontrolled hyperglycemia [50], similarly to animals
with severe diabetes chemically induced by streptozotocin [39].

Following the statement that morulae recruit maternal transcripts to maintain the
redox balance [1] and considering the maternal SD condition showed in our study, embryos
from females with severe diabetes presented increase in hydrogen peroxide levels and a
decrease in GSH levels, confirming the impaired the redox balance, similarly to their dams.

Oocyte cultured in high glucose concentrations present decreased GSH content. This
result is explained by an impairment of gamma-glutamylcysteine synthetase activity caused
by glucose [51]. Thus, the decreased GSH content in morulae from rats with severe diabetes
might be associated to the quality and redox status of maternal oocytes.

On the other hand, low insulin concentrations caused by streptozotocin-induced
beta-pancreatic cell death reduce intracellular glucose uptake in oocytes, and it is possible

that hyperglycemia may disturb the metabolism of granulosa cells, and such adverse effects



are then transferred into oocytes [52]. In this view, we suggest that even if glucose levels are
decreased in the oocyte, this condition would decrease the availability of NADPH by the
pentose phosphate pathway and with no NADPH enough, there is no GSH recycle from
GSSG, decreasing GSH storage (Fig. 9). Thus, decreased GSH content in early stage of
embryonic development would be directly related to the oocyte of rats with severe diabetes.
Therefore, intracellularly, oocytes are sensitive to high glucose concentration as much as to
low glucose, showing the important role of the hyperglycemia control in reproductive issues
on diabetes.

In addition to cytosolic changes, Wang et al. [53] showed that maternal diabetes
(glycemia = 300mg/dL) results in structural and spatial dysfunction of mitochondria from
oocytes, which may be manifested later as developmental abnormalities or lethality in
preimplantation embryos. This corroborates our previous finding of arrested development in
34% of embryos from rats with severe diabetes compared with 11% from controls (Bueno A,
unpublished data). In addition, maternal transmission of mitochondria with mutations in
their genome is the genetic basis for the inheritance of certain metabolic disorders [54] and
although during the early development the embryos use pyruvate and lactate synthesis,
morulae are able to oxidize glucose which is uptaken by GLUT1 and GLUT3 and increasing
the intracellular glucose concentration to cells which inherited mitochondrial dysfunction
could increase the hydrogen peroxide production, impairing the embryonic redox status
[22]. Thus, the inheritance of maternal cytosolic metabolism and mitochondrial dysfunctions

would change the redox status in early stages of embryo development.
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Fig. 9. Graphical Abstract - Possible mechanisms involved in early development failure in
embryos from diabetic rats. As hyperglycemia inhibits the pentose phosphate pathway
activity, GSH storage in the female germ cell is compromised affecting the GSH store
necessary to ensure the survival of the early embryo. Additionally, the oxidative stress
generated by hyperglycemia causes mitochondrial disturbances reducing ATP production
that might lead to embryo development arrest. (PPP = pentose phosphate pathway; TCA

cycle: tricarboxylic acid cycle)

In addition, given that embryos do not have the capacity for de novo GSH synthesis
[10], the altered maternal environment might favor total GSH depletion, making the embryo
susceptible to maternal severe diabetes-induced damage. These findings might explain our
previous results regarding the reduction in the number of live fetuses and cells per embryo,
as well as decrease in the rate of viable embryos among rats with severe diabetes [28].
Hence, impaired glucose metabolism in the germ cell can be the main cause of the adverse
embryofetal repercussions found in severe diabetes.

There are no studies evaluating the quality of GSH store in the oocytes or embryos
from these diabetic animals not even the NADPH production and availability. Thus, the cause
of decreased GSH level cannot be determined. Nonetheless, it is possible that the GSH
storage is affected by the maternal condition and that, although the embryonic GSH store is

mobilized, such protective attempt fails because the level of GSH available is too low. This



decreased level is clearly due to some type of abnormality in the maternal metabolism that
culminates in germ cell alterations in rats with severe diabetes. In order to test this
statement, studies are underway to assess the quality of oocytes and GSH store in rats with

different hyperglycemic conditions.

Conclusion

In this study, despite of a hyperglycemic insult, the embryos recruit GSH as a defense
mechanism to survive and reach implantation regardless the hyperglycemic levels. It is
noteworthy that although such defense may not be very effective in some hyperglycemic
conditions due to the maternal condition and embryonic inheritance, implantation may be
still attempted. Nonetheless, the development of these embryos may be impaired and/or
reprogrammed due to maternal conditions and/or to unexpected GSH content recruitment,
resulting on embryonic pre- and post-implantation losses, fetal birth defects or disease in
adulthood. This can be often observed in clinical practice as well as in experimental studies
on diabetes. Moreover, since the maternal condition seems to directly influence the redox
status of the embryo, the importance of a tight glycemic control before and during diabetic

pregnancy is highlighted.
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Resumo

Introdugao: Embrides do sexo masculino e feminino diferem no periodo de pré-implantacao
e podem responder diferentemente em relagdo ao ambiente intrauterino. A literatura
mostra que, em condicdes diabéticas, a taxa de sexo para fetos vivos pode variar, tendendo
para os do sexo feminino. O objetivo desse estudo foi avaliar a condi¢ao do balango redox
em embrides machos e fémeas (antes e depois da implantacdo embrionaria), advindos de
ratas com diferentes intensidades glicémicas, a fim de estabelecer uma relagdo entre a
capacidade embriondria de manter o balanco redox de acordo com o sexo e alcangar a
implantagao.

Material e Método: O diabete foi induzido em ratas Sprague Dawley ao nascimento por
streptozotocin (diabete moderado - DMOD) e em outro grupo de ratas na vida adulta
(diabete grave - DG). Apds diagndstico de prenhez, as ratas foram mortas no dia 3 de
prenhez (D3 — periodo pré-embriondrio) ou no dia 13 de prenhez (D13 - periodo
embrionario) para avaliacdo do sexo e balangco redox das morulas e dos embrides,
respectivamente.

Resultados e conclusdao: As moérulas de ambos os sexos das ratas com diabete grave
apresentaram alteragdes no balan¢o redox e houve maior nimero de fémeas neste
ambiente intrauterino hiperglicémico antes da implantacdo. No entanto, apds a
implantac¢do, a razdo macho/fémea para o grupo DMOD foi reduzida. Para o DG, o estresse
oxidativo aumentado é independente do sexo e estd presente antes e depois da
implantacdo. Porém, a razdo macho/fémea é revertida apds a implantagdo, tornando-se
semelhante ao controle. Tendo em vista que, além dos fatores intrinsecos dos embrides na
programacao sexo-especifica, moléculas regulatérias maternas também podem influenciar
nesta programacdo interagindo de maneira diferenciada entre os sexos. Desta forma, a
préxima etapa seria avaliar proteinas regulatérias secretadas pela mae e sua relagdo com a

selecdo do sexo dos embrides.

Keywords: mérulas, embrides, diabete, sexo, redox.



Introdugao

O metabolismo, a expressdao génica, e a taxa de crescimento durante o periodo de pré-
implantagdo é sexo dependente. Embrides machos quando cultivados in vitro apresentaram
crescimento mais rdpido do que as fémeas. Além disso, os machos apresentaram maior
vulnerabilidade a agressdo toxica em comparacdo as fémeas (Crespo et al., 2005). Ha evidéncias que
a expressao génica do cromossomo Y acelera o crescimento do embrido, enquanto que os genes
inseridos no cromossomo X retardam o desenvolvimento (Burgoyne et al., 1995). Varias hipdteses
sdo sugeridas sobre as diferencas entre os sexos na concepc¢ado (James, 2004) ou no desenvolvimento
precoce (Krackow & Burgoyne, 1998). Alguns processos podem estar relacionados ao ajuste na
proporg¢do do sexo, tal como a resposta feminina e masculina a glicose (Gutiérrez-Adan et al., 2001) e
sua capacidade de sobreviver em meios contendo diferentes concentra¢des de glicose (Larson et al.,
2001).

A regulacdo do metabolismo celular é relevante para o desenvolvimento embrionario inicial,
e o excesso de nutrientes pode causar desbalango na homeostase metabdlica (Leese et al., 2008),
determinando a morte do embrido (Dumollard et al, 2009), diminuicdo da taxa de implantacdo,
malformagdes embriofetais, e consequéncias a longo prazo na vida adulta da prole (Wyman et al.,
2008). Diabetes mellitus esta associada ao disturbio desenvolvimento do embriondrio devido aos
efeitos da hiperglicemia (Doblado & Moley, 2007). Bueno et al. (2014), demonstraram que durante a
prenhez diabética, embrides durante a pré-implanta¢do apresentaram taxas mais elevadas de morte
celular relacionadas a redugdo no nimero de células por embrido, causando menor viabilidade fetal.
Isto sugere que a qualidade desses embrides ao longo prazo pode ser questionada. A etiologia das
anormalidades embriofetais induzidas por hiperglicemia s3o investigadas, e ha evidéncias que
alteracbes no equilibrio redox de células embrionarias afetam o desenvolvimento de multiplos
drgdos e sistemas, o que resulta em grande variedade de malformacgGes congénitas (Wentzel et al.,
1997; Lappas et al., 2011).

Espécies reativas ao oxigénio (ROS: Reactive oxygen species- em inglés) sdo capazes de se
difundir através das membranas celulares e prejudicar moléculas celulares, tais como lipideos,
proteinas e acidos nucleicos, levando a peroxidacgdo lipidica, danos protéicos e quebra das fitas de
DNA, gerando efeitos prejudiciais sobre o desenvolvimento do embrido (Guerin et al., 2001),
incluindo retardo e bloqueio no desenvolvimento embriondrio, alteragdes no metabolismo e,
possivelmente, apoptose (Noda et al., 1991; Kowaltowski & Vercesi, 1999).

Desta forma, diferentes fatores e mecanismos podem estar envolvidos no

desenvolvimento embrionario precoce (Fleming et al., 2004). Assim, se embrides do sexo



masculino e feminino diferem no periodo de pré-implantacdo, eles podem responder
diferentemente em relagdo ao ambiente intrauterino (Gutiérrez-Adans et al., 2006). A
literatura mostra que, em condicdes diabéticas, a taxa de sexo para fetos vivos pode variar,
tendendo para os do sexo feminino (Machado et al., 2001). Cameron et al. (2008)
verificaram que alteracdes glicémicas causaram mudancas na razao entre machos e fémeas,
com maior porcentagem de filhas sendo nascidas de fémeas com glicemia que sofreu
reducdo de maneira experimental. Isto mostra que mudancas glicémicas sdo mais preditivas
que os valores glicémicos por si s8. Corroborando estes achados, um estudo de coorte
humana sugere que a razao entre machos e fémeas possa ser um indicador por categoria da
glicemia materna (Erlich et al., 2012). Contudo, parece existir uma relacdo entre o
metabolismo da glicose, a formacao de ROS e o sexo desses embrides. Sabe-se que, no inicio
da prenhez, quanto maior a hiperglicemia materna, maior a producdo de ROS e o
estabelecimento do quadro de estresse oxidativo no organismo materno e,
consequentemente, no embrionario (Bueno et al. — dados ndo publicados). De acordo com o
modelo proposto por Peres-Crespo et al. (2005), a G6PD (glicose-fosfato desidrogenase)
pode modular a diferenca do balan¢o redox entre embriées do sexo masculino e feminino
sob condicdes de estresse oxidativo. ROS ativa G6PD como parte da resposta celular contra
os danos oxidativos. Outro marcador para avaliar as diferencas entre a relagdo de machos e
fémeas é a atividade da via da pentose fosfato (PPP), a qual é quatro vezes maior em
blastocistos fémeas do que em machos (Leese et al., 2007).

De acordo com nossos achados prévios, ratas com glicemia superior a 300 mg/dL
durante a prenhez apresentam alteracdao no seu estado redox e, ao final da prenhez, foi
confirmada a reducdo na taxa de recém-nascidos do sexo masculino (37,89%) quando
comparada a taxa de machos da prole do grupo normoglicémico (50,83%) (dados ndo
mostrados). Frente aos possiveis efeitos deletérios do desequilibrio do estado redox,
embrides no inicio do desenvolvimento apresentam sistema de defesa que auxilia a remocao
de moléculas oxidadas, visando manter um desenvolvimento adequado (Bueno et al. —
dados ndo publicados).

A glutationa reduzida (GSH) é um dos principais sistemas de defesa ndao-enzimatico
contra ROS embriondrio (Takahashi et al.; 1993; Gardiner et al., 1995; 1998). GSH também é
o substrato da enzima glutationa peroxidase (GSH-PX), o qual é responsavel pela reducao de

moléculas oxidadas nos blastocistos (Yoshida et al., 1993).



Estudos prévios realizados em nosso laboratério comprovam que embrides iniciais
coletados de ratas diabéticas apresentam menores concentra¢cdes de GSH e aumento nas
concentracdes de H,0; quando comparados a de embrides de fémeas normoglicémicas,
tornando-os mais sensiveis aos efeitos deletérios do ambiente intrauterino alterado (Bueno
et al. — dados ndo publicados). Ainda assim, a fragilidade bioldgica dos embrides do sexo
masculino submetidos a meios diabéticos e sua relagdo com o balan¢o redox nao estdo
totalmente claras. Entdo, estudar as diferencas entre embrides machos e fémeas pode ser
um avango para pesquisas futuras, ndo somente para as distor¢des das razdes entre machos
e fémeas, mas também com relacdo aos aspectos do desenvolvimento embrionario,
reprogramacao do genoma e processos genéticos e epigenéticos relacionados com o
desenvolvimento precoce e embriopatias diabéticas. Sendo assim, a hipétese do presente
estudo é que o diabete materno seleciona os embrides do sexo feminino a partir da sua
resisténcia aos danos oxidativos gerados pelo ambiente intrauterino alterado, desviando a
taxa de sexo em detrimento a implantacdo do macho. Com isso, o objetivo desse estudo foi
avaliar a condicdo do balangco redox em embrides machos e fémeas (antes e depois da
implantacdo embriondria), advindos de ratas com diferentes intensidades glicémicas, a fim
de estabelecer uma relagao entre a capacidade embrionaria de manter o balango redox de

acordo com o sexo e alcancar a implantacao.



Materiais e Método

Animais e Grupos Experimentais

Ratos machos e fémeas da linhagem Sprague-Dawley (75 dias) foram obtidas da
Universidade Estadual de Campinas (UNICAMP, S3do Paulo, Brasil) e mantidas sob condicdes
controladas de temperatura (22 + 2°C) e luminosidade (ciclo claro/escuro de 12h), com livre acesso a
agua e racdo. Os animais foram acasalados para obtencdo de recém-nascidos utilizados no
experimento.

Os animais foram aleatoriamente distribuidos em quatro grupos experimentais: Diabete
moderado, diabete grave e seus respectivos controles.

Esse estudo foi aprovado pelo Comité de Etica no Uso de Animais da Faculdade de Medicina
de Botucatu_Unesp e o cuidado animal estd de acordo com o Guia do Colégio Brasileiro de

Experimentacdo Animal (processo n°: 939/2012).

Indugdo do Diabete

O Diabete grave (DG) foi induzido em ratas adultas (90 dias de vida) através de uma Unica
dose de Streptozotocin (STZ — Sigma Chemical Company, St. Louis, Millstone, USA), na dose de 50
mg/kg (0.1M Citrato de Sddio, pH 4.5). O critério de inclusdo para DG foi ratas com glicemia >
300mg/dL cinco dias apds a inducdo (Corvino et al,, 2015). Para o diabete moderado (DMod) os
recém-nascidos do sexo feminino receberam STZ no dia do nascimento via subcutanea, na dose de
100mg/kg. Cinco dias depois, a glicemia foi mensurada e os animais apresentando valores glicémicos
> 400mg/dL foram inclusos no grupo DMod (Bueno et al., 2014). Os grupos controles receberam
tampao citrato pela mesma via e volume similares aos seus respectivos grupos diabéticos. O critério

de inclusdo para esses animais foi glicemia < 120 mg/dL (Sinzato et al., 2012 (Figure 1).

Acasalamento e Prenhez

Todas as ratas foram submetidas ao acasalamento com machos ndo diabéticos por um
periodo overnight. Na manha seguinte, quando espermatozoides foram encontrados no esfregaco
vaginal foi designado como dia zero de prenhez. Depois do acasalamento as fémeas foram mantidas
em caixas individuais e os niveis glicémicos foram mensurados pela veia da cauda na tarde dos dias O,
3 e 13, utilizando um glicosimetro convencional (One-Touch Ultra Glucometer Life Scan, Johnson and

Johnson®).



Coleta dos pré-embriées no dia 3 de prenhez

Entre as 8:00 e as 11:00 da manha do dia 3, as ratas prenhes foram anestesiadas com
tiopental sddico (Thiopentax® - Cristalia Produtos Quimicos e Farmacéuticos Ltda., Sdo Paulo, Brasil)
e humanamente mortas por overdose de anestesia seguida de decapitacdao. O Utero foi exposto e
removido para a coleta das moérulas através do flushing dos cornos uterinos com 1.0 mL do meio
MR1ECM-pva pré-aquecido (Cozzi et al., 2010). Embrides foram removidos e o lavado do limen
uterino foi estocado a -80°C para posterior andlise da concentracdo de GM-CSF utilizando kit

especifico para ELISA (Abcam®)

Avaliagdo do estado redox de pré-embrides (dia 3)

Resumidamente, para a andlise de H,0; e GSH, os embrides foram imediatamente removidos
do meio e incubados em CM-H2DCFDA (Molecular Probes - Invitrogen®) diluido em D-PBS
(Invitrogen®) ou em Thiol Tracker Violet (Molecular Probes - Invitrogen®) respectivamente. Depois
disso, os embrides foram lavados em gotas de D-PBS e incubados no meio mR1ECM-PVA para
recuperacao do metabolismo. Para as analyses de fluorescéncia, nds utilizamos um microscépio de
fluorescéncia com filtros especificos para CM-H2DCFDA e Thiol Tracker Violet, o comprimento de
onda para excitacdo/emissdo foi de 492-495/517-527nm e 404/526nm, respectivamente. As imagens
foram capturadas e analisados através do software Image J° - NIH para obtenc¢do da intensidade dos

pixels. Como descrito previamente (Bueno & Damasceno, 2016).

Bidpsia e Sexagem dos blastémeros

Depois das analises do estado redox, foi realizada uma biopsia para remog¢dao de um Unico
blastbmero de cada moérula, para a determinagdo sexual cromossémica através da técnica de
hibridizacdo in situ por fluorescéncia (FISH) em célula Unica. Para identificacdo dos cromossomos Y e
X de cada blastémero, foi utilizada a probe Murine Whole Chromosome Painting Probes (CytoCell®)

seguindo a metodologia descrita por Mandavilli et al. (2010).

Coleta de embribes Pos-Implantacdo (Dia 13) e preparo das amostras
No dia 13 de prenhez, ratas dos grupos controle, diabete moderado e diabete grave foram
anestesiadas letalmente usando tiopental sédico. O utero foi exposto e removido. Os sitios de

implanta¢do foram removidos e dissecados para coleta dos embrides.



Avaliagdo do Estado Redox apds a implantagdo (D13)

Cada embrido foi homogeneizado (homogeneizador MPV 306 - Marconi®) a fresco em
solucdo tampdo PBS (0,1M, pH 7,4) gelado. Os homogenatos foram centrifugados a 13.000 x rpm por
10 minutos a 49C para obtencdo do sobrenadante que foi armazenado em freezer a -802C até o
momento dos ensaios. O sobrenadante foi usado para as determinacdes da atividade da GSH-Px e
concentracdo de grupos tidis de acordo com protocolo de Sinzato et al. (2016 — submetido a
publicacdo), concentracdo de proteinas totais pelo método de Bradford. Para as dosagens de H,0,. O
ensaio baseia-se na oxidacdao do vermelho de fenol pelo H,0,, mediada pela horseradish peroxidase
(HRP). Na presenca de uma grande quantidade de H,0,, através da acdo da HRP exdgena, o vermelho
de fenol muda sua coloragdo do vermelho para o amarelo. A adicdo de NaOH para a reacao e eleva o
pH para 12,5. A cor amarela torna-se purpura e permanece inalterada por um longo periodo de
tempo. Em seguida, a reacdo foi bloqueada pela adicdo de NaOH e a absorbancia de 620 nm foi
determinada em leitor de microplacas. Todas as medidas foram realizadas em duplicatas e os valores

foram expressos em nmol de H,0,/mg de proteina (Moreira et al., 2008).

Sexagem dos embriées (D13)

O pellet dos homogenatos foi usado para a determinacao do sexo dos embrides pelo método
de FISH. Uma lamina foi preparada para cada embrido. Seguindo o protocolo descrito pelo fabricante
(Cytocell Aquarius®), as laminas contendo 5ul do homogenato foram imersas em 2xSSC e desidratas
em séries de etanol (70%, 85% e 100%). Cada lamina contendo 10ul da sonda foi incubada overnight
a 37°C. No dia seguinte as amostras foram desnaturadas por aquecimento a 75°C. 0.4xSSC (pH 7.0) e
em 2xSSC, 0.05% Tween20. Uma gota de 10ul de DAPI foi utilizada para lamina. Apds de 10 minutos
mantidas no escuro, as laminas foram analisadas e as imagens foram capturadas em microscépio de

fluorescéncia com camera fotografica acoplada.

Andlise estatistica

Para a analise das associacGes entre os grupos experimentais (intensidades glicémicas
maternas) e o sexo, foi utilizado o teste do Qui-Quadrado. A andlise da diferenca de proporg¢des
entre machos e fémeas foi testada utilizando o modelo linear generalizado com distribuicdo
binomial. As glicemias foram analisadas por distribuicdo Gama e as comparag¢des dos valores médios
entre as diferentes varidveis para estresse oxidativo (balanco redox) foram realizadas utilizando

ANOVA seguida do teste de comparagGes multiplas de Tukey (D3) e teste t (13).



Diabete Moderado

DO D4 D21 D100-115 D104-109 D112-124
f T [ [ [ ]
Indugdodo Desmame
Diabete Critériode
Inclusdo
Diabete Grave D95  DI100{115 D104-109 D112/124
o T 3
Indygéo do Laparotomia Laparotomia
Diabete grupos DP3 Grupos DP13

Acasalamento

Figura 1. Sequéncia experimental. As ratas foram distribuidas em dois grupos diabéticos (DMOD e
DG). Para a indugcdo de DMOD, animais receberam STZ ao nascimento, para a composicdo do grupo
SD os animais receberam STZ com 95 dias de vida. Cinco dias apds a indugdo do diabete a glicemia foi
mensurada como critério de inclusdo. Todos os animais dos diferentes grupos foram submetidos ao
acasalamento com dura¢do maxima de 15 dias, a partir dia 100. Durante a prenhez os animais
diabéticos foram aleatoriamente distribuidos em dois diferentes momentos para a laparotomia (DP3

— pré-implantagdo) e (DP13 — pds-implantagdo).



Resultados

Para avaliar o status do diabete durante a prenhez, os niveis glicémicos foram mensurados
no dia 3 e 13 de prenhez. O grupo DMod apresentou valores apresentou glicemia acima de
600mg/dL sendo maior do que os valores apresentados pelo grupo controle e pelo grupo DMod
(Figura 1).

Ndo houve associacdo entre a hiperglicemia e o sexo dos embrides no periodo de pré-
implantacdo entre os grupos estudados (Figura 2C). Mas quando os grupos foram avaliados
individualmente, o grupo DG apresenta aumento na porcentagem de embrides do sexo feminino
(Figura 2A).

Os grupos controle e DMod ndo apresentam diferenca estatisticamente significativa no
conteldo de GSH e H,0; independentemente do sexo. Houve redugdo do contetido de GSH no grupo
DG e aumento nas concentra¢des de H,0,. Além disso, embrides machos do grupo DG apresentam
maiores concentracdes de GSH quando comparados as fémeas do mesmo grupo (Tabela 1).

No dia 13 de desenvolvimento, da mesma forma que no dia 3, ndo houve associa¢do entre a

hiperglicemia e o sexo dos embrides analisados (Figura 2C).
Porém, a andlise individual mostrou que embrides recuperados de ratas DMod apresentam aumento
no numero de fémeas comparado ao nimero de machos do mesmo grupo. Porém, com 13 dias de
desenvolvimento, o quadro se inverte e o nimero de embrides do sexo masculino é maior do que o
nimero de embrides fémeas (Figura 2B). Para o grupo diabete grave, a porcentagem de machos e
fémeas com 13 dias de desenvolvimento é semelhante ao apresentado pelo grupo controle

As fémeas recuperadas no dia 13 de ratas com diabete moderado ou grave apresentam
aumento da atividade de GSH-Px e nas concentragdes de SH e H,0, comparado aos machos e fémeas
do grupo controle. Além disso, os embrides machos coletados de ratas controle apresentam

aumento na concentragdo de SH quando comparados as fémeas do mesmo grupo (Tabela 2).
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Figura 1. Niveis glicémicos de ratas prenhez dos grupos estudados nos dias 3 e 13 de prenhez

(Distribuicdo Gama) *p< 0.05 comparado ao controle; #p<0.05 comparado ao diabete moderado.
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Figura 2. Porcentagem de embriGes machos e fémeas comparados dentro de cada grupo. (A)
Embrides dos grupos Controle, Diabete Moderado e Diabete Grave no dia 3 de prenhez, *p>0.05
comparado aos machos (Teste do Qui-quadrado); (B) Embrides dos grupos Controle, Diabete
Moderado e Diabete Grave no dia 13 de prenhez; (C) Relagdo Féma:Macho (XX : XY) nos grupos

controle, Diabete Moderado e Diabete grave no dia 3 e 13 de prenhez.



Table 2. Intensidade de fluorescéncia relativa de GSH e H,O, em moérulas recuperadas de ratas

controle, diabete moderado e diabete grave no dia 3 de prenhez.

Grupo Sexo Variavel  Média Desv~|o
Padrao
Controle XX GSH 15.60a 3.29
H>0- 5.30a 1.26
XY GSH 15.98A 3.98
H.0: 5.74A 0.83
Diabete XX GSH 14.80a 2.29
Moderado
H20- 5.50a 0.73
XY GSH 14.79A 2.99
H.0: 5.56A 0.88
Diabete Grave XX GSH 7.43b 2.58
H>0- 8.12b 0.59
XY GSH 9.98B* 3.95
H20- 7.99B 0.43

A intensidade relativa é apresentada pela razdo entre a intensidade absoluta e o nimero de pixels por embrido
de cada sexo.

Valores seguidos de letras minusculas diferem entre fémeas de diferentes grupos experimentais

Valores seguidos de letras maiusculas diferem entre machos de diferentes grupos experimentais

*p < 0.05 — comparacgdo entre machos e fémeas do mesmo grupo

ANOVA seguida do teste de comparagdes multiplas de Tukey



Tabela 3. Atividade da Glutationa Peroxidase (GSH-Px) e concentracdes de H,0; e grupos tidis (SH)

em embrides coletados de ratas controle, diabete moderado e diabete grave no dia 13 de prenhez.

Grupo Sexo  Variavel Média E;j:/gi\g

Controle XX GSH-Px  15.5la 0.16
SH 1.73a 2.38
H20- 0.01a 0.02

XY GSH-Px  15.49A 0.07

SH 6.91A* 1.10
H20 0.08A 0.06

Diabete Moderado XX GSH-Px 8.17 287
SH 10.17b 3.81

H,0, 0.69b 0.29

XY GSH-Px  8.12A 1.46

SH 17.40A 0.19

H20: 0.70A 0.17

Diabete Grave XX GSH-Px  16.93A 4.18
SH 22.40A 2.94

H20: 0.60A 0.12

XY GSH-Px  16.43A 2.93

SH 22.65A 2.38

H,0, 0.56A 0.10

Valores seguidos de letras minusculas diferem entre fémeas de diferentes grupos experimentais.
*p<0.05 — Comparagdo entre machos e fémeas do mesmo grupo (T test).

nmol /min/mg proteina é expresso para a atividade de GSH-Px;

mM/mg proteina é expresso para as concentragdes der SH;

nmoles/mg proteina é expresso para as concentracdes de H20x.



Discussao

Esse estudo foi realizado para testar a hipétese de que os embrides do sexo masculino sao
mais sensiveis aos danos oxidativos gerados pelo diabete materno do que os embrides do sexo
feminino, o que poderia explicar o desvio na razao de sexo encontrado na prenhez diabética visto na
literatura atual (Machado et al., 2001; Erlich et al., 2012).

Dois diferentes modelos de diabete experimental foram utilizados, sendo o grupo diabete
moderado (DMod) composto por fémeas com intensidade glicEmica mais branda e o grupo diabete
grave (DG), composto por fémeas com hiperglicemia descompensada seguida de poliuria, hiperfagia
e polidipsia, conforme proposto pelos modelos utilizados e pela literatura (de Souza et al., 2010;
Damasceno et al., 2013). No presente estudo, a alteracdo glicEmica materna foi confirmada no dia da
morte para coleta de mérulas (D3) e de embrides (D13). E importante ressaltar que ratas com DG
apresentam um estado de doenca crOnica que acarreta alteragcbes no estado redox, enquanto
fémeas DMod, embora hiperglicémicas, apresentam condi¢cdes de manter seu préprio estado redox
(Bueno et al. — dados ndo publicados), mas ndo estdo exclusas de outras alteracGes metabdlicas

geradas pela hiperglicemia durante a prenhez.

Periodo de pré-implantagdo

Nossos resultados mostraram que ndo houve associagdo entre o sexo do embrido e a
intensidade glicémica materna no dia 3 de prenhez. Porém, quando a avaliagdo foi realizada
considerando cada grupo experimental, as ratas com maior glicemia (grupo DG) apresentaram
aumento no nuimero de embrides do sexo feminino. Para entender o mecanismo envolvido na
reducdo de embriGes do sexo masculino apresentado pelo grupo DG, a condi¢do do estado redox
desses embriGes foi avaliada usando sondas fluorescentes para a detec¢do de GSH e H,0,. Nossas
andlises mostraram que, antes da implantacdo embriondria, embriGes do grupo DG apresentaram
menores concentracées de GSH e maior producdo de H,0, quando comparado as dos grupos
controle e DMod. Porém, os embries do sexo masculino do grupo DG apresentaram maiores
concentracdes de GSH do que os embriGes do sexo feminino. Ainda assim, essa resposta ndo foi
suficiente para diminuir as concentragées de H,O, nesses embrides. Embora os embrides do sexo
masculino apresentassem maiores concentra¢des de GSH, por alguma razdo os embrides do sexo
feminino tiveram maiores chances de sobreviver, sugerindo que o desvio na razdo de sexo destes
animais ndao esta diretamente relacionado com o equilibrio redox nos estagios iniciais do
desenvolvimento. Além disso, embora o resultado apresentado pelo grupo DG parega favoravel a

reproducgdo, estudos realizados em nosso laboratdrio verificaram que no 21° dia de prenhez (prenhez



a termo) as ratas com diabete grave apresentaram redugdo no numero de fetos vivos, aumento de
mortes embrionadrias, na porcentagem de perdas pds-implantacdo e aumento no numero de fetos
classificados como pequenos para a idade de prenhez, indicando a presenca de restricio de
crescimento (Volpato et al., 2007).

Foi verificado também que as moérulas das ratas com DMod nao apresentaram diferencas
sexo-especificas em relacdo ao equilibrio redox em estagios iniciais do desenvolvimento, porém
Bueno et al. (2014) demonstraram que os blastocistos de ratas com DMod apresentaram reducdo no
nimero de blastbmeros e retardo de desenvolvimento para a fase de modrula. Esses achados
sugerem que a auséncia de alteracdes no estado redox ndo sinaliza que os pré-embrides encontram-

se isentos das perturbacgdes hiperglicémicas maternas.

Periodo de pds-implantagdo

Para entender se o equilibrio redox sofre alteragdes em um estagio mais tardio, andlises em
embrides com 13 dias de desenvolvimento (D13) foram realizadas. Os animais que foram utilizados
para composi¢cdo do grupo DG ndo conseguiram manter a prenhez até o 13° dia, pois as ratas
apresentaram os cornos uterinos com processo infeccioso com pontos de implantacdo visiveis mas
os embrides ndo estavam desenvolvidos. Desta forma, sugerimos que o numero de animais para este
grupo experimental seja dobrado para que possamos obter embrides numa fase de desenvolvimento
compativel as analises em questao.

Em relagdo aos dados obtidos do grupo DMod, os embrides ndo apresentaram diferencas
sexo-especificas em relagdao ao balango redox em estagios inicias. Também n3do houve associagdo
entre o sexo dos embrides e a intensidade glicémica materna no dia 13 de prenhez.

De forma similar ao grupo controle, os embriGes das ratas com diabete moderado
apresentaram desenvolvimento morfoldgico adequado apds a implantacdo, mostrando que ndo
houve associacdo entre o sexo dos embrides e os niveis glicEmicos maternos. Por outro lado, apds a
implantacdo, os embrides do grupo DMod apresentaram maiores concentracdes de perdxido de
hidrogénio em relacdo ao grupo controle. Esse evento pode estar relacionado com a inversdo na
relagdo macho/fémea encontrada nesse grupo, no periodo de pds implantacdo comparado ao pré-
implantac¢do, visto que as maiores concentracGes de perdxido e reduc¢do na atividade de GSH-Px
poderiam alterar a relagdo macho/fémea.

Apds a implantagdo, os fetos do grupo DMod apresentam maiores concentragdes de H,0;
que o grupo controle. Essa diferenga ndo esta presente no periodo pré-implantagao. A fosforilagdo
oxidativa aumenta durante o desenvolvimento embriofetal, tornando-se essencial para seu sucesso

(Gardiner & Reed,1994). Por isso, esse aumento nas concentragdes de H,0, no grupo DMod apés a



implantacdo se deve parcialmente ao aumento do metabolismo aerdbio apresentado pelo feto. Cabe
ressaltar que a maquinaria mitocondrial do feto é herdada do odécito materno e pode apresentar
funcionamento anormal (Xie et al., 2016) com o aumento da producdo de H,0, em funcdo da
hiperglicemia materna. A medida que o ambiente intrauterino apresenta aumento na disponibilidade
de glicose para o feto, o sinal recebido é de que a condicdo é favordvel a prenhez, e isso aumentaria
a possibilidade de filhotes do sexo masculino (Trivers-Hillard, 1973) essa teoria explicaria o resultado
gue mostra que70% dos embrides com 13 dias de desenvolvimento no ambiente intrauterino
alterado s3ao machos.

Em relacdo as alteracbes sexo-especificas do balanco redox apds a implantacdo, ha um
aumento da producdo de H,0; pelos embrides do sexo feminino. Com esse aumento, a concentragdo
de grupos tidis (SH) também aumenta, como uma tentativa de protecdo. Gutierrez et al. (2005)
sugere que fetos do sexo feminino apresentam maior producdo de NADPH do que embriGes do sexo
masculino. Essa caracteristica poderia auxiliar na formacdo de GSH e consequentemente manter a
estabilidade do equilibrio redox dos embriGes do sexo feminino. Por outro lado, em nosso estudo, o
aumento de grupos tidis também nao auxiliou o aumento da atividade da enzima GSH-Px. Embora a
concentracdo de H,0, tenha aumentado nos embrides do sexo feminino das ratas DMod, existe um
aumento de embrides do sexo masculino neste grupo, o que invalida a ideia de que as fémeas sejam
mais resistentes do que os machos e exclui a possibilidade de que o estresse oxidativo seja sexo-
dependente no diabete moderado.

Outra curiosidade é a diferenc¢a nas concentragdes de tiois entre machos e fémeas do grupo
controle. De qualquer modo, com o aumento de SH, era esperado que houvesse redugao da
produgdo de H,0, ou aumento na atividade de GSH-Px, mas ndo houve diferenga que favorecesse a
nossa hipdtese. Entretanto, ndo existem trabalhos na literatura que expliquem as possiveis razoes
para esta alteracdo até o momento.

Ainda que o nimero de fetos do sexo masculino no grupo DMod tenha aumentado somente
apds a implantagdo, embrides dos sexos masculino e feminino ndo apresentaram diferencas na
sensibilidade ao aumento na producédo de perdxido gerado pelo ambiente intrauterino materno, nem
antes nem apds a implantacdo embrionaria. Como as ratas do grupo DMod apresentam taxas
aumentadas de perdas pds-implantagdo embriondria (Damasceno et al., 2013), esses dados sugerem
que os embrides de ambos os sexos tém condicGes de manter o balango redox e alcangar a
implanta¢do, mas isso nao garante o seu desenvolvimento a termo. Existem muitas altera¢des, como
o ndo fechamento do tubo neural (Phelan et al., 1997) e o aparecimento de doengas na vida adulta a
partir da programacao fetal (Barker, 2007), relacionadas ao desenvolvimento fetal e pds-natal no

estado diabético, que estdao envolvidas com o funcionamento do sistema antioxidante.



Nossos achados, em relagdo ao grupo diabete moderado, estdo de acordo com a hipdtese de
Trivers-Hillard (1973), que prediz que a mae com mais recursos favoreceria o nascimento de um filho
do sexo masculino, porque um macho que se desenvolve com sucesso poderd transmitir sua heranca
genética para muitas fémeas. Enquanto a mae com menos recursos favoreceria o nascimento de
uma filha.

Em relacdo ao grupo DG, embora o quadro de estresse oxidativo persista em ambos os sexos
apOs a implantacdo, a relacdo macho/fémea se assemelha aquela encontrada no grupo controle,
sugerindo mais uma vez que o estresse oxidativo ndo estd envolvido no desvio de sexo encontrado
durante a prenhez/gravidez diabética.

Portanto, a hiperglicemia de maior intensidade causada pelo diabete grave levou a
alteragGes no balanco redox de pré-embrides de ambos os sexos e houve maior nimero de fémeas
neste ambiente intrauterino hiperglicémico antes da implantacdo, porém algum mecanismo
envolvido no processo de implantacdo é funcional a ponto de reverter essa diferenca aos 13 dias de
prenhez. No entanto, apds a implanta¢do, ndo houve alteragdo na razdo macho/fémea de forma
hiperglicemia dependente e a alteracdo do balan¢o redox ndo influenciou o nimero de embrides
masculinos e femininos. Tendo em vista que, além dos fatores intrinsecos dos embrides na
programacao sexo-especifica, moléculas regulatérias maternas também podem influenciar nesta
programacao interagindo de maneira diferenciada entre os sexos. Desta forma, a proxima etapa seria
avaliar proteinas regulatérias secretadas pela mde e sua relagdo com a selegdo do sexo dos

embrides.
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Abstract

Aim/Hypothesis: GM-CSF is secreted into the uterine lumen especially in the
preimplantation period leading to the embryo development and survival, and is an
essential cytokine during early pregnancy. Studies demonstrating GM-CSF uterine
concentration in diabetic pregnancy are scarce. Thus, to understand whether a
relationship between this cytokine and adverse effects of diabetes is existing.
Methods: GM-CSF status was evaluated in different hyperglycemic conditions in early
pregnant rats. Mild and severe diabetes were induced by streptozotocin in Sprague
Dawley rats. Four days after mating, pregnant females were anesthetized and
decapited for embryos, blood and uterine samples collection. Insulin and GM-CSF
concentrations and embryo sex were analyzed by specific kits by ELISA and fluorescent
in situ immune hybridization (FISH), respectively.

Results: GM-CSF uterine concentrations decreased as maternal hyperglycemia
increased and a positive correlation with serum insulin concentration was confirmed.
In addition, it has been postulated that diabetes can change the litter sex rate by
impairing the male embryo to develop.

Interpretation/Conclusion: In this study, we show a positive correlation between GM-
CSF uterine concentrations and male embryos at day 3 of pregnancy and interestingly,
no correlation between GM-CSF and female embryos was demonstrated. Thus, a GM-
CSF decrease could impair sex rate in diabetic pregnancy, and these data show GM-CSF
must be better studied in diabetic pregnancy in order to elucidate mechanisms

involved in their adverse outcomes.

Keywords: colony-stimulating factor, sex sensibility, diabetes, pregnancy, rats.



Introduction

During pregnancy, the maternal reproductive system undergoes modifications
as abundant alterations in their endocrine system and cytokine production. The
granulocyte-macrophage colony stimulating factor (GM-CSF), also known as colony
stimulating factor 2, is a monomeric glycoprotein secreted by macrophages, T cells,
endothelial cells and fibroblasts that functions as a cytokine. GM-CSF is secreted into
the luminal compartment by the epithelial cells in the oviduct and the uterus,
especially in embryo preimplantation and subsequent development and survival
(Hardy & Spanos, 2002).

In rodents and in other mammals, the semen stimulates uterine epithelial cell
receptorsto produce GM-CSF (Robertson, 2005; Tremellen et al., 1998). GM-CSF
regulates both the pre-embryo during trophoblastic invasion and the leukocytes that
control maternal adaptive immune responses. During pregnancy, GM-CSF deficiency
adversely impacts both fetal and placental development, progeny viability and
perinatal growth, demonstrating that this cytokine is a central maternal determinant
of pregnancy outcome with clinical relevance in human fertility (Robertson, 2007).

GM-CSF null mice present normal implantation rate and live fetuses are born.
However, the offspring size is smaller due to fetal death. On the day 17 of pregnancy,
the resorption (embryonic death) rate was increased after implantation, which was
related to fetuses with abnormalities and reduced fetal weight. The mortality rate
during the first three weeks of life was more evident in male pups; showing fetal
growth and viability are affected by absence of maternal GM-CSF (Robertson et al.,
1999). These findings are similar to those from diabetes-induced adverse effects during
pregnancy (Damasceno et al., 2013). Nevertheless, studies associating GM-CSF and
maternal diabetes repercussions are scare. Thus, to understand whether a relationship
between this cytokine and adverse effects of diabetes is current, GM-CSF status was

evaluated in different hyperglycemic conditions in early pregnant rats.



Materials and Method

Animals and experimental groups

Sprague-Dawley rats were purchased from the State University of Campinas
(UNICAMP, Sao Paulo, Brazil) and kept under controlled temperature (22 + 2°C) and
lighting (12h light/12h dark cycle), with free access to food and water. Animals were
mated and the offspring were randomly distributed into three experimental groups:
non-diabetic (control group); mild diabetes (diabetes induced at birth), and severe
diabetes (diabetes induced at adulthood) The study was approved by the institution’s
Animal Research Ethics Committee and the animals were treated in accordance with
the Brazilian College of Animal Experimentation Guidelines (Permit Number:

939/2012).

Diabetes induction

Severe diabetes (SD) was induced at 90 days of life by intraperitoneal injection
of 50 mg/kg (0.1M sodium citrate, pH 4.5) streptozotocin (STZ — Sigma Chemical
Company, St. Louis, Millstone, USA). Mild diabetes (MD) was induced in female at birth
(day 0) after subcutaneous injection of STZ (100 mg/kg). The inclusion criteria was

followed according Corvino et al., (2015) and Bueno et al., (2014).

Offspring Mating and pregnancy

All adult female rats (110 days of life) from experimental groups (SD, MD, and
nondiabetic controls) were mated overnight with non-diabetic males. The morning
when spermatozoa were found in the vaginal smear was designated as gestational day
zero (DO0). During pregnancy blood glucose levels were measured from a cut tip tail in
the afternoon of day 3 using a One-Touch Ultra Glucometer (Life Scan, Johnson and

Johnson®).

Laparotomy and following procedures
Pregnant rats were killed by anesthesia overdose (Thiopentax® - Cristalia

Produtos Quimicos e Farmacéuticos Ltda., Sdo Paulo, Brazil) and decapited. Blood



samples were collected by the trunk for serum insulin measurement (Rat Insulin ELISA
Kits, Insulin Assay_Crystal Chemicals®).

The uterine fluid were collected by flushing each uterine horn with 1.0mL of
pre-warmed mR1ECM-pva (Bueno et al., 2014) for embryos recovery and sexing by in
situ fluorescence hybridization for Y and X chromosomes identification (Cytocell® FISH
probes). Then, the uterine lumen washed was stored at -80°C for GM-CSF

measurement by specific kit (GM-CSF Elisa Kit - ABCAM®).

Statistical analyses
Gamma distribution was applied to non-homogeneously distributed data, such
as mean glycemia and GM-CSF values. Correlations were tested using Pearson’s

correlation coefficient. Significance was set at P<0.05.



Results and Comments

Our results showed GM-CSF concentrations in animals with STZ-induced
diabetes on day 3 of pregnancy were reduced according to the hyperglycemic intensity
(Figures 1 and 2), suggesting changes in GM-CSF uterine concentrations during diabetic
pregnancy could impair the embryonic implantation.

It is known that preimplantation embryos in diabetic milieu presents fewer
number of blastomeres, and the sex ratio of early embryos/newborns is skewed,
impairing male embryos development (Cameron et al., 2008; Machado et al., 2010;
Bueno et al., 2016 — unpublished data). Robertson (2007) verified embryo exposure to
GM-CSF during the preimplantation period regulates fetal development in utero, as
well as viability and growth trajectory after birth. Embryos cultured without GM-CSF
have fewer blastomeres at implantation, develop into fetuses prone to in utero growth
retardation, and give rise to progeny after birth exhibiting accelerated growth and
increased central fat deposition (Robertson, 2007). These results obtained by in vitro
GM-CSF regulation corroborate our in vivo data from diabetic status during pregnancy.
Our findings show this cytokine concentration was changed during diabetic pregnancy
and led to embryo changes, similarly to Robertson (2007).

There was a strong correlation between serum insulin and uterine GM-CSF
concentrations (r? = 0.708, p<0.05). In addition, there was significant correlation
between GM-CSF concentrations and male embryo number (r? = 0.618, p<0.05 -
Figures 3A and 3B). The correlation among female embryos, placental and fetal weight
and GM-CSF were also assessed but these data were not statistically significant.

Our data support Robertson et al. (1999), who proved the negative effect of
reduced GM-CSF concentration in early pregnancy is more evident in male embryos.
Gender ratios are distorted in litters from GM-CSF null mice with male pups most
susceptible to loss, and growth impairment persists into adulthood in male but not
female progeny (Robertson et al., 1999).

Thus, these findings suggest GM-CSF could be involved in diabetes-induced
embryopathies and it might be a hot point in studies involving diabetes and pregnancy
in order to improve translational researches and interventions on diabetes and

pregnancy.
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Figure 1. Blood glucose level during early pregnancy (D3 of pregnancy) of mildly (MD)
and severely (SD) diabetic and control (C) groups.

Data were reported as mean * standard deviation.
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Figure 2. GM-CSF concentration in uterine lumen washing on day 3 of pregnancy from
mildly (MD) and severely (SD) diabetic and control (C) groups.

Data were reported as mean * standard deviation.

*p<0.05 — compared with C group

#p<0.05 — compared with MD group
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Figure 3. Relation between (A) GM-CSF and insulin concentrations. (B) GM-CSF
concentration and male embryo number on day 3 of pregnancy of mildly (MD) and
severely (SD) diabetic and control (C) groups.
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