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ARTICLE INFO ABSTRACT

Keywords: Aim: To investigate the transgenerational effect of maternal hyperglycemia on oxidative stress
H}’Perglycefﬂia markers, lipid profile, glycemia, pancreatic beta (p)-cells, and reproductive outcomes in the F2
Diabetogenic tendency adult generation. Additionally, to expand the knowledge on transgenerational diabetes the F3
Macrosomia . . .

Pregnancy generation at birth will be evaluated.

Rodents Methods: On day 5 of postnatal life female Sprague-Dawley rat newborns (FO generation) were

distributed into two groups: Diabetic (Streptozotocin-STZ, 70 mg/kg body weight, subcutaneous
route) and Control rats. Adult female rats from the FO generation and subsequently the F1 gen-
eration were mated to obtain the F2 generation, which was distributed into F2 generation
(granddaughters) from control (F2_.C) and diabetic (F2_D) rats. Oral Glucose Tolerance Test
(OGTT), the area under the curve (AUC), blood biochemical analyses, and pancreatic morphology
were analyzed before pregnancy. Reproductive outcomes were performed at the end of preg-
nancy. At birth, the glycemia and body weight of F3_C and F3_D rats were determined. p < 0.05
was considered significant.

Results: F2 D had higher body weight, triglyceride levels, and percentage of insulin-
immunostained cells, contributing to glucose intolerance, and insulin resistance before preg-
nancy. At day 21 of pregnancy, the F2_D showed increased embryonic losses before and after
implantation (84.33 and 83.74 %, respectively). At birth, F3_D presented hyperglycemia, and
16.3 % of newborns were large for pregnancy age (LGA).

Conclusion: Diabetes induction since the neonatal period in the first generation (FO) led to
transgenerational (F2 and F3 generations) changes via the maternal lineage of female rats, con-
firming the relevance of control strictly the glycemia all the time.
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Summary sentence

Pre-gestational hyperglycemia via the maternal lineage in the FO generation caused important changes in glycemic and lipid
metabolism, reproductive changes in the F2, and increased birth weight and hyperglycemia in the F3 generation.

1. Introduction

The endocrine portion of the pancreas is termed the pancreatic islet and corresponds to a specialized micro-organ and is mainly
composed of alpha (), beta (), and delta (8) cells. The p-cells synthesize and secrete insulin, a-cells are responsible for glucagon
synthesis, and §-cells secrete somatostatin [1]. Thus, endocrine cells play an essential role in maintaining glucose homeostasis, and
their imbalance can lead to diseases such as Diabetes mellitus (DM).

International Diabetes Federation (IDF) reports that 537 million adults are diabetic person (1 in 10). DM is a chronic metabolic
disease characterized by high blood glucose levels, compromising the function of different organs and systems [2]. Evidences show
that hyperglycemia increases the production of reactive oxygen species (ROS) due to reductant entry into the mitochondrial electron
transport chain [3]. For this, there are antioxidant enzymes, such as superoxide dismutase (SOD), that dismutate the superoxide anion
(032), and catalase (CAT) and glutathione peroxidase (GSH-Px), which catalyze the decomposition reaction of hydrogen peroxide
(H205). The defense enzymatic system neutralizes and regulates ROS levels to maintain physiological homeostasis. Therefore, the
imbalance between oxidant and antioxidant levels may constitute a stress signal that activates specific redox-sensitive signaling
pathways, leading to oxidative stress [4]. Oxidative stress leads to impaired glucose uptake in muscle and fat cells and decreases insulin
secretion from p-cells [5,6], further damaging the hyperglycemic condition.

Hyperglycemia during the gestational period can also contribute to changes in fetal programming. It can alter development and
metabolism that, associated with epigenetic factors, possibly cause metabolic disorders in adult offspring [7], such as the increased risk
for overweight, obesity, DM Type 2, Gestational Diabetes mellitus (GDM), and insulin resistance [8,9]. According to intergenerational
studies, the hyperglycemic intrauterine environment led to reduced glucose tolerance, high serum concentration of total cholesterol,
triglycerides, VLDL-c, insulin resistance, glucose intolerance, and percentage of insulin-immunostained cells in adulthood F1 gener-
ation from diabetic rats [10]. In addition, these rats presented embryofetal losses at the end of pregnancy [11].

Literature about diabetes and its complications in studies of insulin-producing cells, insulin levels, and the presence or absence of
glucose tolerance or diabetes over generations is limited. Therefore, our goal is to investigate the transgenerational effect of the hy-
perglycemic environment (pre-gestational diabetes) on markers of oxidative stress, lipid profile, glycemia, pancreatic p-cells, and
reproductive outcomes in the F2 generation in adulthood. Additionally, we intend to evaluate the glycemia and body weights in the F3
generation at birth to expand the knowledge of transgenerational diabetes to better understand the mechanisms involved in developing
future prophylactic therapies and develop effective treatments. We hypothesize that maternal hyperglycemia in the FO generation can
lead to oxidative stress and metabolic changes in adult females of the F2 generation, leading to damage to the intrauterine environment
and also affecting the next generation (F3 generation), thus perpetuating the diabetogenic tendency via the maternal lineage in these
animals.

2. Methods
2.1. Ethics Committee on the Use of Animals

Procedures and animal handling were made according to the Brazilian College of Animal Experimentation guidelines and Inter-
national Guiding Principles for Biomedical Research Involving Animals proclaimed by the Society for the Study of Reproduction. The
local Ethics Committee for the Use of Animals of our Institution approved all the methods adopted in this study (Protocol CEUA
Number: 1375/2021).

2.2. Animals

Females of the F2 (granddaughters) and F3 (great-granddaughters) generations originated from diabetic rats (FO) (Sprague
Dawley) that received beta (f)-cytotoxic drug (Streptozotocin, STZ, Sigma-Aldrich®, USA) for diabetes induction were used. The
diabetes-induced outcomes on mothers (Generation FO) [12] and daughters (Generation F1) [10,13] have been previously published.
All animals were maintained at the local laboratory under controlled conditions of humidity (50 + 10 %), temperature (22 + 2 °C),
and light/dark cycle (12 h) in polypropylene cages lined with wood shavings. Filtered water and regular chow were offered ad libitum.
As a form of environmental enrichment, paper balls were used in the cages [14].

2.3. FO generation (parental animals) and F1 generation (daughters)

The experimental sequence of the animals for induction of mild diabetes using STZ (Sigma Aldrich®, 70 mg/kg body weight,
subcutaneous route) was performed on day 5 of postnatal life [10]. For the non-diabetic (control) group, the female pups received
citrate buffer (vehicle) in the same volume and administration route as the diabetic group (both groups as Parental generation = FO0).
Blood glucose levels were determined by the Oral Glucose Tolerance Test (OGTT) as inclusion and exclusion criteria on day 90 of life
for these adult female rats [12]. The inclusion criterion was glycemia >200 mg/dL at any time of the OGTT for the diabetic animals and
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glycemia <140 mg/dL as a limit value during the test for the control rats [12]. Female rats at postnatal day (PND) 5 were injected with
streptozotocin [10] to induce f-cell necrosis, reproducing glycemic levels similar to type 2 DM or GDM. These rats show higher
glycemic levels, a lower percentage of full-term pregnancy, and a higher percentages of inadequate fetal weight [18].

On day 120 of life, control, and mildly diabetic female rats were mated with normoglycemic male rats to obtain their daughters (F1
generation) through vaginal delivery. In adulthood (120 days), these daughters from both groups were mated following the same
protocol as the parental generation to obtain their granddaughters (F2 generation) following both diabetic and control rat lineages.
After birth, the female granddaughters continued with their mothers from lactation until the weaning period (30 days of life),
considering four female and four male pups per mother (litter adjusted to 8 pup/litter). On postnatal day 10, the female pups were
weighed. After weaning, two females per mother (litter) were randomly selected to compose the experimental groups corresponding to
their mothers, and the male pups were used in other studies.

3. Procedures performed on F2 generation (female granddaughters)
After weaning, the rats were distributed into experimental groups (Fig. 1):

F2_C: Generation F2 from control rats;
F2_D: Generation F2 from mild diabetic rats.

Newborn females (5 days of life)
(n=57)

Diabetic group (OM)
Streptozotocin (n=50)
|

Non diabetic - Control group (C)
Citrate buffer (n=7)

[ Adulthood (90 days of life): OGTT for inclusion and exclusion criteria l

Mating (120 days of life) and vaginal delivery (Pregnancy - 21 days): Mating was performed with non-diabetic males to obtain
females pups (F1 Generation)

[ Weaning (30 days of life): The animals were weaned and 2 females/mother were used to compose the experimental groups l

Parental
Generation (F0)

F1 Generation of F1 Generation of Diabetic
control (F1_C) (n=15) (F1_D) (n=38)

F1
Generation

Mating (120 days of life) and vaginal delivery (Pregnancy - 21 days): Mating was performed with non-diabetic males to obtain
females pups (F2 Generation)

I Weaning (30 days of life): The animals were d and 2 females/mother were used to compose the experimental groups [

F2 Generation of F2 Generation of Diabetic
control (F2_C) (n=27) (F2_D) (n=40)

F2
Generation

| Adulthood: OGTT (115 days of life) | | Adulthood: OGTT (115 days of life) |
( 120 days of life ] ( 120 days of life ]
F2 Generation of control Mating (n=17) is performed F2 Generation of Diabetic Mating (n=30) is performed
(F2_C) (120 days of life) with non-diabetic males (F2_D) (120 days of life) with non-diabetic males
(n=10) (n=10)
- F2 Generation of F2G tion of
l Blood and pancreas collection ] control (F2_C) : (n=14) [ Blood and pancreas collection l Diabetic (F2_D) (n=14):
reproductive reproductive
performance performance
5
= F3 Generation of control (F3_C) F3 Generation of Diabetic (F3_D)
o © (n=155) (n=128)
w o Body weight classification and Body weight classification and
S glycemia at birth glycemia at birth
o

Fig. 1. Experimental sequence of the study.
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3.1. Oral Glucose Tolerance Test (OGTT) and area under the curve (AUC) calculation

On day 115 of life, the rats were submitted to the OGTT. After 6 h of fasting, a drop of blood was collected by venipuncture in the
rats’ tails for glycemic determination (time 0). The rats were then given a glucose solution (0.2 g/mL) intragastric (gavage) at a 2.0 g/kg
body weight dose. The blood glucose levels were determined after 30, 60, and 120 min (min) of the glucose solution [11]. These
measurements were also used to mathematically estimate the total area under the curve (AUC) using the trapezoidal method [14].

3.2. Anesthetic procedure, glycemia, and laparotomy

On day 120 of life, the F2 fasted rats were weighed. A small drop of blood was removed from the tail extremity of each rat (n = 10
animals, from five different mothers (F1), using two females (F2) per litter) for glycemic determination. Following, these animals were
anesthetized with sodium thiopental (Thiopentax - 120 mg/kg body weight, Cristalia®, Brazil, intraperitoneal route). After confir-
mation of the signs of the anesthetic procedure following the instructions of the Institutional Veterinarian, the animals were decap-
itated to obtain blood samples. These samples were collected to evaluate the activity of antioxidant enzymes, thiobarbituric acid
reactive species (TBARS), serum insulin, triglyceride, and cholesterol measurements. The animals were then submitted to laparotomy
for the collection of the pancreas.

3.3. Evaluation of biochemical profile

From here, all procedures were performed with the blinded investigator for the biochemical analyses. The whole blood samples
were centrifuged at 1575 x g for 10 min at 4 °C. After this procedure, the serum was obtained and stocked in a freezer at —80 °C until
the insulin determination (Crystal Chemical® - Code: 90060, United States), triglyceride (Wiener lab® - Code 1780105, Rosario,
Argentina), and cholesterol (Wiener lab® - Code 1220114, Rosério, Argentina) determinations by spectrophometry following the
instructions of the manufacturers according to each specific commercial kit. Very low-density lipoprotein (VLDL)-cholesterol values
were determined from the triglyceride concentrations [15].

3.4. Homeostatic Model assessment (HOMA) and TyG index

Insulin resistance (HOMA-IR) and beta-cell function (HOMA-p) were calculated. For HOMA-IR, the value was calculated using the
following equation: [fasting insulin (WU/mL) x fasting glucose (mmol/L)]/22.5. HOMA-B expressed the beta-cell function and was
calculated using the following equation: [20 x fasting insulin (uU/mL)/(fasting glucose (mmol/L) — 3.5]. For the TyG index, the value
was calculated using the following equation: TyG = Ln [fasting triglycerides (mg/dL) x fasting glucose (mg/dL)/2] [16].

3.5. Oxidative stress analyses

The procedures used for oxidative stress parameters followed the methodology described by Sinzato et al. (2023) [17]. For this, all
biomarkers were estimated in washed erythrocytes. Thiobarbituric acid reactive substances (TBARS), hydrogen peroxide (H205),
reduced thiol groups (-SH), antioxidant activities of catalase (CAT), superoxide dismutase (SOD), and glutathione peroxidase (GSH-Px)
were performed. The blood samples were in heparinized tubes and were centrifuged at 1200 rpm (185xg) for 10 min at 4 °C. The
plasma was discarded, the erythrocytes were washed in 2 mL of phosphate saline buffer (PBS, pH 7.4) and centrifuged at 1575xg at
4 °C for 1 min, and the supernatant was discarded. This procedure was repeated three times, and then the washed erythrocyte samples
were divided into two aliquots: an aliquot was diluted (1:20) into purified water for the measurement of TBARS and -SH levels and
another aliquot was diluted into stabilizing solution of 2.7 mM EDTA and 0.7 mM 2-mercaptoethanol (1:20) for H»O5, SOD, GSH-Px,
and CAT measurements. The hemoglobin (Hb) concentration was determined using Drabkin’s solution [17].

3.6. Immunohistochemical analyses of the pancreas

Five pancreas/groups were selected for immunohistochemical analysis, considering a pancreas from the F2 generation coming from
different mothers (F1 generation). The pancreas samples were weighed and fixed in 4 % formaldehyde for 24 h and then conditioned in
70 % ethanol. The fragments were processed and included in paraffin. Sections of 5 pm were obtained using a rotary microtome, which
was incubated with a polyclonal antibody anti-insulin (Abcam®, Code: ab8304, USA). Antigen retrieval was performed in the Elite
Bistro (Johnson Becker®, USA) pressure cooker with citrate solution (pH 6.0) for 20 min. Endogenous peroxidase (peroxidase
inhibitor-containing hydrogen peroxide and 15 mM sodium azide - Dako®, USA) blockade was performed for 40 min at room tem-
perature. For the blockade of non-specific proteins, Protein Block (0.25 % casein in PBS, containing carrier protein and 15 mM sodium
azide) was used for 30 min in an oven at 27 °C. Dilution for the primary antibody was 1:10.000 (incubation for 2 h). After incubation of
the primary antibody, the secondary antibody (Histofine®, Germany) was added for 30 min in an oven at 27 °C. For the development of
peroxidase, the chromogen DAB (3,3-diaminobenzidine) was used for 3 min at room temperature. Then, the slides were counterstained
in Harris’s hematoxylin and mounted. The images were captured using the computerized image system (Software KS-300, version 3.0,
Zeiss®, Germany), integrated into digital camera image (CCD-IRIS/RGB, Sony®, China), and microscope (DMR, Leica®, Brazil). Ten
islets were randomly selected for analysis for each pancreas, totaling 50 islets/group. 40x magnification was used for all analyses. For
morphological analysis of pancreatic islets, islets were randomly selected throughout the pancreas (head, body, and tail). These islets
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had at least six cells and there was no maximum cell limit stipulated. The percentage of insulin-positive cells in the pancreatic islet was
determined by the ratio between the number of immunolabeled cells and total cells using ImageJ (NIH free access). The value obtained
was multiplied by 100 [12].

3.7. Mating and pregnancy

On day 120 of life, other F2_C and F2_D rats were mated for 15 consecutive days, comprising three estrous cycles. For this, three
females were placed in the presence of a normoglycemic male overnight. The following day (7-9 am), the males were removed, and the
vaginal smear was performed. The presence of spermatozoa on the slides confirmed the pregnancy diagnosis, which was considered
gestational day zero (DO) [12]. These rats were weighed on the first and last days of pregnancy to assess maternal weight gain.

3.8. Laparotomy and reproductive outcomes

On day 21 of pregnancy, the rats of both groups were anesthetized with sodium thiopental (Thiopentax®, Cristalia, Brazil,
intraperitoneal route - 120 mg/kg body weight) and decapitated for exposure of the uterine horns for count of the implantation,
reabsorption (embryonic deaths), and fetus (alive or dead) numbers. For indirect counting of the oocyte, the ovaries were removed for
the corpora lutea number. The rate of embryonic losses before implantation (pre-implantation losses) was calculated by: [(Number of
corpora lutea — Number of Implantation)/(Number of corpora lutea)] x 100. The rate of embryonic losses after implantation (post-
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Fig. 2. Glycemic profile and body weight of the F2 generation. A - Oral Glucose Tolerance Test (OGTT) on day 115 day of life. B - Area under the
curve (AUC) on day 115 of life. C - Serum insulin concentration (ng/mL) on day 120 of life. D - Fasting glycemia (mg/dL) on day 120 of life. E —
Body weight (g) on day 120 of life. Data expressed as mean + standard deviation (n = 8 animals/group). *p < 0.05- compared to the F2_C group
(Gamma Distribution Test for OGTT; Student t-test for the area under the curve, serum insulin, fasting glycemia, and body weight).
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implantation losses) was determined by: [(Number of Implantation — Number of live fetuses)/(Number of implantation)] x 100] [18].

5. F3 generation (Great granddaughters): Blood glucose level, fetal body weight, body weight classification, and sex ratio.

At birth, all the F3 generation female newborns were sexed, weighed, and classified as small (SGA), adequate (AGA), and large for
gestational age (LGA) [18]. To determine blood glucose, two female newborns (F3 generation)/mother (F2 generation) totaled 24
female newborns (generation F3). The placental efficiency was calculated by using the ratio between the fetal and the placental weight
[18].

4. Statistical analysis

To calculate the sample size (n), a randomized design with the factorial design of the Research Support Services Office (EAP) of
Botucatu Medical School was used. Some 10 animals (that is correct if they always came from different original FO mothers/groups
have been established for each group). For IHQ, the calculation was estimated in five animals/groups, with a minimum of 10 islets/
animal/pancreas. Data were shown as mean =+ standard deviation (SD). F2 generation: T-test was used for the rats on day 120 of life-
related to body weight, the area under the curve, serum insulin, fasting blood glucose levels, antioxidative enzymatic activities,
TBARS, total cholesterol, and VLDL, triglyceride levels; HOMA-IR, HOMA-f, and TyG indexes, islet area, maternal weight gain, corpora
lutea, implantation, and embryonic death numbers; placental weight and efficiency index. For OGTT, Gamma Distribution was used.
Poisson was performed for the immunohistochemical analyses of insulin. F3 generation: the embryonic losses before and after im-
plantation were analyzed for contingency analysis, and the Chi-square test evaluated the fetal body weight classification. A minimum
confidence limit of 95 % (p < 0.05) was considered for all statistical comparisons.

5. Results
5.1. F2 generation

In this study, 27 females were from control rats (F2_C), of which 10 were used to compose the F2_C group on day 120 of life, and 17
were used for mating. From diabetic rats, 40 females ordered the F2_D: 10 rats were used on day 120 of life, and 30 were used for
mating (Fig. 1).

Fig. 2 shows the glycemic profile and body weight. During the OGTT, the F2_D rats displayed hyperglycemia 30 min (min) after the
glucose overload (Fig. 2A). An increased circulating glucose level was observed in the F2_D rats compared to the F2_C group during
120 min of the OGTT (Fig. 2B). On day 120 of life, the F2_D group had higher serum insulin concentrations than the F2_C group
(Fig. 2C). Regarding fasting blood glucose, there was no difference between the groups (Fig. 2D) (p > 0.05). The F2_D rats had a higher
body weight on day 120 of life (Fig. 2E) compared to the F2_C group. The weight (g) of the pancreas was greater in the F2_D group
(0.86 + 0.15) when compared to the F2_C (p < 0.05).

The biochemical parameters are shown in Table 1. On day 120 of life, the F2_D rats had higher TyG index, VLDL-cholesterol, and
triglyceride levels; increased HOMA-IR and HOMA-f} indexes, and a decreased total cholesterol level compared to the F2_C rats (p <
0.05).

Regarding oxidative stress data, F2_D female rats showed a lower activity of the antioxidant enzymes, as SOD (Fig. 3A) and GSH-Px
(Fig. 3C), decreased H205 (Fig. 3E) and -SH (Fig. 3F) levels. There was no difference in TBARS concentration (Fig. 3B) and catalase
enzyme activity between groups (Fig. 3D).

About the morphological data of the endocrine pancreas of these animals, no significant statistical difference was found in the area
of the pancreatic islets (Fig. 4A) (p > 0.05), as observed in the photomicrographs of group F2_C (Fig. 4 B) and F2_D (Fig. 4C). A higher
percentage of insulin-positive cells in the pancreas of F2_D rats was observed compared to the F2_C rats (Fig. 4D, E, and 4F) (p < 0.05).

On day 21 of pregnancy, parameters of maternal reproductive outcomes of F2 dams were shown in Table 2. In group F2 C, 17
female rats were placed to mate; 3 did not mate, and the animals with a positive pregnancy diagnosis reached full-term (14 rats). For
the F2_D group, 30 female rats were placed to mate. Of these, 20 rats had a positive pregnancy diagnosis, 14 rats had full-term
pregnancy. There were no differences regarding the maternal body weight gain, number of corpora lutea and implantation, and
placental weight (Table 2). There was a lower number of live fetuses and a higher number of embryonic deaths, pre-and post-im-
plantation losses, and placental efficiency in the F2_D group when compared to the F2_C group (Table 2) (p < 0.05).

Table 1
Biochemical parameters of F2_C (granddaughters of control rats) and F2_D (granddaughters of diabetic rats) rats at
120 days of life.

F2C(n=7) F2D (n=28)
Total cholesterol (mg/dL) 58.06 + 4.46 26.99 + 9.03*
VLDL (mg/dL) 5.51 + 2.77 15.06 + 5.81*
Triglycerides (mg/dL) 25.84 + 12.68 75.34 + 29.07*
HOMA-IR 4.25 + 1.66 12.06 + 2.4*
HOMA-$ 151.10 + 67.17 545.7 + 228.28*
Tyg index 7.18 + 0.51 8.08 + 0.43*

Data expressed as mean + standard deviation.
*p < 0.05- compared to the F2_C group (T test).
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Fig. 3. Oxidative stress markers on day 120 of life of F2 Generation (Granddaughters). A- SOD, superoxide dismutase activity; B- TBARS, thio-
barbituric acid reagent substance concentration; C- GSH-Px, glutathione peroxidase activity; D-CAT, catalase activity; E— H2O,, hydrogen peroxide
levels; (F) —SH, reduced thiol group levels. Values are expressed as mean =+ SD, standard deviation (n = 10 rats/group). *p < 0.05—compared to the
F2_C (T-test).

5.2. F3 generation data

F3_D newborns had greater fetal body weight (Fig. 5A) and glycemic levels (Fig. 5C), a decreased percentage of fetuses considered
adequate for gestational age (AGA), and an increased percentage of fetuses considered as large for gestational age (LGA) (Fig. 5B) than
the F2_C group (p < 0.05). There was no difference between the proportion of males and females in the experimental groups (Fig. 5D)
(p > 0.05).

6. Discussion

Previous results in our laboratory have shown that maternal diabetes causes changes in metabolism [10] in the endocrine pancreas
[13] off adult female rats and also impairs reproductive outcomes in these rats [11]. Our results demonstrated that rats’ hyperglycemia
via the maternal lineage led to transgenerational effects, causing changes in the F2 and F3 generations. In adulthood, the F2 rats
(granddaughters) of the diabetic generation (F2_D) presented greater body weight and abnormal glucose homeostasis, confirmed by



F. Quintanilha Gallego et al. Heliyon 10 (2024) 31049
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Fig. 4. Pancreatic islet morphology on day 120 of life. A- Pancreatic islet area (square millimeters). B- Representative photomicrograph of the
pancreatic islets (circled in red) of F2_C rats (Hematoxylin & Eosin staining - H&E). C— Representative photomicrograph of the pancreatic islets
(circled in red) of F2_D rats (H&E). D- Ratio of the number of labeled pancreatic beta cells to the total number of cells (labeled and unlabeled) by
anti-insulin antibody from F2 rats. E— Photomicrograph of pancreatic islet immunostained for insulin from F2_C group. F- Photomicrograph of
pancreatic islet immunostained for insulin from F2_D group. Magnification: 40x. Data presented as mean + standard deviation (n = 50 islets/
group).

p < 0.05- compared to the F2_C group (Poisson’s Distribution). (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

Table 2

Reproductive parameters on the 21 days of pregnancy of the F2_C (granddaughters of control rats) and F2_D (granddaughters of diabetic

rats) rats.

F2.C F2 D

Number of mated females 17 30
Female rats with a positive diagnosis for pregnancy (%) 82,35 (14) 66,66 (20)
Number of female rats with at term pregnancy (%) 100 (14) 70 (14)
Maternal weight gain (g) 119.0 + 26.0 100.3 + 45.1
Corporea Lutea 139 +1.7 13.8 +1.8
Implantation 13.4+1.5 11.4 + 3.8
Live fetuses 12.8 +1.3 9.1 + 4.6*
Pre-implantation loss (%) 3.4 21.7%
Post-implantation loss (%) 4.0 26.2*
Placenta weight (g) 0.58 +£0.13 0.57 £ 0.1
Placental efficiency 9.17 +£1.92 9.80 + 1.78*

Values expressed as mean =+ standard deviation (SD) for lutea corporea, implantation, live fetuses, placenta weight, and placental ef-
ficiency (n = 14 rats/group).

*p < 0.05 compared to the F2_C group (T-Test).

Values are expressed in percentages (%) for pre and post-implantation loss (n = 14 rats/group).

*p < 0.05 compared to the F2_C group (Analysis of Contingency).

the Oral Glucose Tolerance Test (OGTT). Moreover, the F2 D rats displayed hypertriglyceridemia and a higher percentage of
insulin-immunostained cells related to peripheral insulin resistance, contributing to glucose intolerance. These findings confirm an
abnormal metabolism similar to human DM2. The changes found before pregnancy directly reflected on the reproductive performance
of the F2_D rats, such as a decreased percentage of rats with a positive pregnancy diagnosis, a lower number of rats with full-term
pregnancies, and higher rates of embryonic losses before and after implantation at the end of pregnancy. Furthermore, the diabeto-
genic tendency remained in the next generation, as great-grandchildren newborns (F3_D), which showed hyperglycemia and mac-
rosomia, confirming the transgenerational diabetes-induced damages in rats.

Diabetes in adulthood induced by transgenerational diabetes in both clinical studies and laboratory animals may cause changes
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Fig. 5. Data on F3 generation (great-granddaughters) at birth. A- Fetal body weight (g). B~ Fetal body weight classification. C- Glycemia (mg/dL).
D- Sex ratio percentage (%) (n = 28 female newborns/group, 2 female newborns/mother for glycemia) (n = 155 newborns for F3_C, and n = 128
newborns for F3_D for fetal body weight, fetal body weight classification, and sex ratio). Values expressed as mean =+ standard deviation (SD)

p < 0.05—compared to the F3_C group (T-test for fetal body weight and glycemia).

*p < 0.05—compared to the F3_C group (Chi-square test for fetal body weight classification).

throughout the individual’s life. Therefore, the body weight assessed at birth is essential to verify the transgenerational effect of
diabetes. The present study demonstrated that F2 D rats showed abnormal body weight in adulthood. Regardless of whether the
newborn is classified as small (SGA) or large (LGA) for gestational age, consequences occur in adult life due to abnormal growth to
compensate for the birth weight [19]. Sinzato et al. [11] showed that female F2_D rats were born SGA. Ong et al. [20] verified that
individuals born SGA have two pathways to follow: 1) No changes or 2) Rapid growth, called catch-up. The short-term benefits of rapid
and accelerated growth are resistance to infections and childhood survival [21]. However, intrauterine restriction-induced catch-up
growth in rats increases the adipocyte size in the retroperitoneal muscle, which increases the levels of circulating triglycerides and
HOMA-IR, indicating the effect of catch-up growth on fat accumulation and abnormal metabolism [19,22].

In addition to the hyperglycemic maternal environment from the FO generation, the catch-up observed in F2_D rats might also have
influenced it since, in our study, the F2_D rats presented metabolic complications on day 120 of life. Although fasting glycemia had no
change, F2_D rats had hyperinsulinemia and higher TyG and HOMA-IR indexes, indicating insulin resistance in these animals, similar
to other studies in our laboratory [10]. Clinical studies demonstrate that fasting hyperinsulinemia and insulin resistance are substantial
risk factors for the progression of diabetes [23,24]. Our laboratory has shown that maternal diabetes causes lipid and glycemic ab-
normalities and higher fasting insulin in daughters from diabetic rats, confirming insulin resistance by increased TyG index [10].
Besides abnormal glucose metabolism, the endocrine pancreas of adult granddaughters was also compromised. The HOMA-f index and
the percentage of immunostained cells for insulin observed an improved function of p-cells. This suggests that -pancreatic cells had
been working at high capacity as a compensatory mechanism against insulin resistance to achieve glucose homeostasis. The p-cell is
about to go into exhaustion, failing to synthesize and secrete insulin and progressing to diabetes, as explained by Weir & Bonner-Weir
[25], who describe five stages of evolving -cell dysfunction during progression to diabetes. This could explain the differences observed
in the percentage of insulin-positive cells in the F1 and F2 generation of diabetic rats, demonstrating the evolutionary process from
glucose intolerance to diabetes.

Epidemiological studies show that decreased HDL cholesterol levels are related to a high risk of developing DM2 [26,27].
HDL-cholesterol can modulate glucose concentration through insulin secretion by pancreatic p-cells and stimulate glucose uptake in
skeletal muscle [28-31]. In our study, the adult female F2_D rats (120 days of life) had lower serum levels of total cholesterol in the
pre-pregnancy period, suggesting that this reduction might be related to lower levels of HDL-cholesterol in these animals, also
contributing to hyperglycemia. Furthermore, F2_D rats showed higher serum triglyceride levels, which are associated with diabetic
dyslipidemia [32-34] and can be considered a marker of type 2 DM [35]. Excessive release of unesterified fatty acids by adipocytes
under insulin resistance and/or deficiency seems to be a significant driver of dyslipidemia in diabetes and insulin resistance [36]. Thus,
our results indicate that the diabetes status of the FO generation in female rats led to fetal programming in F1 generation females and,
consequently, F2 generation female rats, leading to severe impairments in these animals’ different generations.
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In this study, although the activity of antioxidant enzymes is lower in F2_D rats, they are managing to act; that is, they are being
consumed to maintain reduced HyO5 levels without leading to oxidative stress. Although these animals did not present oxidative stress
in their blood, more studies need to be carried out to verify whether there is the presence of oxidative stress or changes in the activities
of antioxidant enzymes in tissues related to hyperinsulinemia and insulin resistance, such as the endocrine pancreas, liver and muscle.

To observe whether the metabolic changes in the pre-gestational period harmed the pregnancy of these animals, the F2_D rats were
subjected to mating. In this study, the F2_D rats had a decreased percentage of rats with a positive pregnancy diagnosis, a lower
percentage of rats with full-term pregnancies, and higher rates of embryo losses before and after implantation at the end of pregnancy.
Previous studies have shown that daughters from diabetic rats (F1 generation) also show changes in maternal reproductive outcomes.
However, different results were observed in F2 D and F1_D dams, such as fetal body weight and placental efficiency [11]. The
increased percentage of LGA fetuses might be because placental efficiency is also higher in the F2_D group, contributing to a greater
nutrient exchange to their fetuses (F3 generation).

The F3 generation of diabetic rats (F3_D) presented hyperglycemia at birth. Increased blood glucose stimulates the fetal pancreas to
synthesize and secrete insulin. Besides its hypoglycemic hormone, insulin acts as a growth hormone [37], suggesting that the endocrine
pancreas of the F3_D rats is being upstimulated due to the increased blood glucose level, consequently synthesizing and secreting more
insulin. This contributed to a rise in the number of F3_D fetuses classified as LGA at birth.

This study shows the effects of diabetes in F2 and F3 generation in vivo animals using different biomarkers to identify the dia-
betogenic process. However, there are some limiting factors, such as the evaluation of the presence of oxidative stress in other tissues,
the lack of carrying out immunohistochemical analysis of alpha and delta cells in F2 generation, and alpha, beta, and delta-cells in F3
generation, and the other limitation fact is related to the absence of calculation of Lee index of the newborns for assessment of body
mass index.

7. Conclusion

In conclusion, maternal hyperglycemia, existing since the neonatal period of the FO generation, was capable of negatively pro-
gramming the females of future generations, such as hyperinsulinemia, insulin resistance, and glucose intolerance in the F2 generation.
Additionally, macrosomia and hyperglycemia in the F3 generation. Thus, the transgenerational effect of diabetes contributes to the
increased number of diabetic people worldwide. Then, raising awareness about lifestyle changes, such as regular exercise and a
balanced diet, might help interrupt this cycle and improve the health of individuals with diabetes in future generations.

Funding

This study received financial assistance from CNPq (Researcher fellowship to DC Damasceno), PROPG (payment of publication
fees), and CAPES (fellowship to FQ Gallego).

Data availability

The authors confirm that the data supporting the findings of this study are available within the article. Raw data that support the
findings of this study are available from the corresponding author, FQG, upon reasonable request.

Code availability
Not applicable.
Declarations

The procedures and handling of animals used in this study are under the guidelines provided by the Code of Ethics for the Care and
Use of Animals from the Institutional Animal Care and Use Committee (IACUC) and the National Council for the Control of Animal
Experimentation (CONCEA) and authorized by the Ethics Committee on the Use of Animals (CEUA) of the Botucatu Medical School —
FMB/UNESP (Protocol No. 1375/2021).

CRediT authorship contribution statement

Franciane Quintanilha Gallego: Writing — review & editing, Writing — original draft, Project administration, Methodology,
Investigation, Formal analysis, Conceptualization. Vinicius Soares Barco: Writing — review & editing, Writing — original draft,
Methodology, Investigation. Yuri Karen Sinzato: Writing — original draft, Investigation. Veronyca Gongalves Paula: Writing — re-
view & editing, Investigation. Maysa Rocha de Souza: Writing — original draft, Methodology. Larissa Lopes da Cruz: Writing —
original draft, Methodology. Sayon Roy: Writing — review & editing, Investigation. José Eduardo Corrente: Writing — review &
editing, Formal analysis. Débora Cristina Damasceno: Writing — review & editing, Writing — original draft, Methodology,
Investigation.

10



F. Quintanilha Gallego et al. Heliyon 10 (2024) e31049

Declaration of competing interest

infl

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to
uence the work reported in this paper.

Acknowledgements

The authors thank for Mr. Danilo Chaguri and Mr. Jurandir Antonio for technical support and animal care.

References

[1]

[2]
[3]

[4

=

[5

—

[6]

[7

—

[8

—

91

[10]

[11]
[12]

[13]

[14]
[15]

[16]

[17]

[18]

[19]

[20]
[21]

[22]

[23]

[24]

[25]
[26]
[27]

[28]

C.R. Pfeifer, A. Shomorony, M.A. Aronova, G. Zhang, T. Cai, H. Xub, A.L. Notkins, R.D. Leapman, Quantitative analysis of mouse pancreatic islet architecture by
serial block-face SEM, J. Struct. Biol. 189 (2015) 44-52, https://doi.org/10.1016/j.jsb.2014.10.013.

World Health Organization. 2023. https://www.who.int/health-topics/diabetes#tab=tab_1. 2019. Accessed 6 December 2023.

E. Burgos-Moroén, Z. Abad-Jiménez, A.M. Marandn, F. lannantuoni, I. Escribano-Lépez, S. Lopez-Domenech, C. Salom, A. Jover, V. Mora, 1. Roldan, E. Sold,
M. Rocha, V.M. Victor, Relationship between oxidative stress, ER stress, and inflammation in type 2 diabetes: the battle continues, J. Clin. Med. 1385 (2019),
https://doi.org/10.3390/jcm8091385.

H. Yaribeygi, S.L. Atkin, A. Sahebkar, Mitochondrial dysfunction in diabetes and the regulatory roles of antidiabetic agents on the mitochondrial function,
J. Cell. Physiol. (2019) 8402-8410, https://doi.org/10.1002/jcp.27754.

A. Rudich, A. Tirosh, R. Potashnik, R. Hemi, H. Kanety, N. Bashan, Prolonged oxidative stress impairs insulin induced GLUT4 translocation in 3T3-L1 adipocytes,
Diabetes (1998) 1562-1569, https://doi.org/10.2337/diabetes.47.10.1562.

B.A. Maddux, W. See, J.C. Lawrence, A.L. Goldfine, I.D. Goldfine, J.L. Evans, Protection against oxidative stress induced insulin resistance in rat L6 muscle cells
by micromolar concentrations of alpha-lipoic acid, Diabetes (2001) 404-410, https://doi.org/10.2337/diabetes.50.2.404.

E.U. Alejandro, T.P. Mamerto, G. Chung, A. Villavieja, N.L. Gaus, E. Morgan, M.R.B. Pineda-Cortel, Gestational diabetes mellitus: a harbinger of the vicious cycle
of diabetes, Int. J. Mol. Sci. 5003 (2020), https://doi.org/10.3390/ijms21145003.

B. Portha, A. Chavey, J. Movassat, Early-life origins of type 2 diabetes: fetal programming of the beta-cell mass, Exp. Diabetes Res. (2011) 105076, https://doi.
org/10.1155/2011/105076.

D.M. Scholtens, A. Kuang, L.P. Lowe, J. Hamilton, J.M. Lawrence, Y. Lebenthal, W.J. Brickman, P. Clayton, R.C. Ma, D. McCance, W.H. Tam, P.M. Catalano,
B. Linder, A.R. Dyer, W.L. Lowe, B.E. Metzger, Hapo, Hyperglycemia and adverse pregnancy outcome follow-up study (HAPO FUS): maternal glycemia and
childhood glucose metabolism, Diabetes Care (2019) 381-392, https://doi.org/10.2337/dc18-2021.

V.G. Paula, Y.K. Sinzato, R.Q. Moraes-Souza, T.S. Soares, F.Q.G. Souza, B. Karki, A.M. Andrade Paes, J.E. Corrente, D.C. Damasceno, G.T. Volpato, Metabolic
changes in female rats exposed to intrauterine hyperglycemia and postweaning consumption of high-fat diet, Biol. Reprod. (2022) 200-212, https://doi.org
10.1093/biolre/ioab195.

Y.K. Sinzato, V.G. Paula, F.Q. Gallego, R.Q. Moraes-Souza, J.E. Corrente, G.T. Volpato, D.C. Damasceno, Maternal diabetes and postnatal high-fat diet on
pregnant offspring, Front. Cell Dev. Biol. (2022) 818621, https://doi.org/10.3389/fcell.2022.818621.

F.Q. Gallego, Y.K. Sinzato, C.A. Miranda, L.L. Iessi, B. Dallaqua, G.T. Volpato, W.R. Scarano, S. SanMartin, D.C. Damasceno, Pancreatic islet response to diabetes
during pregnancy in rats, Life Sci. (2018) 1-10, https://doi.org/10.1016/].1fs.2018.10.046.

V.S. Barco, F.Q. Gallego, V.G. Paula, Y.K. Sinzato, L.L. Cruz, M.R. Souza, L.L. lessi, B. Karki, J.E. Corrente, G.T. Volpato, D.C. Damasceno, Exposure to
intrauterine diabetes and post-natal high-fat diet: effects on the endocrine pancreas of adult rat female pups, Life Sci. (2022) 121108, https://doi.org/10.1016/j.
1fs.2022.121108.

M.M. Tai, A mathematical model for the determination of total area under glucose tolerance and other metabolic curves, Diabetes Care (1994) 152-154, https://
doi.org/10.2337/diacare.17.2.152.

J. Knopfholz, C.C. Disserol, A.J. Pierin, F.L. Schirr, L. Streisky, L.L. Takito, P.M. Ledesma, J.R. Faria-Neto, M. Olandoski, C.L.P. Cunha, A.M. Bandeira, Validation
of the friedewald formula in patients with metabolic syndrome, Cholesterol. (2014) 1-5, https://doi.org/10.1155/2014/261878.

F. Guerrero-Romero, L.E. Simental-Mendia, M. Gonzalez-Ortiz, E. Martinez-Abundis, M.G. Ramos-Zavala, S.0. Hernandez-Gonzalez, O. Jacques-Camarena,
M. Rodriguez-Moran, The product of triglycerides and glucose is a simple measure of insulin sensitivity. Comparison with the euglycemic-hyperinsulinemic
clamp, J. Clin. Endocrinol. Metab. (2010) 3347-3351, https://doi.org/10.1210/jc.2010-0288.

Y.K. Sinzato, T. Rodrigues, L.L. Cruz, V.S. Barco, M.R. Souza, G.T. Volpato, D.C. Damasceno, Assessment of oxidative stress biomarkers in rat blood, Bio Protoc.
(2023) 4626, https://doi.org/10.21769/BioProtoc.4626.

Y.K. Sinzato, E. Kloppel, C.A. Miranda, V.G. Paula, L.F. Alves, L.L. Nascimento, A.P. Campos, B. Karki, V. Hampl, G.T. Volpato, D.C. Damasceno, Comparison of
streptozotocin-induced diabetes at different moments of the life of female rats for translational studies, Lab Anim. (2021) 329-340, https://doi.org/10.1177/
00236772211001895.

E. Lizarraga-Mollinedo, G. Carreras-Badosa, S. Xargay-Torrent, X. Remesar, B. Mas-Pares, A. Prats-Puig, F. Zegher, L. Ibanez, A. Lopez-Bermejo, J. Bassols,
Catch-up growth in juvenile rats, fat expansion, and dysregulation of visceral adipose tissue, Pediatr. Res. (2022) 107-115, https://doi.org/10.1038/s41390-
021-01422-9.

K.K. Ong, Catch-up growth in small for gestational age babies: good or bad? Curr. Opin. Endocrinol. Diabetes Obes. (2007) 30-34, https://doi.org/10.1097/
MED.0b013e328013da6c.

C.G. Victora, F.C. Barros, B.L. Horta, R. Martorell, Short-term benefits of catch-up growth for small-for-gestational-age infants, Int. J. Epidemiol. (2001)
1325-1330, https://doi.org/10.1093/ije/30.6.1325.

G. Carreras-Badosa, X. Remesar, A. Prats-Puig, S. Xargay-Torrent, E. Lizarraga-Mollinedo, F. Zegher, L. Ibanez, J. Bassols, A. Lopez-Bermejo, DIk1 expression
relates to visceral fat expansion and insulin resistance in male and female rats with postnatal catch-up growth, Pediatr. Res. (2019) 195-201, https://doi.org/
10.1038/541390-019-0428-2.

A. Derakhshan, M. Tohidi, B. Arshi, D. Khalili, F. Azizi, F. Hadaegh, Relationship of hyperinsulinemia, insulin resistance and p-cell dysfunction with incident
diabetes and pre-diabetes: the Tehran Lipid and Glucose Study, Diabet. Med. (2015) 24-32, https://doi.org/10.1111/dme.12560.

G. PrayGod, S. Filteau, N. Range, B. Kitilya, B.B. Kavishe, K. Ramaiya, K. Jeremiah, A.M. Rehman, J. Changalucha, M.F. Olsen, A.B. Andersen, H. Friis, R. Krogh-
Madsen, D. Faurholt-Jepsen, p-cell dysfunction and insulin resistance about pre-diabetes and diabetes among adults in north-western Tanzania: a cross-sectional
study, Trop. Med. Int. Health (2021) 435-443, https://doi.org/10.1111/tmi.13545.

G.C. Weir, S. Bonner-Weir, Five stages of evolving beta-cell dysfunction during progression to diabetes, Diabetes (2004) S16-S21, https://doi.org/10.2337/
diabetes.53.suppl_3.516.

M.L Schmidt, B.B. Duncan, H. Bang, et al., Atherosclerosis risk in communities investigators. Identifying individuals at high risk for diabetes: the atherosclerosis
risk in communities study, Diabetes Care (2005) 2013-2018, https://doi.org/10.2337 /diacare.28.8.2013.

P.W. Wilson, J.B. Meigs, L. Sullivan, C.S. Fox, D.M. Nathan, R.B. D’Agostino, Prediction of incident diabetes mellitus in middle-aged adults: the Framingham
Offspring Study, Arch. Intern. Med. (2007) 1068-1074, https://doi.org/10.1001/archinte.167.10.1068.

B.G. Drew, S.J. Duffy, M.F. Formosa, et al., High-density lipoprotein modulates glucose metabolism in patients with type 2 diabetes mellitus, Circulation 119
(2009) 2103-2111, https://doi.org/10.1161/CIRCULATIONAHA.108.843219. Epub 2009 Apr 6.

11


https://doi.org/10.1016/j.jsb.2014.10.013
https://doi.org/10.3390/jcm8091385
https://doi.org/10.1002/jcp.27754
https://doi.org/10.2337/diabetes.47.10.1562
https://doi.org/10.2337/diabetes.50.2.404
https://doi.org/10.3390/ijms21145003
https://doi.org/10.1155/2011/105076
https://doi.org/10.1155/2011/105076
https://doi.org/10.2337/dc18-2021
https://doi.org/10.1093/biolre/ioab195
https://doi.org/10.1093/biolre/ioab195
https://doi.org/10.3389/fcell.2022.818621
https://doi.org/10.1016/j.lfs.2018.10.046
https://doi.org/10.1016/j.lfs.2022.121108
https://doi.org/10.1016/j.lfs.2022.121108
https://doi.org/10.2337/diacare.17.2.152
https://doi.org/10.2337/diacare.17.2.152
https://doi.org/10.1155/2014/261878
https://doi.org/10.1210/jc.2010-0288
https://doi.org/10.21769/BioProtoc.4626
https://doi.org/10.1177/00236772211001895
https://doi.org/10.1177/00236772211001895
https://doi.org/10.1038/s41390-021-01422-9
https://doi.org/10.1038/s41390-021-01422-9
https://doi.org/10.1097/MED.0b013e328013da6c
https://doi.org/10.1097/MED.0b013e328013da6c
https://doi.org/10.1093/ije/30.6.1325
https://doi.org/10.1038/s41390-019-0428-2
https://doi.org/10.1038/s41390-019-0428-2
https://doi.org/10.1111/dme.12560
https://doi.org/10.1111/tmi.13545
https://doi.org/10.2337/diabetes.53.suppl_3.s16
https://doi.org/10.2337/diabetes.53.suppl_3.s16
https://doi.org/10.2337/diacare.28.8.2013
https://doi.org/10.1001/archinte.167.10.1068
https://doi.org/10.1161/CIRCULATIONAHA.108.843219

F. Quintanilha Gallego et al.

[29]
[30]
[31]
[32]

[33]
[34]

[35]
[36]

[37]

Heliyon 10 (2024) e31049

L.R. Brunham, J.K. Kruit, T.D. Pape, et al., Beta-cell ABCA1 influences insulin secretion, glucose homeostasis and response to thiazolidinedione treatment, Nat.
Med. (2007) 340-347, https://doi.org/10.1038/nm1546. Epub 2007 Feb 18.

R. Han, R. Lai, Q. Ding, et al., Apolipoprotein A-I stimulates AMP-activated protein kinase and improves glucose metabolism, Diabetologia (2007) 1960-1968,
https://doi.org/10.1007/s00125-007-0752-7.

M.A. Fryirs, P.J. Barter, M. Appavoo, et al., Effects of high-density lipoproteins on pancreatic b-cell insulin secretion, Arterioscler. Thromb. Vasc. Biol. (2010)
1642-1648, https://doi.org/10.1161/ATVBAHA.110.207373.

R.C. Turner, H. Millns, H.A. Neil, et al., Risk factors for coronary artery disease in non-insulin-dependent diabetes mellitus: United Kingdom Prospective
Diabetes Study (UKPDS: 23), BMJ (1998) 823-828, https://doi.org/10.1136/bmj.316.7134.823.

T.J. Chahil, H.N. Ginsberg, Diabetic dyslipidemia, endocrinol. Metab, Clin. North. Am. (2006) 491-510, https://doi.org/10.1016/j.ecl.2006.06.002.

H.N. Ginsberg, M.B. Elam, L.C. Lovato, et al., ACCORD Study Group, Effects of combination lipid therapy in type 2 diabetes mellitus, N. Engl. J. Med. (2010)
1563-1574, https://doi.org/10.1056/NEJMoal001282.

N.M. De Silva, R.M. Freathy, T.M. Palmer, et al., Mendelian randomization studies do not support a role for raised circulating triglyceride levels influencing type
2 diabetes, glucose levels, or insulin resistance, Diabetes (2011) 1008-1018, https://doi.org/10.2337/db10-1317.

A.S. Alexopoulos, A. Qamar, K. Hutchins, M.J. Crowley, B.C. Batch, Guyton JR. Triglycerides, Emerging targets in diabetes care? Review of moderate
hypertriglyceridemia in diabetes, Curr. Diab. Rep. 13 (2019), https://doi.org/10.1007/s11892-019-1136-3.

Z. Laron, H. Werner, Insulin: a growth hormone and potential oncogene, Pediatr. Endocrinol. Rev. (2020) 191-197, https://doi.org/10.17458/per.vol17.2020.
Iw.insulinghpotentialoncogene.

12


https://doi.org/10.1038/nm1546
https://doi.org/10.1007/s00125-007-0752-7
https://doi.org/10.1161/ATVBAHA.110.207373
https://doi.org/10.1136/bmj.316.7134.823
https://doi.org/10.1016/j.ecl.2006.06.002
https://doi.org/10.1056/NEJMoa1001282
https://doi.org/10.2337/db10-1317
https://doi.org/10.1007/s11892-019-1136-3
https://doi.org/10.17458/per.vol17.2020.lw.insulinghpotentialoncogene
https://doi.org/10.17458/per.vol17.2020.lw.insulinghpotentialoncogene

	Effect of transgenerational diabetes via maternal lineage in female rats
	Summary sentence
	1 Introduction
	2 Methods
	2.1 Ethics Committee on the Use of Animals
	2.2 Animals
	2.3 F0 generation (parental animals) and F1 generation (daughters)

	3 Procedures performed on F2 generation (female granddaughters)
	3.1 Oral Glucose Tolerance Test (OGTT) and area under the curve (AUC) calculation
	3.2 Anesthetic procedure, glycemia, and laparotomy
	3.3 Evaluation of biochemical profile
	3.4 Homeostatic Model assessment (HOMA) and TyG index
	3.5 Oxidative stress analyses
	3.6 Immunohistochemical analyses of the pancreas
	3.7 Mating and pregnancy
	3.8 Laparotomy and reproductive outcomes

	4 Statistical analysis
	5 Results
	5.1 F2 generation
	5.2 F3 generation data

	6 Discussion
	7 Conclusion
	Funding
	Data availability
	Code availability
	Declarations
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	References


