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Changes in miR 21 and 23b expression in postnatal hypertrophic
heart derived from gestational diabetes precede dilated
cardiomyopathy
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Gestational diabetes mellitus (GDM) increases the risk of fetal congenital ventricular hypertrophic cardiomyopathy (HCM). We explored the effects and mechanisms of the postnatal progression of fetal hypertrophic failure in rat pups with STZ-induced Gestational Diabetes (GD). The hearts of rat pups (newborn [NB],
8, 15, 25 and 35 days postnatal) were obtained. Histological characteristics and expression of collagen were
evaluated. In-gel-gelatin zymography for MMP-9 activation was performed. Adrenergic receptors (a2AR and
b3AR), myosins (Myc6 and Myc7), Bcl-2 and Bax mRNA expression were quantiﬁed by qRT-PCR. Fetal
hypertrophy of the left ventricular lateral wall (LVLW) in rat pups with DG persists until day 8, although this
process appears to be reversed during the postnatal stage. The temporal continuity of the study demonstrated a
thinning of the ventricular wall, similar to dilated cardiomyopathy (DCM). This ventricular remodeling process
is associated with the expression of b3 adrenergic receptors and miR-21, -23b. The Bax/Bcl2 ratio was
signiﬁcantly reduced only at early ages. In addition, the increase in interstitial space in all ages, as well as the
predominance of early ages expression of Col2 and increased expression of Col3, MMP-9 and Cx43 in late
ages, is the result of an active extracellular remodeling in the hearts of rat pups with GD.
Keywords. adrenergic receptors; dilated cardiomyopathy; gestational diabetes; hypertrophic cardiomyopathy; microRNAs; type 2 diabetes

1. Introduction
Gestational diabetes mellitus (GDM), diabetes diagnosed in the second or third trimester of pregnancy that
was not clearly overt diabetes prior to gestation. GDM
http://www.ias.ac.in/jbiosci

is characterized by hyperglycemia due to impaired
glucose tolerance due to pancreatic b-cell dysfunction
on a background of chronic insulin resistance American Diabetes Association (2020) and has a prevalence
from 1 to 14% of all pregnancies American Diabetes
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Association (2020). Maternal diabetes is a common
predisposing factor for the development of obesity in
offspring (Guermouche et al. 2014), which might be
evident even later into adulthood (Martin-Gronert and
Ozanne 2006). Also, the exposure of the fetus to high
glucose concentrations during GDM increases the risk
of fetal congenital malformations such as macrosomia
and hypoglycemia, among others (Negrato et al. 2012).
Likewise, it is suggested that GDM also favors fetal
hyperinsulinemia, which represents a three to four
times greater risk of developing mainly cardiac deformations or malformations (Nazer Herrera et al. 2005),
among which ventricular hypertrophic cardiomyopathy
(HCM) (30%) (Dowling et al. 2014) and asymmetric
septal HCM (10–40%) stand out, despite the metabolic
control of the mother. HCM is characterized by high
expression of heavy chain myosin, excessive collagen
synthesis, interstitial ﬁbrosis, and apoptosis. Interstitial
ﬁbrosis is particularly important in HCM, it has been
showed that in young patients with HCM and sudden
death, cardiac collagen content was 8-fold greater than
in controls (Shirani et al. 2000). HCM patients have
increased collagen III synthesis and metalloproteinase
9 (MMP-9), this suggests a remodeling in the composition and activation of the extracellular matrix (Lombardi et al. 2003). This adverse remodeling remains in
newborns and there are still controversies whether the
GDM exposure can alter ventricular diastolic function
during early stage (Balli et al. 2014) and whether some
type of relation could persist into adulthood. A longitudinal study showed that the mother’s metabolic
control during pregnancy can substantially decrease the
development of hypertrophy and even reverse it in the
progeny during the ﬁrst years of life (Menezes et al.
2001). On the other hand, a question was raised on the
consequences of a poor metabolic control among
individuals. In a comparative study between children
with GDM versus mice with streptozotocin (STZ)
induced prediabetes, the authors proposed that in
GDM, hyperglycemia increases the advanced glycation
and products and reactive oxygen species, which promotes the accumulation of collagen in the myocardium,
leads to the development of myocardial ﬁbrosis and
increases ventricular stiffness (Han et al. 2015).
However, other studies were not consistent with these
results (Gordon et al. 2015).
Ventricular hypertrophic cardiomyopathy consists of
three processes at the cellular level. These processes are
myocyte growth, apoptosis, and interstitial ﬁbrosis
(Carreño et al. 2006), where epigenetic mechanisms
such as microRNAs (miRs) play a vital role. MiRs are
small non-coding RNAs that contain about 20–22

nucleotides. In general, the binding speciﬁcity to their
target depends on the recognition of complementary
7-nucleotide bases in the 50 -miR region that match with
the 30 -region in the mRNA (Gurha 2016; Seeger and
Boon 2016). Various studies highlight the involvement
of miR-21 and 23a as ﬁbrosis regulators not only at the
myocardial level, but also in cancer and liver failure
(Bauersachs 2012; Chen et al. 2019; Cheng et al. 2017;
Gao et al. 2018; Long et al. 2017).
In macrosomic newborns, hypertrophy can be clinically asymptomatic, and the performance of an
echocardiogram is not always performed. Likewise,
reports in humans indicate that HCM associated with
GDM is reversed in the ﬁrst years of life (HernándezValencia. 2005). However, there are not enough longterm follow-up studies evaluating the structure and
function of the left ventricle (LV) in individuals
exposed to GDM; therefore, we do not have precise
data in the rate of HCM with or without left ventricular
dysfunction and/or residual Cardiac Index (CI) in this
population. The purpose of this study was to analyze
the postnatal progression of HCM and delineate the
structural and molecular changes associated with the
postnatal heart system using a rat model with STZinduced gestational diabetes (Kiss et al. 2009), which
conﬁrms that induced maternal hyperglycemia is
directly associated with fetal development.
2. Materials and methods
In this study, the experimental procedures were carried
out in accordance with the Guide for the Care and Use
of Laboratory Animals of the National Institute of
Health (NIH Publications No. 80-23) revised in 1996
and in accordance with the conditions established in the
NOM-062-ZOO-199 standard (AS de Aluja 2002)

2.1 Animals and gestational diabetes models
Sprague-Dawley virgin rats (250–300 g) were used.
The animals were housed in individual cages and kept
under controlled temperature conditions (21±2°C) and
light/dark cycles (12 h), food (standard rat chow) and
water at libitum. Estrous cycle was monitored daily for
vaginal smears. Estrus female were housed with males
overnight to allow mating. Copulation and onset of
gestation (day 0) was determined by the presence of
sperm in the vagina and the formation of a seminal
plug. GD was induced by intraperitoneal injection of
45 mg/kg streptozotocin (STZ, Sigma-Aldrich Chemie
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GmbH, Germany), in citrate solution, pH 4.5, on the 7
day of gestational age (Aref et al. 2013; Kiss et al.
2009). Control females were administered with citrate
solution. Three days after administration, glucose was
measured in a tail vein blood sample with a glucometer
(ACCUCHECKÒ Active Glucometer, Roche Diagnostics, Germany). Females with glucose values ranging 120–250 mg/dl were classiﬁed as diabetic (Nazari
et al. 2017); therefore, they were kept under constant
observation to record the time of parturition. Finally,
the rat pups were euthanized with 3% isoﬂurane
(Dowling et al. 2014) at speciﬁc times (newborn [NB],
8, 15, 25 and 35 days postnatal) to obtain the hearts.
2.2 Cardiac morpho-histopathology
The hearts were ﬁxed with 4% paraformaldehyde for
24 h. A post-ﬁxation with 70% ethanol was performed
for 30 min and cross sections were made at the level of
the upper middle third. The atria and entry tracts were
removed. The hearts were photographed under a
stereomicroscope. The thickness of the left ventricular
free lateral wall (LVLW) and the interventricular septum (IVS) was evaluated in each micrograph. Subsequently, the hearts were dehydrated, embedded in
parafﬁn and 8 lm cuts were made. Hematoxylin-eosin
staining was used to contrast the cytoplasm and nuclei,
respectively. Five micrographs were taken randomly by
each group under a conventional 40X magniﬁcation
(Zeiss, Oberkochen, Germany). The ImageJ program
(https://imagej.nih.gov/ij/index.html) was used to
determine the interstitial space index (IS).
2.3 Immunoﬂuorescence
Hearts previously ﬁxed with 4% paraformaldehyde
(PFA) solution and post-ﬁxed in 70% ethanol were
washed using 1% PBS/0.05% Triton. The non-speciﬁcity of the proteins was reduced using a universal
blocker (Biogenex, USA). The primary antibodies used
were collagen II (Col2) and collagen III (Col3) (Santa
Cruz Biotechnology, Santa Cruz, CA), they were
incubated for 1 h at room temperature, in a humid
chamber, with gentle shaking. After the washes, the
secondary antibody coupled to the ﬂuorophore was
incubated for 1 h at room temperature. The nuclei were
contrasted using DRAQ7 staining solution (BioStatus,
United Kingdom) for 20 min. PBS-Glycerol 1:1 was
used as mounting medium. Five micrographs were
randomly captured at 40X magniﬁcation using the Zen
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2009 version program and confocal microscope (Zeiss,
Oberkochen, Germany).
2.4 Gelatin zymography
The zymogram assay was performed using a 16% SDSPAGE gel containing 0.1% (w/v) Micrococcus
lysodeikticus cells (Sigma-Aldrich Chemie GmbH,
Germany) as substrate. The gel was washed three times
and immersed in water for 10 minutes. After washing
process, the gel was incubated in refolding buffer (25
mM Tris-HCl, pH 7.0, 1% Triton-X 100 (w/v)) for 16 h
at 37°C and washed again. After that, the gel was
stained with 0.1% (w/v) methylene blue in 0.01% (w/v)
KOH solution for 3 h. The gel was rinsed with water
overnight to remove excess staining. The zymogram
assay control was performed to remove the protein
refolding step. Therefore, after running SDS-PAGE, the
gel was washed and immediately stained with methylene blue.
2.5 Real-time quantitative PCR
Total RNA was isolated from rat hearts using Trizol
reagent (Life Technologies) following manufacturer’s
instructions. cDNA was synthesized by reverse transcription on 1 lg of total RNA to a ﬁnal volume of 20
lL using the M-MuLV Reverse Transcriptase (M-MLV
RT) enzyme (New England BioLabs, USA) according
to the instructions contained in the datasheet. RT-qPCR
was carried out using an Mx3005p thermal cycler with
MxPro qPCR v.3.00 software (Agilent Technologies,
USA) and SYBR Green as detection system. Speciﬁc
primers were designed for the a-2adrenergic receptor
(a2AR)
(FW:
CTCGCTGAACC
CTGTTATCTA, RV: TCACACGATGCGCTTTCT; a3adrenergic receptor (b3AR) (FW: CTTACCTAC
CTCCCTTCCTACT,
RV:
GGTTTCCTGC
TTTCCAACTAAC); BAX (FW: AGGACGCATCC
ACCAAGAAG,
RV:
CAGTTGAAGTTGCCGT
CTGC); Bcl2 (FW: CTGGTGGACAACATCGCT
CTG, RV: GGTCTGCTGACCTCACTTGTG); Cnx43
(FW: CTCACGTCCCACGGAGAAAA, RV: CGC
GATCCTTAACGCCTTTG); Myc6 (FW: TGAGA
CGGTGGTGGGTTTGT, RV: AGAGCAGACAC
TGTTTGGAAGGA); Myc7 (FW: TCCTCACAT
CTTCTCCATCTCTGA, RV: AGCAAAATATTGG
ATGACCCTCTT). Each reaction was performed by
triplicate at a 20 lL ﬁnal volume contained 1X SYBR
Green Master Mix (Thermo Fisher Scientiﬁc, MA,
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1. Diabetes Gestational induced left ventricular
remodeling. (A) Representative photomicrograph of the
heart of 35D rats. The cardiac dysfunction was evaluated by
measuring of the left ventricular lateral free wall (LVLW)
and interventricular septum (IVS). (B) Quantitative expression messenger alpha (a2AR) and beta (b3AR) adrenoceptors. (C) Myc6 and Myc7 expression. GD: gestational
diabetes, CTRL: control. Five organisms by age in each
group were analyzed. Results were presented as mean values
± standard deviation. *, p \ 0.05 vs Control group.

b Figure

USA), 400nM forward primer, 400nM reverse primer
(IDT, USA), nuclease-free water and 100 ng cDNA.
Ampliﬁcation was performed at the following conditions: 1 cycle at 95°C for 10 min followed by 40 cycles
at 95°C for 15 s, and 56°C for 60 s. GAPDH was used
as the housekeeping gene (FW: ATGGTGAAGGT
CGGTGTGAAC
and
RV:
GGTTACCAGGG
CTGCCTTC).
TaqMan MicroRNA Assays (Thermo Fisher Scientiﬁc, MA, USA) were used for the detection of miRNAs. Expression of miR-21 (UAGCUUAU
CAGACUGAUGUUGA), miR-23b (GGGUUCCU
GGCAUGCUGAUUU) and the RNU6B like housekeeping gene were performed by triplicate in a ﬁnal
volume of 20 lL containing the following components:
1X TaqMan Small RNA Assay, 10 ng miRNA speciﬁc
cDNA, 1X TaqMan Universal PCR Master Mix II and
nuclease-free water. Ampliﬁcation program was as
follows: one cycle at 50°C for 2 min, one cycle at 95°C
for 10 min, 40 cycles at 95°C for 15 sec and 60°C for
60 sec. The relative expression was determined by a
2DCt analysis using the 35-day-old control (Ct) rat as
reference, since it is young adult with no cardiac
alterations.
2.6 Statistical analysis
Results are presented by the mean and standard error of
the mean (SEM). The IBM SPSS Statistics v. 25.0
(Chicago, USA) software was used to analyze the data
and one-way ANOVA was used to determine signiﬁcant differences among groups. Correlation between
the variables was established by Pearsons coefﬁcient.
A level of P-value B 0.005 was statistically signiﬁcant.
Finally, the differences between the subgroups were
analyzed by the Student’s t-test and the Shapiro-Wilk
test for normality.
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3. Results
3.1 Cardiac hypertrophy in the offspring
of diabetic rats
3.1.1 Ventricular remodeling: The typical ventricular
remodeling of hypertrophy was determined by measuring the thickness of the LVLW and the IVS in the
hearts of the rat pups with GD. Notably, a signiﬁcant
increase in LVLW thickness was observed in NB and
8D rat pups with GD versus CTRL (p = 0.000). The
thickness of the LVLW was similar between the two
groups in the third stage of the study (Day 15,
p = 0.001), and in last stage (Day 25, p = 0.001), the
group of rat pups with GD showed a signiﬁcant thinning of the LVLW compared to the control group.
While the IVS thickness was signiﬁcantly greater in rat
pups with GD at all ages analyzed (ﬁgure 1A).
In response to this remodeling process, adrenergic
receptors were analyzed. Interestingly, in the LV of
offspring with GD, the expression of the a2AR signiﬁcantly increased at birth, but it decreased at late ages
compared to CTR. On the other hand, the expression of
the b3AR had no signiﬁcant changes among the groups
at early ages but signiﬁcantly decreased at Day 35 in
the offspring with GD (ﬁgure 1B). Pearson’s analyses
showed that a2AR expression was signiﬁcantly related
to LVLW thickness (table 1).
Myocyte hypertrophy was determined by several
molecular abnormalities including contractile proteins.
The mRNA expression levels of the Myc6 and Myc7
increased signiﬁcantly in newborns with GD. In contrast, the expression of Myc6 declined signiﬁcantly
upon reaching maturity in pups with 35 days GD
(ﬁgure 1C). While Myc7 cardiac myosin reached basal
levels; it appears that the expression of both myosin’s
correlates signiﬁcantly with the LVLW diameter and
the a2AR and b3AR expression, respectively (table 1).
3.2 Determination of apoptotic activity
The apoptotic activity was determined by the Bax/Bcl2
ratio (ﬁgure 2). The expression Bcl-2 decreased whilst
that Bax increased in NB with gestational diabetes. The
Bax/Bcl2 ratio was signiﬁcantly decreased in NB, 8D
and 15D stages. In 25-day-old offspring of diabetic rats
the Bax/Bcl-2 ratio increased versus CTR. Bax/Bcl2
ratio was signiﬁcantly correlated with mRNA expression of adrenergic receptors and Myc6 (table 1).

miR-23b

miR-21

0.655*
0.021
0.800
0.200
1.000

a2AR
0.371
0.235
0.400
0.600
0.740**
0.002
1.000

b3AR
0.657*
0.020
0.800
0.200
0.777**
0.001
0.549*
0.034
1.000

Myc6
0.351
0.263
0.400
0.600
0.735**
0.002
0.701**
0.004
.894**
0.000
1.000

Myc7
0.858**
0.000
0.800
0.200
0.503
0.056
0.427
0.113
0.345
0.208
0.151
0.591
1.000

IS
- 0.391
0.235
- 0.200
0.800
0.160
0.584
.656*
0.011
- 0.015
0.958
0.194
0.505
0.137
0.642
1.000

Col1
- .790**
0.002
- 0.800
0.200
- .601*
0.018
- 0.227
0.415
- .632*
0.011
- 0.329
0.232
- .685**
0.005
0.358
0.208
1.000

Col3
.790**
0.002
0.800
0.200
0.452
0.091
0.141
0.615
.704**
0.003
0.513
0.050
0.454
0.089
- 0.323
0.260
- .636*
0.011
1.000

MMP
0.130
0.687
0.400
0.600
0.222
0.426
0.501
0.057
0.417
0.122
.559*
0.030
- 0.088
0.755
0.192
0.510
0.086
0.760
0.377
0.166
1.000

Cx43
0.205
0.524
0.200
0.800
0.427
0.113
.763**
0.001
0.413
0.126
.589*
0.021
0.187
0.505
0.525
0.054
- 0.029
0.918
0.228
0.414
.840**
0.000
1.000

Bax
0.141
0.662
0.200
0.800
0.496
0.060
.750**
0.001
.521*
0.046
.716**
0.003
0.049
0.862
0.426
0.128
0.036
0.898
0.293
0.289
.905**
0.000
.934**
0.000
1.000

Bcl-2
- 0.387
0.214
- 0.281
0.500
0.533*
0.041
0.690*
0.004
0.539*
0.038
0.511
0.0.51
- 0.009
0.976
0.232
0.425
- 0.329
0.231
- 0.093
0.742
0.305
0.269
0.270
0.330
0.273
0.325
1.000

Bax/Bcl2

Apoptotic activity

0.194
0.546
0.400
0.600
.693**
0.004
.903**
0.000
0.406
0.133
.566*
0.028
0.398
0.142
.617*
0.019
- 0.147
0.600
- 0.022
0.939
0.418
0.121
.734**
0.002
.727**
0.002
0.323
0.240
1.000

miR-21

0.095
0.769
- 0.200
0.800
.557*
0.031
.824**
0.000
0.280
0.312
0.491
0.063
0.347
0.204
.706**
0.005
- 0.058
0.839
- 0.068
0.809
0.298
0.280
.730**
0.002
.636*
0.011
0.313
0.256
.873**
0.000
1.000

miR-23b

microRNAs

LVLW, left ventricular lateral free wall; IVS, interventricular septum; a2AR, a-adrenergic receptor; b3AR, b-adrenergic receptor; Myc6, a-cardiac myosin; Myc7, b-cardiac myosin; IS, interstitial space index;
Col2, collagen II; Col3, collagen III; MM9, metalloproteinase 9; Cx43, Connexin 43. p value = 0.05*, 0.001**

microRNAs

Bcl-2/Bax

Bcl-2

Bax

Cx43

MMP9

Col3

Col2

IS

0.976**
0.00
1.000

IVS

Fibrosis

Page 6 of 12

Apoptotic activity

Fibrosis

Myc7

Myc6

b3AR

a2AR

IVS

1.000

Area increase

LVLW

LVLW

Pearsons Rho

Area increase (cardiomyocyte)

Table 1. Correlation of the expression of damage markers vs microRNAs in the heart of rats with GD
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Figure 2. Indicators of apoptosis in rat pups with gestational diabetes. (A) mRNA Bax. (B) mRNA Bcl-2. (C) Bax/Bcl2
ratio. GD: gestational diabetes, CTRL: control. Five organisms by age in each group were analyzed. Results were presented
as mean values ± standard deviation. *, p \ 0.05 vs Control group.

3.3 Interstitial ﬁbrosis
In the micrographs shown in ﬁgure 3A, no relevant
histological changes were observed in the hearts of rats
with GD. There were also no signs of ﬁbrosis in the LV
and IVS of this group. However, there was a signiﬁcant
increase in the interstitial space (IS) index in all ages
analyzed in relation to the control (ﬁgure 3A). In
addition, when evaluating the presence protein
expression of Col2 and Col3 by confocal microscopy,
the predominance in the Col2 expression in NB and
until Day 8, in the group of rats with GD was
remarkable. While high intensity levels protein of Col3
were determined from Day 15 in relation to the CTR
(ﬁgure 3B). It should be noted that the Col3 expression

was negatively regulated by the area of LVLW and the
a2AR and Myc6 expression RNAm (table 1).
On the other hand, the regulation and structure of the
extracellular matrix were also evaluated by the activity
of MMP-9. Figure 3C shows the 87 kDa band that
corresponds to active MMP-9. Interestingly, MMP-9
activity was lower in GD rats. Therefore, from Day 15
to Day 35 a signiﬁcant increase in MMP-9 was
observed compared to controls (15D, p = 0.004; 25D,
p = 0.014; 35D, p = 0.05). Apparently, the activity of
MMP9 was negatively regulated by the Col3 expression, but strongly related to the LVLW area (table 1).
Finally, the activity of MMP-9 was veriﬁed by Cx43
expression. High levels intensity of the protein of Cx43
expression were determined at early ages in the LV of
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Figure 3. Selective alterations in the heart postnatal during Gestational diabetes induced. (A) Representative photomicrograph HE-stained sections of heart (35D pups) with Gestational diabetes and control under 400x magniﬁcation. (B) Digital
image analysis for confocal sections of Type II (Col 2) and III (Col 3) collagen deposition were shown by green color under
the heart. (C) MMP9 activity by 2D zymography. (D) The connexin isoform for Cx43 was determined by quantitative
expression messenger. Gestational Diabetes (GD), control (CTR) *, p \ 0.05 vs Control group. Five organisms by age in
each group were analyzed.
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Figure 4. Changes in miR-21 and -23b expression in the heart postnatal during Gestational diabetes. (A) miR-21
expression. (B) miR-23 expression. GD: gestational diabetes, CTRL: control. Results were presented as mean values ±
standard deviation. *, p \ 0.05 vs Control group. Five organisms by age in each group were analyzed.

rat pups with GD, but it was reduced at late ages
compared to CTR (ﬁgure 3D). Furthermore, the Cx43
expression has a signiﬁcant relationship with the Myc7
expression (table 1). All these data show that MMP-9
activates the remodeling of extracellular matrix in the
hearts of rats with GD.
3.4 Analysis of the miR-21, -23b expression
Interestingly high levels of miR-21 expression were
determined in the LV of NB and 35D rats with GD
(ﬁgure 4). However, the expression of miR-21 in
intermediate ages decreased signiﬁcantly, although the
linear adjustment suggested an increase in this miR
expression at later ages (NB, p = 0.000; 15D,
p = 0.011; 25D, p = 0.005, 35D, p = 0.002). The miR21 expression was strongly correlated with the b3AR
messenger, Myc7, COL2, Bax and Bcl2 (table 1).
Regarding miR-23b expression (ﬁgure 4), a signiﬁcant increase was observed on day 15 and 35 in LV of
rats with GD (15D, p = 0.006; 25D, p = 0.002; 35D,
p = 0.001). On the other hand, the expression of miR23d was strongly correlated with the b3AR messenger,
COL2, Bax and Bcl2.

4. Discussion
GD is associate with adverse outcome for the mother,
the fetus, neonate, child, and adult offspring of the
diabetic mother. During the fetal stage, the heart is one

of the organs most affected by diabetes and has a
higher risk of developing heart malformations (8.5%),
including fetal hypertrophy. Fetal hypertrophy leads to
HCM with or without obstruction (10–20%), which
could be complicated with cardiomegaly and congestive heart failure in newborn (Medina-Pérez et al.
2017).
In this study, the progression of ventricular remodeling failure was evaluated in offspring with STZ-induced gestational diabetes. We determined for the ﬁrst
time that fetal hypertrophy leads to HCM in the neonate, and that it is apparently reversed during the
postnatal stage (Day 15). However, from this age on,
the remodeling process concluded in the thinning of the
LVLW until it reached values below those found in the
control group. Although an increase in LV diameter
was not conﬁrmed, LVLW thinning is an anatomical
ﬁnding of dilated cardiomyopathy (DCM). This
abnormal LV ventricular remodeling is a response
associated with miR-21, 23b and b3AR expressions.
The progression from left ventricular hypertrophy to
subclinical left ventricular dysfunction and subsequent
dilation has already been determined in animal models
with pressure overload and studies of hypertension in
humans (Molina et al. 2013). In such study, adrenergic
stimulation due to initial pressure overload produces an
increase in circulating catecholamines which is beneﬁcial in the acute phase, but it has subsequent deleterious effects that include increased oxygen
consumption and wall stress, accelerated apoptosis,
necrosis and ﬁbrosis, common conditions in DCM and
heart failure (Aoyagi et al. 1993). Studies with
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echocardiography in humans have shown that normal
and even increased values of left ventricular ejection
fraction (LVEF) translate systolic dysfunction in the
presence of ventricular hypertrophy (Aoyagi et al.
1993) that is evidenced with other less routinely used
left ventricular function methods such as myocardial
performance index (MPI) and strain/strain rate (Aoyagi
et al. 1993); on the other hand, there is also a positive
correlation between the degree of thinning of the left
ventricular free wall with greater systolic dysfunction.
An evaluation with fetal echocardiogram before the rat
pup’s euthanasia as well as the determination of the
serum levels of natriuretic peptide type B in the different stages could allow us to approximate the functional consequences of the structural and molecular
abnormalities that we found; however, this was not
carried out and constitutes a limiting of our study and
new working hypotheses to test in future studies. High
levels of the a2AR receptor messenger in rat pups with
GD that were determined at birth and correlated with
LVLW thickness suggests that this receptor is one of
the main regulators of neonatal HCM. In other models,
studies have previously shown that this receptor shares
common intracellular signaling pathways with other
growth factors, including angiotensin II and endothelin.
In such a way, its expression may be sufﬁcient to
induce hypertrophy (Mann et al. 1992; Morales et al.
1999). Furthermore, Pearson analysis conﬁrmed a close
relationship between a2AR expression and cardiac
myosins. It should be noted that both the a2AR and
b3AR receptors were downregulated as the age of the
GD offspring increased, possibly this dysregulation is
responsible for altering the intrinsic function of the LV,
since experimental studies have shown that b3AR
receptor down-regulation is related to DCM in which
there is greater systolic dysfunction than that observed
by pressure overload (Mann et al. 1992). For this
reason, myosin levels are also reduced in rat pups with
GD.
On the other hand, contractile dysfunction can also
be altered by apoptotic activity in HCM. Naturally,
there is a cardiomyocyte apoptosis that is usually
phagocytosed and has no inﬂammatory response
(Bialostozky et al. 2008). The apoptotic pathway in the
cardiomyocyte begins with the release of cytochrome c
from the mitochondria in response to an apoptotic
stimulus. This pathway is tightly regulated by antiapoptotic proteins such as Bcl-2, and pro-apoptotic
such as Bax. Therefore, the Bax/Bcl2 ratio is an indicator of apoptosis (Hasnan et al. 2010). Our results
showed that apoptotic activity is reduced in the early
stages in LV in rats with GD. Similar results have been

observed in the hearts of guinea pigs neonates with
nutritional restriction before and during gestational age
(Fernandez et al. 2001; Masoumy et al. 2018), and in
left ventricle of fetal hearts in pregnant obese rats
(Tejada López et al. 2018); suggesting the importance
of apoptosis in normal postnatal cardiac maturation.
Therefore, the process for remodeling is deemed necessary in response to the abrupt redistribution of blood
ﬂow at birth (Fernandez et al. 2001; Masoumy et al.
2018). The lack of these processes leads to structural
and functional adaptations like those occurring in DCM
in adults (Paradis et al. 2014). The decrease in apoptosis markers is signiﬁcantly correlated with the levels
of miR-21 and -23b expressions. Therefore, these
microRNAs could be involved in the decrease of
apoptotic activity in the left ventricle of the offspring of
mothers with GD. Previous studies on myocardial
infarction (MI) indicate that these microRNAs, especially miR-21 expression, are regulators of cardiac
angiogenesis, ﬁbrosis, and cardiomyocyte hypertrophy
(Bauersachs 2012; Gao et al. 2018; Gu et al. 2015).
Therefore, overexpression of miR-21 in the myocardial
infarction reduces myocardial cell apoptosis and
improves cardiac function.
Additionally, the increase of miR-21 expression has
been shown to protect cardiomyocytes against oxidative stress failure by increasing angiogenesis (Chen
et al. 2019). On the contrary, the increase in miR-23b
expression has been related to the decrease in ischemiareperfusion (I/R) and hydrogen peroxide (H2O2)
induced cardiomyocytes apoptosis (Cheng et al. 2017).
In this study, the miR-23b expression remained
unchanged until postnatal day 8 but it increased signiﬁcantly until postnatal day 15 in the offspring of
mothers with GD, however, differences were not
observed in apoptotic activity. These differences may
be observed since the involvement of miR-23b
expression in the regulation of apoptosis may vary
according to the cell type and stimulus (Long et al.
2017). So far, the biological implications that the
myocyte could present in the absence of Bcl-2 in the
adult stages are unknown, since other cardiac alterations such as acute coronary occlusion and reperfusion-induced myocardial injury at the Bcl-2 levels are
drastically reduced and increased apoptosis.
In recent years, considerable interest in alterations of
the cardiac interstitial has emerged. Likewise, Col2 and
Col3 are main components of myocardial interstitial
cells that consist of a spatial and structural network
supported by the shape and endurance of the heart
(Carreño et al. 2006; Uchinaka et al. 2018). Collagen
accumulation has been determined in both HCM and

Progression of fetal hypertrophic failure in rat pups GD

DCM. In relation to this, Col2 predominates in the left
ventricle of RN offspring of rats with DG, which is then
replaced by Col3 from day 15. Notably, both types of
collagen are expressed more in offspring hearts of rats
with GD. Although there is evidence that the renin-angiotensin system is responsible for stimulating ﬁbrosis
during advanced heart failure due to its toxicity to
myocytes in vitro, it is also known that it stimulates
collagen synthesis in ﬁbroblasts. There is a strong correlation between the Col2 expression with b3AR, miR21 and miR-23b, while Col3 is negatively regulated by
the a2AR expression and MMP9, but not by miR-21.
These results are consistent with studies carried out in
hearts with myocardial infarction, where the miR-21
overexpression decreases collagen deposits in peripheral
areas and improves cardiac function (Xue et al. 2018).
Due to the high prevalence of type 2 diabetes and
GD in the general population, these results highlight
the importance of long-term follow-up in infants of
diabetic mothers even beyond the stabilization of the
LVLW and IVS diameter that allow physicians to recognize some cases in children or young adults and even
in adults with thinning of the ventricular walls or even
with a frank DCM in a timely manner.
The planning and execution of future studies on
ventricular hypertrophy, and response to enrichment/
blocking of miR-21 and miR-23a and b3AR expression
in animal models could identify possible targets for
treatment and prevention for both HCM and DCM that
represents one of the main causes of cardiac death in
both adult and pediatric age.
5. Conclusion
Fetal hypertrophy of the left ventricular lateral wall
(LVLW) in rat pups with apparent GD is reversible in
the postnatal stage. However, remodeling progresses to
a thinning of the ventricular wall, similar to dilated
cardiomyopathy (DCM), associated with the expression of b3 adrenergic receptors and miR-21, -23b.
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