Cellular Physiology Cell Physiol Biochem 2019;52:1103-1116

DOI: 10.33594/000000075 © 2019 The Author(s)

and Biochemistry ubisned oniine: 13 apri 2019 Published by Cell Physol Boche
Press GmbH&Co. KG, Duesseldorf
Accepted: 19 January 2019 www.cellphysiolbiochem.com

This article is licensed under the Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 Interna-
tional License (CC BY-NC-ND). Usage and distribution for commercial purposes as well as any distribution of
modified material requires written permission.

Original Paper

Blunted Cardiac AMPK Response is
Associated with Susceptibility to Ischemia/
Reperfusion in Male Offspring of
Gestational Diabetic Rats

Xiaofang Luo®*¢ Hong Zou®P<d  Ping Xu**< Li Wen®® Joanna L. Stanley®
Xiaoxue Jiang" Ting-li Han® David Olson?® Chuan Peng®< Chen Zhang2®<
Xiaogiu Xiao*© Chao Tong®®*¢ Hongbo Qi**c Philip N. Baker®"

aDepartment of Obstetrics, The First Affiliated Hospital of Chongging Medical University, Chongqging,
China, PInternational Collaborative Joint Laboratory of Reproduction and Development, Ministry of
Education, Chongqing Medical University, Chongging, China, <State Key Laboratory of Maternal and
Fetal Medicine of Chongging, Chongging Medical University, Chongqing, China, “Department of
Obstetrics and Gynecology, University-Town Hospital of Chongqing Medical University, Chongging,
China, cLiggins Institute, University of Auckland, Auckland, New Zealand, ‘Department of Cardiology,
The First Affiliated Hospital of Chongqing Medical University, Chongging, China, ¢Departments of
Obstetrics and Gynecology, Pediatrics and Physiology, University of Alberta, Edmonton, AB, Canada,
"College of Life Sciences, University of Leicester, Leicester, UK

Key Words
Gestational diabetes mellitus « Fetal programming « AMPK « Ischemia/reperfusion « Cardiac
function

Abstract

Background/Aims: Gestational diabetes mellitus (GDM) is closely associated with early
perinatal complications and long-term health problems, such as cardiovascular disease, in
offspring. AMP-activated protein kinase (AMPK) is cardioprotective, particularly in the treatment
of ischemia/reperfusion (I/R). However, whether GDM programs offspring susceptibility
to cardiac I/R and the involvement of AMPK remain unclear. Methods: Streptozotocin was
administered to rats during mid pregnancy; the postpartum maternal metabolome was
assessed by chromatography-mass spectrometry (GC-MS). Male offspring were subjected to
body composition scanning followed by ex vivo global I/R. Cardiac signaling was determined
by Western blotting. Results: The body weights (BWs) of the GDM male offspring were
significantly heavier than those of the control group from the age of 8 weeks; the heart weights
(HWs) and HW/BW were also increased in the GDM group compared to the control group.
The ex vivo post-I/R cardiac contractile function recovery was significantly compromised in
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the GDM male offspring. The phosphorylation of AMPK and ACC was elevated by ex vivo I/R
in both groups, but to a significantly lesser extent in the GDM group. Conclusion: GDM male
offspring rats have higher risks of overgrowth and intolerance to cardiac I/R, which may be

due to a compromised AMPK signaling pathway.
© 2019 The Author(s). Published by
Cell Physiol Biochem Press GmbH&Co. KG

Introduction

Gestational diabetes mellitus (GDM) is defined as glucose intolerance that develops or
is first recognized during pregnancy; the condition typically resolves shortly after delivery
[1]. The prevalence of GDM is as high as 20%; women of all ethnicities are affected, and the
incidence is rapidly increasing worldwide [2], making this condition a major global health
concern.

Accumulating evidence indicates that GDM has numerous effects on both the mother and
offspring. These effects not only include short-term complications but also consequences for
long-term health [3]. Most women diagnosed with GDM have normal glucose concentrations
after delivery; however, they remain at a higher risk of developing type 2 diabetes in later
life [4]. The development of GDM may have serious consequences for the neonate, including
increased risks of developing macrosomia and birth injuries, such as shoulder dystocia,
stillbirth, and sudden infant death [5]. Further, studies of individuals born following a
pregnancy complicated by GDM have shown that the affected infants are at an increased risk
of congenital malformations, hypoglycemia, respiratory distress syndrome, polycythemia
and hypertrophic cardiomyopathy in the immediate postnatal period [6-9]. Evidence from
long-term studies suggests that offspring are also at increased risks of developing obesity,
diabetes, and cardiovascular disease in adulthood [10-12].

Adenosine monophosphate-activated protein kinase (AMPK), a serine/threonine kinase,
plays animportantrole in cellular energy metabolism homoeostasis and is expressed in many
tissues and cell types, including cardiomyocytes [13, 14]. AMPK attenuates high glucose-
induced oxidative stress in heart tissue and consequent cardiomyocyte apoptosis [15]; thus,
it may be a potential cross-species target of cardiac function in diabetes [16]. However,
the interplay of fetal cardiac AMPK and intrauterine hyperglycemia is poorly understood,
with limited information available regarding the role of AMPK in the programming of
offspring cardiac function. Given its ability to act in a protective role in cardiomyocytes in
a hyperglycemic environment, the aim of this study was to investigate the involvement of
AMPK in abnormal fetal cardiac development in a hyperglycemic intrauterine environment.

Materials and Methods

Establishment of a rat GDM model

Sixteen female Sprague-Dawley (SD) rats, which weighed 220~250 g at the age of 8 weeks, were mated
with 10-week-old male SD rats (250~300 g). Animals were obtained from the Experimental Animal Center
of Chongqing Medical University. The animal experiments were approved by the Medical Ethics Committee
of Chongqing Medical University. After overnight mating, a sperm-positive vaginal smear the next morning
indicated pregnancy and was noted as gestational day (G) 0.5. Pregnant rats were randomly assigned to the
GDM or control groups (8 rats per group). GDM was induced by STZ (35 mg/kg body weight, Sigma, St. Louis,
MO, USA), administered via intraperitoneal (i.p.) injection on G8.5. The rats in the control group received an
injection of citrate buffer under the same conditions. The blood glucose concentration was measured in both
groups on G8.5, followed by every three days; the GDM rat model was deemed successfully established, as
the average causal blood glucose level was 216.7 mmol/L. A small drop of blood was obtained from the tail
vein, and the blood glucose concentration was measured using a glucometer (ACCU-CHEK Integra, Roche,
Germany). The rats were then allowed to deliver spontaneously. All rats were maintained in controlled
temperature conditions (22-25°C), relative humidity (60%), and a 12 h light-dark cycle (lights on at 08:00).
All male offspring rats were provided with free access to a standard diet and tap water after weaning.
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Glucose tolerance test (GTT) and insulin tolerance test (ITT)

GTT and ITT assays were performed as previously established in our laboratory [17]. Briefly, male
offspring were fasted overnight with free access to tap water before the GTT test. The blood collected from
tail vein in conscious was used to determine the blood glucose concentration using a glucometer (ACCU-
CHEK Integra, Roche, Germany). This was deemed the 0 min sample. To perform a GTT, the rats then received
a glucose bolus (2 g/kg body weight, i.p.), and the blood glucose concentration was measured at 15, 30, 60,
and 120 mins.

The rats were fasted for 4 hours with free access to tap water before the ITT test. The blood glucose
concentration was measured, as previously described, before the rats received an insulin bolus (1 IU/
kg body weight, i.p.). The blood glucose concentrations were then measured at 30, 60, 90 and 120 mins
postinjection.

ELISA

The serum levels of insulin (INS) in the rats were detected by commercial ELISA kits purchased from
Shanghai Hu Shang Biological Technology Co., Ltd. (Shanghai, China) in accordance with the manufacturer’s
instructions. In brief, the microplates were coated with INS antibodies at 4 °C overnight, and the standard
and serum were subsequently combined with HRP-labeled INS antibodies at 37 °C for 1 hour; after washing
completely, tetramethylbenzidine (TMB) substrate was added for colorimetric measurement of INS. The
absorbance (OD) at 450 nm was detected by a microplate reader; the concentrations of INS were calculated
using standard curves (logistic).

Metabolomic analyses by Chromatography-Mass Spectrometer (GC-MS)

Metabolomic analyses of maternal serum were performed as previously reported [18]. Methyl
chloroformate (MCF) derivatives were detected in an Agilent Technology GC system (7890B, Agilent
Technology, California, USA) coupled to an MSD mass selective detector (EI) (59774, Agilent Technology,
California, USA) set at 70 eV. ZB-1701 GC capillary columns (0.15 pm x 250 pm id x 30 min with 5 m guard
column, Phenomenex) were used for all tests. All samples were injected with the injector temperature at
290 °C under pulsed splitless mode. A constant flow of 1 mL/min of helium gas flow was set through the GC-
column. The GC-oven temperature was originally held at 45 °C for 2 min, followed by a gradient ascent of 9
°C/min to 180 °C; after 5 min, the temperature raked at 40 °C/min to 220 °C. After an additional 5 min, the
temperature was ascent with a gradient of 40 °C/min to 240 °C for 11.5 min; ultimately, the temperature was
sloped up 40 °C/min until it reached 280 °C and remained at 280 °C for 7 min. The ion source temperature
was set to 230 °C, the quadrupole temperature was set at 150 °C and the interface temperature was 250 °C.
The mass spectrometry was conducted in scan mode and began after 5.5 min with scan rate of 0.1 sec and a
mass range between 38 and 550 amu.

Dual energy X-ray absorptiometry (DXA)

The DXA scans were performed as previously described with modification [19]. In brief, the animals
were anesthetized using chloral hydrate (10%, 3 ml/kg body weight, i.p.). DXA scans were performed with a
fan beam QDR 4500 A densitometer (Hologic, Inc., Bedford, MA, USA) calibrated daily in accordance with the
manufacturer’s recommendations. The animals were positioned centrally at the bottom of a square. All DXA
measurements and analyses were performed by the same investigator, and the data were analyzed using the
small-animal mode of Hologic Discovery Software (Hologic, Inc., Bedford, USA).

Measurement of blood pressure (BP) and heart rate (HR)

BP and HR were assessed by tail-cuff plethysmography (BP-2000 Blood pressure Analysis system,
Visitech System, NC, USA) in conscious rats. The rats were trained to be adaptive to the apparatus for 7
consecutive days, with measurements carried out on the following 7 days. The rats were maintained in the
restrainers for 5 to 10 preliminary measurements before the actual measurements were initiated, with 10
to 20 actual measurements obtained in each session.
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Ex vivo cardiac 1/R model

An ex vivo cardiac I/R model was established as previously described [20]. Briefly, 24-week-old male
offspring were anesthetized using chloral hydrate (10%, 3 ml/kg body weight, i.p.), 10 minutes after a
heparin injection (1000 U/kg, i.p.). The hearts were rapidly excised and immersed in prechilled (4°C) Krebs-
Henseleit bicarbonate buffer (KHB; pH 7.4, which contained in mmol/L 118 NaCl, 1.2 KH,PO,, 4.7 KCl, 1.4
CaClz, 1.2 MgSo,, 0.4 sodium oleate, 11 glucose, 10 uU/ml insulin and 1% BSA). Isolated hearts were then
subjected to ex vivo I/R via the use of the Langendorff Heart Perfusion System (Adnoti Glass Technology,
Inc. Monrovia, CA, USA) and perfused by 37°C KHB that was continuously infused with oxygen (95%) and
carbon dioxide (5%). The perfusion pressure was maintained at 70 mmHg. The contractile function was
measured and recorded by a Physiological counter (Biopac system, Goleta, CA, USA), and the data were
analyzed by Powerlab software (ADInstrument, CA, USA).

Immunoblotting

Immunoblotting was performed as previously reported [20]. Briefly, the left ventricular tissue or liver
tissue was rapidly removed and homogenized with ice-cold RIPA lysis buffer (Thermo Pierce Biotechnology,
Rockford, IL, US). The protein concentration was determined using a Bradford protein assay kit (Takara,
Shiga, Japan). Twenty micrograms of total protein in each sample were resolved on polyacrylamide gel,
transferred onto a polyvinylidene fluoride (PVDF) membrane (Millipore, Billerica, MA, USA) and blocked
with 5% nonfat dried milk powder (Bio-Rad, CA, USA). The membranes were then incubated overnight at
4 °C with the primary antibodies of anti-ERK, anti-p-ERK, anti-Akt, anti-p-Akt, anti-AMPK, anti-p-AMPK,
anti-ACC, anti-p-ACC, anti-JNK, anti-mTOR (Cell Signaling Technology, Danvers, MA, USA), or anti-PPARYy,
anti-p-PPARy, anti-p-JNK (Santa Cruz Biotechnology, Santa Cruz, CA, USA), or anti-p-mTOR (Abcam,
Cambridge, MA, USA). The membranes were subsequently washed and incubated with secondary antibody
linked to horseradish peroxidase (Santa Cruz, CA, USA). Images were acquired using ChemiDoc (Bio-Rad,
CA, USA). The reagents for Western blot detection by enhanced chemiluminescence (ECL) were purchased
from Millipore (Billerica, MA, USA), and the density of the bands was measured with Quantity One System
(Bio-Rad, Richmond, CA, USA).

Statistical analysis

Data are expressed as the mean * SEM, and significance was tested by Student’s unpaired two-tail t
tests, with p<0.05 considered significant. Repeated measures ANOVA with Mauchly’s test for sphericity and
a multivariate test were used to determine the differences in the maternal blood glucose, maternal body
weight, male offspring body weight, male offspring blood glucose, GTT, and ITT results; a value of p<0.05 was
considered statistically significant. Statistical analysis was performed using GraphPad Prism 5.0 software
(GraphPad Software, La Jolla, CA, USA) and SPSS 17.0 statistical software (SPSS Inc., Chicago, IL, USA).

Results

STZ induced hyperglycemia and metabolic disturbance in pregnant rats

The blood glucose of the control group ranged from 4.83+0.24 mmol/L to 5.87+0.16
mmol/L; however, it was significantly higher in the GDM group starting from G11.5 (3 days
after STZ treatment) and reached a peak of 25.90+1.40 mmol/L at G14.5 (p<0.05; Fig. 1A).
The blood glucose level in the GDM group remained significantly higher for the remainder
of gestation, whereas it decreased to 12.88+3.91 mmol/L on the 21st day postpartum.
Consistently, the plasma insulin level was significantly lower in the STZ group (Fig. 1B). In
addition, the body weight of the STZ-treated dams was significantly lower in late pregnancy
(p<0.05; Fig. 1C).

The impact of STZ on maternal metabolism, which might potentially influence offspring,
was investigated. Metabolic profiling of perinatal blood samples was performed by GC-
MS. The results indicated over 177 chromatographic peaks (potential metabolites) that
were relatively different between the GDM and controls (Fig. 1D). Among these peaks, 22
metabolites, including tricarboxylic acid cycle (TCA) intermediates, vitamins, amino acids,
saturated fatty acids and unsaturated fatty acids, were identified using an in-house mass

1106



Cellular Physiology Cell Physiol Biochem 2019;52:1103-1116

DOI: 10.33594/000000075 © 2019 The Author(s). Published by

and BiOChemiStry Published online: 13 April 2019 Cell Physiol Biochem Press GmbH&Co. KG

Luo et al.: GDM Impairs Cardiac AMPK in Male Offspring

Fig. 1. STZ induced hyperglycemia and metabolic disturbance in pregnant rats. (A) Maternal blood
glucose levels, (B) maternal plasma insulin on G17.5, (C) maternal body weight after STZ treatment, (D)
representative GC-MS chromatogram of plasma metabolite profile of mice with (a) GDM and (b) normal
pregnancy. Succinic acid (Peak 1), lactic acid (Peak 2), Caprylic acid (Peak 3), D4-alanine (Peak 4- internal
standard), glycine (Peak 5), valine (Peak 6), leucine (Peak 7), isoleucine (Peak 8), silane (Peak 9), proline
(Peak 10), pentanedioic acid (Peak 11), citric acid (Peak 12), asparagine (Peak 13), glutamate (Peak 14),
10,13-dimethyltetradecanoic acid (Peak 15), conjugated linoleic acid (Peak 16), stearic acid (Peak 17),
2,4,6(1H, 3H, 5H)-pyrimidinetrione (Peak 18), lysine (Peak 19), arachidonic acid (Peak 20), histidine (Peak
21), EDTA (Peak 22), tyrosine (Peak 23), DHA (Peak 24), and ethyl 8-amino-6-methoxycinchoninate (Peak
25), (E) principal component analysis (PCA) of metabolites identified from CON and GDM sera; principal
components PC1 and PC3 explicate 81% and 6.7% of the variance, respectively, (F) differences in maternal
plasma metabolome. The results are the mean + SEM, n=4 in CON and n=6 in GDM, * p<0.05.
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Fig. 2. GDM male offspring rats are associated with accelerated growth after birth. (A) Litter size, (B)
survival rate of all pups, (C) body weight of male offspring rats, (D) representative DXA scans of male
offspring rats, (E) estimated total fat mass of male offspring rats. Results represent the mean + SEM; n=6
per group. * p<0.05 vs. CON. Male offspring liver (F) p-ACC, ACC; (G) p-AMPK, AMPK; (H) p-PPARy, PPARYy;
(I) p-mTOR, mTOR; (]) p-Akt and Akt were determined by Western blotting. The results are the mean *
SEM; n=3 per group. *p<0.05 vs. CON.
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spectrometry library and demonstrated significant changes in the GDM compared to the
controls (Fig. 1E). These findings indicate that maternal energy metabolism, amino acid
metabolism, lipid metabolism and carbohydrate metabolism were significantly modified by
GDM. Most importantly, we found that methionine, an essential amino acid, was significantly
reduced in the GDM dams (n=6, p<0.05), which suggests that offspring fostered by a GDM
mother may undergo malnutrition.

GDM male offspring rats are associated with accelerated growth after birth

The average litter size was 11.5+0.50 in the control group and 12.5+0.75 in the
GDM group (Fig. 2A, n=8, p=0.38). Moreover, GDM resulted in neonatal death within 3
weeks after birth (Fig. 2B). Although no difference in birth weight (BW) was identified
in the male offspring between the control and GDM groups (6.62+0.09 g vs. 6.47+0.06 g,
respectively, n=42 from 8 dams per group, p=0.14), the offspring born to mothers with GDM
were significantly heavier at 8 weeks of age (p<0.05) (Fig. 2C). Moreover, they remained
significantly heavier throughout the remainder of the study. To investigate whether the extra
weight gain of the GDM male offspring is derived from an upregulation of adiposity, the
body composition was determined by DXA scanning (Fig. 2D). The data indicated that the
estimated total fat weight was 93.55+22.95 g vs. 74.90+7.00 g (n=4, p=0.29) in the control
and GDM male offspring, respectively, at 14 weeks of age and increased to 102.7+15.50 g
and 83.10£18.10 g, respectively, (n=4, p=0.43) at 24 weeks of age (Fig. 2E), which indicates
that GDM does not lead to abnormal adiposity in male offspring rats. To further confirm this
finding, liver tissue from male offspring was subjected to assessment of metabolic signaling
pathways. The results demonstrated that, GDM didn’t show any effects on neither AMPK-ACC
pathway nor the lipogenic signal PPARYy, but significantly enhanced m-TOR activation (Fig.
2F-]). Taken together, these data strongly suggest that GDM male offspring is associated with
overgrowth rather than obesity after birth.

GDM did not influence insulin sensitivity in male offspring rats

The circulating insulin levels in the male offspring rats were 27.23+1.21 mU/L and
29.01+£1.36 mU/L in the control and GDM groups, respectively (n=8, p=0.35, Fig. 3A).
Consistently, there were no significant differences in the GTT (AUC 1648+73.09 vs.
1510+158.7, respectively, n=6, p=0.45) or ITT (AUC 441.8+3591 vs. 486.8+43.98,
respectively, n=6, p=0.46) between the male offspring of the two groups at 22 weeks of age
(Fig. 3 B, C, D). These data suggested that GDM might not influence insulin sensitivity in male
offspring rats.

Fig. 3. Insulin
sensitivity
assessments
in adult male
offspring. (A)
Serum insulin
levels, (B) GTT
and (C) ITT
measured at 22
weeks of age. (D)
Blood glucose
levels at 10 and
18 weeks old.
The results are
the mean + SEM,
n=6 per group.
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Male offspring rats of GDM pregnancies are associated with cardiac overgrowth

The birth heart weights (HWs) were 0.041+0.001 g and 0.038+0.002 g in the control
and GDM groups, respectively, (n=16 from 8 dams per group, p=0.11), and the heart weight
to body weight (HW/BW) ratios at birth were 0.56+0.01 and 0.59+0.03 in the two groups,
respectively (n=16 from 8 dams per group, p=0.30). However, at 24 weeks of age, the HW of
the GDM group was significantly higher than that of the control (1.48+0.06 g vs. 1.26+0.03 g,
respectively, n=16 from 8 dams per group, p<0.01). Moreover, the HW/BW was significantly
increased in the offspring from the GDM dams at 24 weeks of age (0.28+0.01 g vs. 0.26+0.003
g, respectively, n=26 from 8 dams per group, p<0.05). Taken together, GDM resulted in cardiac
overgrowth in male offspring rats, which may be associated with an altered metabolic
signaling pathway and cardiac function.

GDM altered metabolic signaling in hearts of male offspring rats.

Cardiac tissue from male offspring rats was subjected to immunoblotting for AMPK and
AKkt, both of which are critical metabolic regulators and might be disturbed due to accelerated
growth. The data demonstrated that GDM significantly impaired not only Akt but also AMPK-
ACC in the hearts obtained from male offspring (Fig. 4). Moreover, to investigate whether
cardiac overgrowth in GDM male offspring is associated with excessive cell division and thus
causes duplication induced stress (DIS), mitogen active protein kinases (MAPKase) were
determined. The results indicate that GDM compromises cardiac Erk (1/2) phosphorylation
in male offspring, whereas it has no influence on JNK. These data suggest that GDM largely
influences metabolic signaling in the heart of male offspring.

Fig. 4. The effects of GDM on Akt, AMPK-ACC and MAPK in the hearts of offspring. Male offspring cardiac
(A) p-Akt, Akt; (B) p-AMPK, AMPK; (C) p-ACC, ACC; (D) p-Erk (1/2), Erk (1/2) and (e) p-JNK, JNK were
determined by Western blotting. The results are the mean * SEM; n>4 per group. *p<0.05 vs. CON.
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Fig. 5. Altered cardiac signaling pathways in response to I/R in GDM offspring. (A) Hearts were subjected to
20 min of global ischemia followed by 30 min of reperfusion by using the Langendorff perfusion system. Left
ventricular contractile function was assessed by HR x LVDP. (B) p-AMPK, AMPK; (C) p-ACC, ACC; (D) p-Akt,
Akt; (E) p-Erk (1/2), Erk (1/2) and (F) p-JNK, JNK were determined by Western blotting. Results represent
the mean * SEM; n=3 per group. “p<0.05 CON; * indicates p<0.05 compared with CON-baseline; t indicates
p<0.05 compared with CON-I/R; # indicates p<0.05 compared with GDM-baseline group;  indicates p<0.05
compared with GDM-I/R; § indicates p<0.05 compared with CON-I/R; = indicates p<0.05 compared with
CON-reperfusion.
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Loss of post-1/R cardioprotection is associated with a blunted AMPK response in GDM male

offspring rats

To determine whether the increased HW and HW/BW, induced by maternal GDM,
affected offspring cardiac function, we first measured the blood pressure (BP) and heart
rate (HR) of male offspring. However, there was no difference in the BP or HR between the
two groups at 22 weeks of age (115.40+1.10 mmHg vs. 110.00+1.39 mmHg, respectively,
n=8, p=0.12; 376.80+£5.01 bpm vs. 378.20+11.36 bpm, respectively, n=8, p=0.91). We then
assessed the contractile function of isolated perfused hearts responding to ischemic insults.
The results demonstrated that in the baseline conditions, the hearts from both the control
and GDM offspring maintained high levels of cardiac output. However, following a period of
/R, recovery was significantly impaired in the GDM group compared with that in the control
group (63% vs. 94%, respectively, p<0.05; Fig. 5A).

Immunoblotting of the perfused cardiac tissue demonstrated that the phosphorylation
of AMPK and ACC was increased following a period of ischemia and reduced following
reperfusion in the hearts from both the control and GDM groups (Fig. 5B,C). In addition, the
phosphorylation of AMPK and ACC was significantly lower at both time points in the hearts
from the GDM offspring compared to their healthy controls (p<0.05). There was no significant
difference in the Akt pathway; however, Erk (1/2) phosphorylation was significantly
compromised in the GDM offspring hearts during ischemia (Fig. 5D,E). Moreover, although
a burst of JNK phosphorylation was identified in the GDM group during reperfusion, the
difference was not significant (Fig. 5F).

Discussion

Increasing evidence has demonstrated that GDM significantly impacts not only fetal
but also neonatal cardiac structure and function [21, 22]. Despite the establishment of the
link between GDM and the development of offspring cardiovascular disease, the underlying
mechanism that mediates intrauterine programming remains unclear. In the present
study, we used a moderate dose of STZ (35 mg/kg) to induce hyperglycemia in early-mid
pregnancy in rats. Although the STZ model more closely recapitulates hypoinsulinemia
rather than the insulin resistance typically observed in GDM, it provided a reliable model
to examine the effects of in utero hyperglycemia on fetal programming and development.
Moreover, in this GDM model, the maternal weight is lower in the GDM group than in the
control during pregnancy, indicating maternal malnutrition, which may profoundly impact
offspring cardiac function [23]. Although we did not measure the postpartum weight of the
dams, the metabolomic analyses of the postpartum sera suggested that GDM is associated
with maternal methionine deficiency. The work of Paul and colleagues on an obese rat model
highlighted the potential influence of the maternal gut microbiota composition on maternal
and offspring metabolism [24]; moreover, a very recent study in humans suggested that GDM
is associated with a disrupted gut microbiota composition, and the differences in the gut
microbiota signatures remain detectable at 8 months after pregnancy [25]. These findings
indicate that GDM might influence the maternal metabolome through gut microbiota, which,
in turn, impact neonatal development through breast-feeding.

Accumulating evidence has demonstrated that female sex hormones protect health
in later life, particularly with regard to metabolism and cardiac function [26]. To exclude
the confounding influence of sex hormones, we thus focused on the effects of GDM on male
offspring. It has been reported that GDM offspring are at a higher risk of being macrosomic
[27] and are more likely to be obese in later life [28]. However, Chandna and colleagues
reported that GDM offspring had the same weight as controls at birth and in adulthood,
whereas they were significantly lighter from 1 week to 3 weeks of age [29]. Yan et al.
demonstrated that GDM pups were only heavier than control pups from birth to 3 weeks
old [3]. In this study, no differences in weight were identified at birth; however, GDM male
offspring were significantly heavier than those from control mothers from 8 weeks of age. A
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similar accelerated growth in GDM offspring has been found in a human study [30]. It could
be attributed to maternal malnutrition during pregnancy [31], which may be secondary to
hyperglycemia. Despite the differences in body weight, the plasma insulin levels were not
different between the GDM and control; moreover, no differences were identified in the
measures of offspring glucose and insulin tolerance at 24 weeks of age in this study, which
suggests that GDM offspring are not associated with insulin resistance.

We found that the HW and HW/BW ratio were both significantly increased in GDM male
offspring at 24 weeks of age, which is consistent with a previously reported correlation
between GDM and offspring cardiac hypertrophy [22]. However, the HW and HW/BW
were not different in the two groups at birth, which indicates the overgrowth of the heart
in the GDM group occurred after delivery. A recent study reported that dietary methionine
restriction results in an increased HW/BW ratio in mice [32]. Intriguingly, we reported a
reduction of methionine in the GDM dam’s metabolome, which is involved in regulating
antioxidative enzyme activities in the rat heart [33]. Therefore, GDM associated maternal
methionine deficiency could be a causative factor for the abnormal heart growth in male
offspring rats; however, the programming effects of in utero hyperglycemia on offspring
heart growth also require further evaluation by cross-foster. Moreover, a rodent study has
shown that supplementation of a mixture of regulatory amino acids, including methionine,
significantly lowered TNF-a production and LDH release during hepatic I/R, suggesting that
methionine protects against I/R injury [34]. Methionine labeled with different isotopes has
been used for imaging myocardial infarction [35, 36], as methionine uptake is substantially
elevated in infarcted tissue early after I/R, although this finding was initially thought to be
associated with macrophage infiltration and inflammation; however, macrophage aggregates
at infarcted areas were gradually replaced by newly developed smooth muscle cells [37],
which may indicate that methionine is critical for the early acute phase of damage healing,
as the initial step in cardiac remodeling. Nevertheless, further assessment of methionine
levels in adult male GDM offspring is warranted to ascertain whether it plays a role in GDM
programmed susceptibility to cardiac I/R in later life.

Accumulating evidence indicates that compromised AMPK signaling is associated with
impaired resistance to ischemia-reperfusion (I/R) injury [38, 39]. Therefore, we assumed that
AMPK deficiency would lead to a vulnerability to ischemic heart diseases in male offspring of
GDM mothers. Male offspring of GDM pregnancies exhibited comparable cardiac contractility
in the basal condition; however, they failed to restore cardiac contractile function after acute
I/R. When further studies were carried out to determine the effects of GDM on AMPK activity
during I/R, it was shown that in addition to decreased AMPK phosphorylation under basal
conditions, AMPK activation induced by ischemia was also blunted in male offspring. These
results indicate that GDM not only impairs AMPK activity under basal conditions but also
inhibits the AMPK response to [/R stress.

AMPK is a key regulator of energy metabolism [40-42], largely through the mediation
of fatty acid oxidation via inhibitory phosphorylation of downstream ACC; thus, AMPK plays
a crucial role in modulating cardiac fatty acid metabolism [43, 44], the predominant energy
resource for maintaining normal cardiac function [45]. AMPK phosphorylation is directly
regulated by the AMP/ATP ratio through its main upstream regulator LKB1 or CAMKK2 due to
increased intracellular Ca** [46]. Considering the substantial ATP depletion in cardiac tissue
during ischemia, impaired formation of the LKB1/STRAD/MO25 complex is more likely to
be the major cause of blunted cardiac AMPK activation in GDM male offspring [47]; however,
further investigation of LKB1 is required to fully elucidate the underlying mechanism.
Furthermore, it is reported that AMPK regulates the translocation of glucose transporter 4
(GLUT4) to the plasma membrane [48] to facilitate glucose uptake and promote glycolysis
[49]. This could supply energy to maintain normal cell function during ischemia and thus
avoid the production of a large number of reactive oxygen species during reperfusion
through fatty acid B-oxidation [50]. It is thought that AMPK confers a protective function
during I/R via these mechanisms. Further experiments of AMPK activity manipulations in
this model are required to validate the role of AMPK activation in mediating GDM-induced
intolerance to cardiac insults in male offspring.
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Conclusion

This study demonstrated that GDM and associated maternal malnutrition not only

programmed a disturbed developmental trajectory in male offspring and thus increased
the risk of later life overweight but also resulted in compromised resistance to I/R stress,
which was associated with the downregulation of the AMPK signaling pathway. Therefore,
an increased risk of cardiovascular disease, such as a greater susceptibility to [/R, remains a
risk for individuals born following a pregnancy complicated by GDM.
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