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Abstract: Maternal high-fat (HF) diet is associated with offspring metabolic disorder. This study
intended to determine whether maternal metformin (MT) administration during gestation and
lactation prevents the effect of maternal HF diet on offspring’s skeletal muscle (SM) development and
metabolism. Pregnant Sprague-Dawley rats were divided into four groups according to maternal diet
{CHOW (11.8% fat) or HF (60% fat)} and MT administration {control (CT) or MT (300 mg/kg/day)}
during gestation and lactation: CH-CT, CH-MT, HF-CT, HF-MT. All offspring were weaned on
CHOW diet. SM was collected at weaning and 18 weeks in offspring. Maternal metformin reduced
plasma insulin, leptin, triglyceride and cholesterol levels in male and female offspring. Maternal
metformin increased MyoD expression but decreased Ppargc1a, Drp1 and Mfn2 expression in SM
of adult male and female offspring. Decreased MRF4 expression in SM, muscle dysfunction and
mitochondrial vacuolization were observed in weaned HF-CT males, while maternal metformin
normalized them. Maternal metformin increased AMPK phosphorylation and decreased 4E-BP1
phosphorylation in SM of male and female offspring. Our data demonstrate that maternal metformin
during gestation and lactation can potentially overcome the negative effects of perinatal exposure to
HF diet in offspring, by altering their myogenesis, mitochondrial biogenesis and dynamics through
AMPK/mTOR pathways in SM.

Keywords: maternal diet; metformin; skeletal muscle; mitochondria; AMPK; mTOR

1. Introduction

Maternal nutrition status is an important intro utero factor that affects fetal growth and
development. Several studies have suggested that high-fat (HF) diets during gestation and
lactation may lead to the development of obesity and insulin resistance in adulthood, and
affect the structural and functional development of skeletal muscle (SM) in offspring [1,2].

SM is a potential anti-obesity target because it comprises approximately 40% of human
body mass, and is the chief peripheral tissue responsive to insulin-stimulated uptake
of glucose and fatty acids [3,4]. The embryonic period plays a determinant role in the
development of the muscle mass during the life course because the number of muscle fibers
is set at birth [5]. Postnatal muscle growth (hypertrophy) is characterized by an increase in
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the size of existing muscle fibers [6]. Myogenic regulatory factor family (MRFs) including
Myf5, MyoD, Myogenin (Myog) and MRF4 control muscle tissue differentiation during
development [7].

Mitochondria, as the central link of energy metabolism, are the energy factories of SM
cells [8]. As a central regulator of mitochondrial function, peroxisome proliferator-activated
receptor gamma coactivator 1 alpha (Ppargc1a) plays an important role in mitochondrial
biogenesis [9]. Mitochondrial transcription factor A (Tfam) activates mitochondrial DNA
(mtDNA) transcription, and protects mtDNA from mutation by creating a mitochondrial
nucleoid structure around it [10]. In response to proteasome dysfunction, the transcriptional
factor NF-E2-related factor 1 (Nrf1) travels to the nucleus to activate the genes that code for
proteasomes [11]. Recent literature has revealed that mitochondrial structure is regulated
by the dynamics of its membrane fusion and fission [12]. In mammals, mitochondrial
dynamics are regulated by some GTPase enzymes: mitochondrial fusion is mediated by
mitofusin 1 (Mfn1), Mfn2 and optic atrophy 1 (Opa1), in the meantime, mitochondrial
fission is mainly controlled by GTPase dynamin-related protein 1 (Drp1) [13].

Metformin is the first choice glucose-lowering agent in patients with type 2 diabetes
(T2D) and obesity [14]. Patients with gestational diabetes mellitus (GDM) have been
traditionally recommended a diet and insulin when required [15]. Although there are
enough data to show that metformin is dependable and effective for women with GDM,
there are limited data on the long-term effects of maternal metformin administration on
offspring [16]. Recent literature has proposed that metformin inhibits glucose production
and ameliorates insulin resistance, mainly through mediating AMP-activated protein
kinase (AMPK) [17]. Meanwhile, the activation of AMPK may contribute to the increase in
SM glucose utilization [18] and improve mitochondrial respiratory activity [19]. The size,
shape, location and quantity of mitochondria can change with the fluctuation of energy
supply and demand [20]. The cellular energy sensor, mammalian target of rapamycin
(mTOR), not only controls energy homeostasis by means of the transcriptional control of
mitochondrial oxidative function [21], but also is a widely recognized controller of muscle
mass [22]. Therefore, metformin can inhibit mTORC1 signaling through dose-dependent
mechanisms relating to AMPK [23].

Although metformin is not the first-line treatment for GDM as it can pass through
the placental barrier [24], a cohort study suggested that there was no difference in the
evaluation of growth and development between children of metformin-treated mothers
and insulin-treated mothers [25]. There are several studies reporting effects of metformin
administration to obese mothers during gestation and lactation on liver and subcutaneous
adipose [26], brain [27] and brown adipose tissue [28] in the offspring, while there are
few studies on the effect of maternal metformin on offspring’s SM. We tried to determine
whether maternal metformin administration during gestation and lactation can improve
the adverse effects of maternal HF diet on the SM development and metabolism of offspring
in this study.

2. Materials and Methods
2.1. Animals

All animal experiments strictly comply with the national regulations on the adminis-
tration of experimental animals, and have been approved by the ethics committee of our
institution. Twenty-seven virgin female Sprague-Dawley rats (240–250 g) were purchased
from the Experimental Animal Center of Xi’an Jiaotong University.

Rats were individually housed in a temperature- and light-controlled room, and fed a
standard laboratory chow diet (Beijing Ke Ao Xie Li, Beijing, China). Rats had free access
to food and water at any time. After a one-week habituation, female rats were mated with
male rats (280∼300 g) for breeding purposes. Copulatory plug formation was used as
confirmation of mating. After mating, female rats were randomized to receive either a
control diet (CHOW; Beijing Ke Ao Xie Li, Beijing, China; n = 13) or a high-fat diet (HF;
Research Diets D12492, New Brunswick, NJ, USA; n = 14). The CHOW diet had a caloric
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composition of 65.1% carbohydrate, 23.1% protein and 11.8% fat, whereas the HF diet
had a composition of 20% carbohydrate, 20% protein and 60% fat. All rats received their
respective diets throughout gestation and lactation. The CHOW-fed rats and HF-fed rats
were further separated into two subgroups, with the metformin group (CH-MT, n = 5 and
HF-MT, n = 6) receiving metformin (Sigma-Aldrich, St Louis, MO, USA) administration
(4 mg per ml in the drinking water, about 300 mg/kg/d [29]) throughout gestation and
lactation, and the control group (CH-CT, n = 8 and HF-CT, n = 8) supplied with normal
drinking water. Dams were weighed weekly during gestation and lactation. The day of
parturition is recorded as postnatal day (PND) 0. On PND1, the litter size was culled to ten
(♂:♀= 1:1) per litter. Pups’ body weight (BW) was monitored weekly. All pups were given
CHOW diet after weaning. The offspring were weighed weekly (Figure 1).
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Figure 1. Schematic illustration of experimental groups. Dams were fed CHOW or high fat (HF)
diet and given water with or without metformin (MET) throughout gestation and lactation. After
weaning, offspring were all fed CHOW diet and given water without metformin. Plasma and skeletal
muscle (SM) samples were collected on postnatal day (PND) 21 and at 18 weeks separately.

2.2. Tissue Collection

The animals were fasted and water deprivation for four hours before sacrifice. At
weaning, one male and one female offspring per litter and all the dams were sacrificed. At
18 weeks of age, another one male and one female offspring per litter were decapitated.
Plasma of offspring and dams was collected for blood profile analyses. The gastroc-
nemius of offspring was quickly removed and divided into three parts: one part was
snap-frozen and stored at −80 ◦C for subsequent molecular analyses; one part was fixed in
4% paraformaldehyde for hematoxylin and eosin (H&E) staining; the other part was fixed
in 2.5% glutaraldehyde for transmission electron microscopy analysis.

2.3. Blood Profile Analyses

Blood glucose was determined by OneTouch Ultra 2 (LifeScan, Milpitas, CA, USA)
via a small tail nick before sacrifice. Plasma insulin, leptin, triglyceride and cholesterol con-
centrations were determined by ELISA kits (Meimian, Jiangsu, China) in strict conformity
with the manufacturer’s instructions.
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2.4. Quantitative Real-Time PCR Analysis

Quantitative real-time PCR (qPCR) assay was used to detect relative mRNA expression
of genes related to the myogenesis and mitochondrial biogenesis and dynamics. The
MRFs family include: MyoD, Myog, Myf5 and MRF4. The mitochondrial biogenesis-
related genes include: Ppargc1a, Tfam, Nrf1. The mitochondrial dynamics-related genes
include: Opa1, Drp1, Mfn1, Mfn2. Total RNA was isolated from muscle homogenates
using animal RNA isolation kit (R0027, Beyotime Biotechnology, Beijing, China). RNA
concentration and purity was measured using NuDrop (ACTGene, Piscataway, NJ, USA).
Reverse transcription kit (K1622, Thermo Scientific, Waltham, MA, USA) was used to
reverse transcribe RNA into cDNA. Gene expression was determined by qPCR using SYBR
green dye with gene specific primer sets and an iQ5 PCR thermal cycler (Bio-Rad, Hercules,
CA, USA) with the following cycle parameters: 95 ◦C for 3 min; 40 cycles for 95 ◦C for 10 s,
60 ◦C for 30 s and 72 ◦C for 30 s. Melting curves were performed to prove the uniqueness
of products. The primers of the genes studied are listed in Table 1. The −∆∆Ct method
was used to determine relative expression values. Duplicate cross threshold values for
each sample were averaged and subtracted from those derived from the housekeeping
gene Actb.

Table 1. Summary of qPCR oligonucleotide primers used in measuring mRNA expression of genes related to myogenesis,
mitochondrial biogenesis and dynamics.

Gene Gene Bank No. DNA Sequence (5′-3′)

Myogenesis

MyoD NM_176079.1 Forward Primer GACGGCTCTCTCTGCTCC
Reverse Primer AAGTGTGCGTGCTCCTCC

Myog NM_017115.2 Forward Primer GAGCGCGATCTCCGCTCAAGAG
Reverse Primer CTGGCTTGTGGCAGCCCAGG

Myf5 NM_001106783.1 Forward Primer GAGCCAAGAGTAGCAGCCTTCG
Reverse Primer GTTCTTTCGGGACCAGACAGGG

MRF4 NM_013172.2 Forward Primer AGAGACTGCCCAAGGTGGAGATTC
Reverse Primer AAGACTGCTGGAGGCTGAGGCATC

Mitochondrial biogenesis

Ppargc1a NM_031347.1 Forward Primer GACACGAGGAAAGGAAGACTAAA
Reverse Primer GTCTTGGAGCTCCTGTGATATG

Tfam NM_031326.1 Forward Primer CTGATGGGCTTAGAGAAGGAAG
Reverse Primer GTTATATGCTGACCGAGGTCTTT

Nrf1 NM_001100708.1 Forward Primer GCTCATCCAGGTTGGTACTG
Reverse Primer CCATCAGCCACAGCAGAATA

Mitochondrial dynamics

Opa1 NM_133585.3 Forward Primer GAGTATCAAGCGGCACAAATG
Reverse Primer CGTCCCACTGTTGCTTATCT

Drp1 NM_053655.3 Forward Primer TGTGGTGGTGCTAGGATTTG
Reverse Primer TGGCGGTCAAGATGTCAATAG

Mfn1 NM_138976.1 Forward Primer AACAGCACACTATCAGAGCTAAA
Reverse Primer GATTTGGTCTTCCCTCTCTTCC

Mfn2 NM_130894.4 Forward Primer CAGTGTTTCTCCCTCAGCTATG
Reverse Primer TAGGGCCCAGGAACCTATT

Housekeeping genes

Actb NM_031144.3 Forward Primer ACAGGATGCAGAAGGAGATTAC
Reverse Primer ACAGTGAGGCCAGGATAGA

Actb, beta actin; Drp1, dynamic-related protein 1; Mfn, dynamin-related GTPase termed mitofusin; MyoD, myogenic differentiation
antigen; Myog, myogenin; Myf5, myogenic factor 5; MRF4, muscle regulatory factor 4; Nrf, nuclear respiratory factor; Opa1, Optic atrophy
protein 1; Ppargc1a, peroxisome proliferator-activated receptor gamma coactivator 1-alpha; Tfam, mitochondrial transcription factor A.
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2.5. Western Blotting

Total gastrocnemius protein was extracted using a total protein extraction kit for
animal tissues (Invent Biotechnologies, Inc., Plymouth, MN, USA), with protease and
phosphatase inhibitor (Roche, Mannheim, Germany). Total protein concentration was
determined using a Pierce Rapid Gold BCA protein assay kit (Thermo Scientific, Waltham,
MA, USA) according to the manufacturer’s instructions. Detailed method of Western
blotting has been described previously [30], including imaging and data analysis. Antibody
(Cell Signaling Technology, Danvers, MA, USA) details were as follows: total and phospho-
AMPK at Thr172 (5831/2531), total and phospho-S6 ribosomal protein (rpS6) at Ser235/236
(2217/4858), total and phosphorylated eukaryotic translation initiation factor 4E-binding
protein 1 (4E-BP1) at Thr37/46 (9644/2855).

2.6. Gastrocnemius Histology

The gastrocnemius was fixed in 4% paraformaldehyde solution, paraffin-embedded
and cut into 3 µm thick sections. The paraffin sections were then stained with H&E and
observed by light microscopy with digital camera (OLYMPUS, Tokyo, Japan). The muscle
cross-sectional area, relative density of gastrocnemius and the percentage of interstitium
were evaluated in ten different microscopic fields at 400× magnification of each muscle
sample and quantified using the ImageJ 1.49v software (National Institutes of Health,
Bethesda, MD, USA).

2.7. Transmission Electron Microscopy

After being isolated, gastrocnemius was fixed with 2.5% glutaraldehyde (Solarbio,
Beijing, China) and then cut into blocks the size of one square millimeter using a scalpel. The
preparation method of transmission electron microscope sample was previously described
by Glauce et al. [31]. The mitochondrial morphology was examined by a JEOL 1010
(Akashina, Japan) transmission electron microscope and quantified using the ImageJ 1.49v
software (National Institutes of Health, Bethesda, MD, USA). Systematic uniform random
sampling (thirty digital images chosen for each group) was performed at a magnification of
30,000×. The number-weighted mean volume of mitochondria was obtained by dividing
the total mitochondrial volume by the total number of mitochondria.

2.8. Statistical Analysis

Statistical analyses were performed using Prism 9 (GraphPad Software, San Diego, CA,
USA). All data are expressed as mean ± SEM and were analyzed by a two-way ANOVA
with factors of diet (CHOW, HF) and metformin (control, MET). One male and one female
offspring from each litter were used as one individual at each time point in statistical
analysis. Results were considered significant when p < 0.05.

3. Results
3.1. Phenotypes of Dams

The phenotypes of dams are shown in Table 2. There was no difference in maternal BW
before pregnancy. CH-MT and HF-MT dams weighed significantly less than CH-CT and
HF-CT dams both on gestation day (GD) 10 (main effect of metformin, p < 0.05) and GD20
(main effect of metformin, p < 0.05). On PND21, CHOW-fed dams had greater BW than HF-
fed dams (main effect of HF diet, p < 0.05). There were no significant differences in dams’
blood glucose among the four groups at weaning. Maternal HF diet increased plasma
insulin levels in dams (main effect of HF diet, p < 0.05), while metformin administration
decreased plasma insulin levels (main effect of metformin, p < 0.05). Plasma triglyceride
(main effect of metformin, p < 0.05) and cholesterol (main effect of metformin, p < 0.05)
levels in MT groups were lower than CT groups. Four groups did not show significant
differences in plasma leptin levels.
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Table 2. Maternal body weight during gestation and lactation and plasma profile at weaning.

CH-CT
(n = 8)

CH-MT
(n = 5)

HF-CT
(n = 8)

HF-MT
(n = 6)

Body weight (g)
Before pregnancy 209.1 ± 5.1 209.7 ± 5.1 211.4 ± 4.6 207.5 ± 6.5

GD10 265.4 ± 7.9 201.4 ± 16.9 # 265.9 ± 6.1 234.5 ± 6.4 #

GD20 342.5 ± 15.8 298.0 ± 14.4 # 337.0 ± 8.7 284.7 ± 6.7 #

PND21 296.9 ± 6.4 293.8 ± 8.9 270.4 ± 6.4 § 262.5 ± 6.7 §

Plasma profile
Glucose (mmol L−1) 8.6 ± 0.3 8.7 ± 0.1 8.0 ± 0.2 8.7 ± 0.2

Insulin (mU L−1) 35.9 ± 1.3 26.7 ± 1.7 # 43.7 ± 2.4 § 30.8 ± 2.7 #,§

TG (mmol L−1) 5.3 ± 0.3 4.5 ± 0.5 # 6.4 ± 0.6 4.3 ± 0.5 #

Cho (nmol mL−1) 2.4 ± 0.2 2.1 ± 0.1 # 2.8 ± 0.2 2.1 ± 0.2 #

Leptin (ng mL−1) 5.2 ± 0.7 5.3 ± 0.5 5.1 ± 0.6 5.2 ± 0.6
Values are expressed as mean ± standard error of mean (SEM). n, number of dams per group; GD, gestation
day; PND, postnatal day; TG, triglyceride; Cho, Cholesterol. Data were analyzed by a two-way ANOVA, # main
effect of maternal metformin, p < 0.05 versus control, § main effect of maternal HF diet, p < 0.05 versus maternal
CHOW diet.

3.2. Phenotypes of Offspring

At postnatal week 3 and 6, male offspring in maternal HF groups had greater BW than
that in maternal CT groups (main effect of maternal HF diet, p < 0.05, Figure 2A). At week 18,
maternal HF diet increased male offspring’s BW (main effect of maternal HF diet, p < 0.05),
while maternal metformin administration decreased male offspring’s BW (main effect of
maternal metformin, p < 0.05) (Figure 2A). For female offspring, there was a significant
main effect of maternal HF diet in increasing BW at postnatal week 3, 6 and 9 (p < 0.05,
Figure 2B), while there was no difference in BW at week 18. Notably, in PND21 male, 18W
male and 18W female, maternal HF diet led to elevated plasma insulin levels (main effect
of maternal HF diet, p < 0.05), whereas maternal metformin administration reduced insulin
levels (main effect of maternal metformin, p < 0.05) (Figure 2C,E). As for PND21 female
offspring, maternal metformin administration decreased plasma insulin levels (main effect
of maternal metformin, p < 0.05, Figure 2E), while there was no effect of maternal HF diet
on plasma insulin levels. For PND21 and 18W male/female offspring, maternal metformin
administration could decrease plasma leptin levels (main effect of maternal metformin,
p < 0.05, Figure 2D,F). In addition, there was an interaction effect of maternal HF diet and
metformin on plasma leptin levels in adult male offspring (p < 0.05, Figure 2D). Maternal
metformin administration reduced triglyceride and cholesterol levels in both male and
female offspring on PND21 (main effect of maternal metformin, p < 0.05), while the effect of
maternal metformin disappeared in adult offspring (Figure 2G–J). Furthermore, maternal
HF diet elevated plasma triglyceride levels in female offspring on PND21 (main effect of
maternal HF diet, p < 0.05, Figure 2I).
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Figure 2. Body weight and plasma profile of offspring. Male (A) and female (B) offspring were weighed once a week.
Plasma insulin (C), leptin (D), triglyceride (TG) (G) and total cholesterol (Cho) (H) of male offspring were measured at
weaning and 18 weeks. Plasma insulin (E), leptin (F), TG (I) and Cho (J) of female offspring were measured at weaning and
18 weeks. Data are expressed as mean ± S.E.M (n = 5–8 per group). Data were analyzed by two-way ANOVA, # main effect
of maternal metformin, p < 0.05 versus control, § main effect of maternal HF diet, p < 0.05 versus maternal CHOW diet,
* interaction effect of maternal HF diet and metformin, p < 0.05.

3.3. Myogenesis Gene Expression and Morphology in SM of Offspring

We analyzed all four genes in the myogenic regulatory factor family including MyoD,
Myog, Myf5 and MRF4 within SM in offspring on PND21 and in adulthood. In PND21
male offspring, maternal HF diet decreased mRNA expression of MRF4 (main effect of
maternal HF diet, p < 0.05), while maternal metformin increased MRF4 expression (main
effect of maternal metformin, p < 0.05, Figure 3A). There were no differences in gene
expression among the four groups in PND21 female offspring (Figure 3B). In adult male
offspring, maternal HF diet decreased mRNA expression of Myf5 and Myog (main effect
of maternal HF diet, p < 0.05), while maternal metformin increased mRNA expression of
Myf5 and MyoD (main effect of maternal metformin, p < 0.05, Figure 3C). Furthermore,
there was an interaction effect of maternal HF diet and metformin on Myog expression
in adult male offspring (p < 0.05, Figure 3C). In adult female offspring, maternal HF diet
decreased mRNA expression of MyoD and Myog (main effect of maternal HF diet, p < 0.05),
while maternal metformin increased mRNA expression of MyoD and MRF4 (main effect of
maternal metformin, p < 0.05, Figure 3D).
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Figure 3. mRNA expression of myogenesis-related genes and representative histological sections of
offspring skeletal muscle. mRNA expression of myogenesis-related genes was measured in skeletal
muscle of PND21 males (A), PND21 females (B), 18W males (C) and 18W females (D). (E) H&E
staining of representative histological sections of skeletal muscle. Scale bar = 10 µm. Percentage of
interstitium in muscle of male (F) and female (G) offspring, and muscle cross-sectional area of male
(H) and female (I) offspring were analyzed. Data are expressed as mean ± S.E.M (n = 5–8 per group).
Data were analyzed by two-way ANOVA, # main effect of maternal metformin, p < 0.05 versus
control, § main effect of maternal HF diet, p < 0.05 versus maternal CHOW diet, * interaction effect of
maternal HF diet and metformin, p < 0.05. Myf5, myogenic factor 5; MyoD, myogenic differentiation
antigen; Myog, myogenin; MRF4, muscle regulatory factor 4.
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To show the condition of muscle growth more intuitively, H&E staining was performed
on the SM. In the HF-CT group (PND21/adult male and female offspring), we observed
myocyte nucleus migration from the edge to the center of muscle fiber (yellow arrow,
Figure 3E), a sign of muscle dysfunction [32]. Compared with maternal CHOW groups,
maternal HF diet increased the percentage of interstitium in PND21/adult male and female
offspring (main effect of maternal HF diet, p < 0.05, Figure 3F,G). No significant differences
in the cross-sectional area of SM were found among the four groups (Figure 3H,I).

3.4. Mitochondrial Biogenesis and Dynamics Gene Expression in SM of Offspring

To investigate the role of maternal HF diet and metformin during pregnancy and
lactation in mitochondrial biogenesis in the SM of offspring, we determined mRNA levels
of genes regulating mitochondrial biogenesis: Ppargc1a, Tfam and Nrf1. The effect of
maternal metformin decreasing Ppargc1a expression in both male and female offspring
only occurred in adulthood (main effect of maternal metformin, p < 0.05, Figure 4C,D), but
not in PND21 offspring (Figure 4A,B). Maternal HF diet increased mRNA expression of
Tfam in PND21 male offspring (main effect of maternal HF diet, p < 0.05, Figure 4A), while
there was a main effect of maternal metformin on Tfam expression in adult male offspring
(main effect of maternal metformin, p < 0.05, Figure 4C). There were no differences in Nrf1
expression among the four groups in PND21/adult male or female offspring (Figure 4A–D).
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mRNA expression of mitochondrial biogenesis- and dynamics-related genes in skeletal muscle was measured in PND21
males (A), PND21 females (B), 18W males (C) and 18W females (D). Data are expressed as mean ± S.E.M (n = 5–8 per
group). Data were analyzed by two-way ANOVA, # main effect of maternal metformin, p < 0.05 versus control, § main
effect of maternal HF diet, p < 0.05 versus maternal CHOW diet, * interaction effect of maternal HF diet and metformin,
p < 0.05. Drp1, dynamic-related protein 1; Mfn, dynamin-related GTPase termed mitofusin; Nrf, nuclear respiratory factor;
Opa1, Optic atrophy protein 1; Ppargc1a, peroxisome proliferator-activated receptor gamma coactivator 1-alpha; Tfam,
mitochondrial transcription factor A.
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Mitochondria are dynamic organelles which can change their morphology by fusion
and fission. We measured mRNA levels of genes regulating mitochondrial dynamics:
Opa1, Drp1, Mfn1 and Mfn2. Regardless of age, the effects of maternal metformin on Opa1
expression were found only in female offspring (main effect of maternal metformin, p < 0.05,
Figure 4B,D), and there was an interaction effect of maternal HF diet and metformin on
Opa1 expression in adult female offspring (p < 0.05, Figure 4D). Maternal HF diet increased
mRNA expression of Drp1 in adult male offspring (main effect of maternal HF diet, p < 0.05,
Figure 4C), while maternal metformin decreased Drp1 expression in adult male and female
offspring (main effect of maternal metformin, p < 0.05, Figure 4C,D). Maternal metformin
decreased mRNA expression of Mfn1 only in adult female offspring (main effect of maternal
metformin, p < 0.05, Figure 4D). Maternal HF diet increased mRNA expression of Mfn2 in
PND21 female and adult male/female offspring (main effect of maternal HF diet, p < 0.05,
Figure 4B–D), while maternal metformin just decreased Mfn2 expression in adult males
and females (main effect of maternal metformin, p < 0.05, Figure 4C,D). There were no
differences in Drp1 or Mfn1 expression among the four groups in PND21 male or female
offspring (Figure 4A,B).

3.5. Mitochondrial Number and Average Volume in SM of Offspring

Transmission electron micrographs displayed regular myofilament alignment and
mitochondria from SM in CH-CT, CH-MT and HF-MT groups of PND21 male offspring.
Maternal HF diet resulted in myofibrillar variations and mitochondrial swelling and
vacuolization (highlighted in red) in HF-CT group (Figure 5A). Increase in mitochondrial
number (Figure 5B) and average volume per vision (28.2 µm2) (Figure 5C) was observed in
the MET groups as compared to controls (main effect of maternal metformin, p < 0.05).

3.6. AMPK and mTOR Signaling in SM of Offspring

Metformin has been shown to improve mitochondrial respiratory activity by increas-
ing the phosphorylation level of AMPK at T172 [19]. AMPK and mTOR are sensors of
cellular energy and nutrient levels, and acute modification of the energy metabolism sys-
tem can be achieved through phosphorylation [3]. We detected the phosphorylation at
T172 of AMPK and found that maternal metformin could increase it regardless of age and
gender (main effect of maternal metformin, p < 0.05, Figure 6B,F). Furthermore, there was a
main effect of maternal HF diet on decreasing AMPK phosphorylation (p < 0.05) and an
interaction effect of maternal HF diet and metformin on AMPK phosphorylation (p < 0.05)
in 18W female offspring (Figure 6F). rpS6 and 4E-BP1 are two downstream molecules
of mTORC1 pathway. The phosphorylation of rpS6 was not affected by maternal HF
diet or metformin (Figure 6C,G). In PND21 male offspring, maternal metformin reduced
phosphorylation of 4E-BP1 (main effect of maternal metformin, p < 0.05), and there was an
interaction effect of maternal HF diet and metformin on 4E-BP1 phosphorylation (p < 0.05,
Figure 6D). At 18W, there was both a main effect of maternal HF diet (p < 0.05) and a main
effect of maternal metformin (p < 0.05) on 4E-BP1 phosphorylation in male and female
offspring (Figure 6D,H).
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Figure 6. Expression of total and phosphorylated AMP-activated protein kinase (AMPK), ribosomal protein S6 (rpS6) and
eukaryotic initiation factor 4E-binding protein 1 (4E-BP1) in skeletal muscle of offspring. (A) Representative Western blots
of total and phosphorylated AMPK, rpS6 and 4E-BP1 in skeletal muscle of PND21 and 18W male offspring. Histograms
summarized phosphorylated-to-total ratio of AMPK (B), rpS6 (C) and 4E-BP1 (D) in male offspring. (E) Representative
Western blots of total and phosphorylated AMPK, rpS6 and 4E-BP1 in skeletal muscle of PND21 and 18W female offspring.
Histograms summarized phosphorylated-to-total ratio of AMPK (F), rpS6 (G) and 4E-BP1 (H) in female offspring. Data
are expressed as mean ± S.E.M (n = 5–8 per group). Data were analyzed by two-way ANOVA, # main effect of maternal
metformin, p < 0.05 versus control, § main effect of maternal HF diet, p < 0.05 versus maternal CHOW diet, * interaction
effect of maternal HF diet and metformin, p < 0.05.
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4. Discussion

Both maternal diet and metformin administration during gestation and lactation
influence the development and metabolism of offspring’s SM. We demonstrated that
maternal metformin exposure during gestation reduced maternal body weight over the
course of pregnancy. On PND21, the reason why CHOW-fed dams had greater BW than
HF-fed dams may be that offspring with maternal HF diet consume more breast milk [33],
which causes higher energy expenditure in HF-fed dams. This may be related to increased
proportion of C18:2 free fatty acid and fatty acyl residues in the milk of HF-fed dams [34]
and hyperphagic offspring of HF-fed rat dams [35]. Consistent with our previous study [36],
exposure to HF diet during gestation and lactation period is sufficient to predispose the
offspring to metabolic disorders. Our study shows that maternal metformin decreased the
plasma levels of insulin, triglyceride and cholesterol in both dams and offspring. Metformin
is also known to reduce fasting insulin and BW in HF-fed rats, primarily by improving
HF diet induced muscle insulin resistance [37]. In the study of Geerling et al., metformin
reduced plasma triglycerides by promoting the clearance of VLDL-triglycerides by brown
adipose tissue in mice [38].

According to previous studies, MyoD and myogenin were inhibited by fatty acids-,
diacylglycerols- and ceramides-induced apoptosis [39]. A local proinflammatory status
caused by adipose tissue from obese subject increased SM inflammation, which can at-
tenuate SM myogenesis [40]. Maternal metformin decreased obesogenic diet-induced
fatty acid changes and inflammation in liver of offspring [41]. Thus, we speculate that
maternal metformin increased offspring SM myogenesis due to reduced fatty acid and
inflammation in this study. Interestingly, we found that maternal metformin is more likely
to cause genetic changes in adulthood rather than PND21 in both males and females. As Lu
etc. demonstrated, pregnant mice demonstrated accelerating muscle healing, and muscle
progenitor cells (MPCs) from non-pregnant mice showed enhanced myogenic ability when
cultured in the presence of pregnant mouse serum [42]. In view of this, we speculated
that PND21 offspring may obtain enough myogenic ability because of the MPCs obtained
from their mothers [43]. Thus, there was less difference in MRFs expression of SM on
PND21. Consistent with our results, maternal HF diet led to offspring SM remodeling, with
excessive extramyocyte space [44], which may finally cause SM dysfunction, including
insulin resistance [45]. The present data suggest that maternal metformin could improve
decreased myogenesis, muscle dysfunction and increased extramyocyte space caused by
maternal HF diet in the offspring.

Increasing evidence suggests that metformin induces extrahepatic tissue-specific
effects, for example, mitochondria are considered as the main cellular targets in SM [46].
The impairment of mitochondrial biogenesis is associated with metabolic diseases, such as
T2D and obesity [47]. A high level of reactive oxygen species (ROS) production in skeletal
muscle caused by hyperlipidemia is associated with mitochondrial dysfunction, which
induced mitochondrial biogenesis [48]. Consistently, our results show that maternal HF
diet increased mitochondrial biogenesis-related gene (Tfam) in PND21 male offspring.
Interestingly, we found that maternal metformin changed mRNA levels of Ppargc1a only
in adult offspring, while Tfam was changed both at weaning and in adulthood. As for Nrf1,
there was no significant difference among each group. Based on research of Xia et al. [49]
and Dorn et al. [50], Nrf1 precedes changes in Tfam, so we speculate that the change of
Nrf1 may occur earlier than PND21. Exposure to maternal HF diet can cause life-long
mitochondrial changes in offspring SM [51]. We speculate that maternal HF diet-caused
cellular stress response could be reversed by maternal metformin through regulating
the form, volume and function of mitochondria to maintain mitochondrial homeostasis.
Unexpectedly, maternal metformin reduced the expression of mitochondrial biogenesis-
and dynamics-related genes, but increased the number of mitochondria in SM of offspring,
which is worthy of further study.

AMPK, as a key factor for cell metabolism to adapt to glucose levels, is an efficient
drug target in the therapeutic applications in T2D and obesity [52]. Metformin-induced
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AMPK activation may indirectly reduce gluconeogenesis by increasing hepatic insulin
sensitivity [17], so as to improve the increased insulin levels caused by maternal HF diet
in this study. Damaged mitochondria, caused by HF diet-induced overproduction of
ROS in mitochondria, can be degraded by lysosomal, while mitochondria could maintain
homeostasis through undergoing constant mitochondrial fission and fusion [53]. Metformin
could attenuate ROS via AMPK activation [54], so that it could protect mitochondria from
damage. Francesca et al. demonstrated that maternal overweight activated mTORC1,
possibly through the inhibition of AMPK in rat placenta [55]. Metformin could promote the
dephosphorylation in p-4E-BP1 by inhibiting mTORC1 [23]. In addition, according to Li’s
research, the inhibition of mTOR pathway can increase myogenesis [56], suggesting that
maternal metformin could increase myogenesis through inhibiting mTORC1 in this study.
A previous study showed that inhibition of mTOR could decrease the gene expression
of the mitochondrial transcriptional regulators Ppargc1a in SM, resulting in a decrease
in mitochondrial gene expression [21], which is consistent with the effect of maternal
metformin in our study.

So far, many studies have explored gender differences related to obesity, including sex
hormones [57], adipokine signaling pathway [58] and appetite regulation [59]. Males are
more likely to become obese than females because ovarian hormones may protect females
from disturbance [60]. In our study, there was no effect of maternal HF diet or metformin
on adult female offspring’s body weight, which is consistent with the previous studies.
Androgens, to some extent, are thought to contribute to anabolic actions of muscle [61],
which may be the main reason for gender differences in myogenesis in our study.

There are a few limitations in this study: metformin can easily cross the placenta dur-
ing gestation [62], and offspring could contact metformin water bottles during late lactation.
We cannot rule out the possibility that offspring have direct exposure to metformin during
the fetal period or late lactation period. We are interested in the metformin concentration in
milk or in pups’ circulation during lactation, and 11C-metformin PET may help us to verify
it [63]. Notably, it is challenging if we try to distinguish these two mechanisms clearly in
this experimental setting.

Controversies persist over whether to use metformin in the treatment of GDM due to
the lack of clinical data on fetal development [15]. Our data show that maternal HF diet
during pregnancy and lactation has negative effects on the overall development of offspring,
while maternal metformin administration during pregnancy and lactation improves the
growth and development of offspring SM of HF-fed mothers through AMPK/mTOR
pathways. Our data provide positive evidence for the use of metformin in pregnant women.
The effect of maternal metformin use on other target organs needs further investigation.

Author Contributions: Conceptualization, B.S. and W.C.; methodology, L.S.; software, J.C.; valida-
tion, R.W., S.H., Z.Y. and J.C.; writing—original draft preparation, J.C.; writing—review and editing,
B.S. and L.S.; visualization, Z.Z.; supervision, B.S. and W.C. All authors have read and agreed to the
published version of the manuscript.

Funding: This work was supported by the National Natural Science Foundation of China (No.
82071732; 81801459; 81741079), the National Science Foundation for Postdoctoral Scientists of China
(No.2018M641001; 2016M600799), the Science Foundation for Postdoctoral Scientists of Shaanxi
Province (2017BSHYDZZ42) and the Natural Science Foundation of Shaanxi Province (2019JQ069;
2019JM262).

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki and approved by the Institutional Animal Care and Use Committee of Xi’an
Jiaotong University (XJTULAC-2017-779).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.



Nutrients 2021, 13, 3417 15 of 17

References
1. Desai, M.; Ross, M.G. Maternal-infant nutrition and development programming of offspring appetite and obesity. Nutr. Rev. 2020,

78 (Suppl. 2), 25–31. [CrossRef]
2. Nathanael, J.; Harsono, H.C.A.; Wibawa, A.D.; Suardana, P.; Vianney, Y.M.; Dwi Putra, S.E. The genetic basis of high-carbohydrate

and high-monosodium glutamate diet related to the increase of likelihood of type 2 diabetes mellitus: A review. Endocrine 2020,
69, 18–29. [CrossRef] [PubMed]

3. Sukumaran, A.; Choi, K.; Dasgupta, B. Insight on Transcriptional Regulation of the Energy Sensing AMPK and Biosynthetic
mTOR Pathway Genes. Front. Cell Dev. Biol. 2020, 8, 671. [CrossRef] [PubMed]

4. Carton, F.; Di Francesco, D.; Fusaro, L.; Zanella, E.; Apostolo, C.; Oltolina, F.; Cotella, D.; Prat, M.; Boccafoschi, F. Myogenic
Potential of Extracellular Matrix Derived from Decellularized Bovine Pericardium. Int. J. Mol. Sci. 2021, 22, 9406. [CrossRef]

5. Brown, L.D. Endocrine regulation of fetal skeletal muscle growth: Impact on future metabolic health. J. Endocrinol. 2014, 221,
R13–R29. [CrossRef] [PubMed]

6. Song, Y. Function of Membrane-Associated Proteoglycans in the Regulation of Satellite Cell Growth. Adv. Exp. Med. Biol. 2016,
900, 61–95. [CrossRef]

7. Zammit, P.S. Function of the myogenic regulatory factors Myf5, MyoD, Myogenin and MRF4 in skeletal muscle, satellite cells and
regenerative myogenesis. Semin. Cell Dev. Biol. 2017, 72, 19–32. [CrossRef]

8. Xia, M.; Zhang, Y.; Jin, K.; Lu, Z.; Zeng, Z.; Xiong, W. Communication between mitochondria and other organelles: A brand-new
perspective on mitochondria in cancer. Cell Biosci. 2019, 9, 27. [CrossRef]

9. An, S.Y.; Zhang, G.M.; Liu, Z.F.; Zhou, C.; Yang, P.C.; Wang, F. MiR-1197-3p regulates testosterone secretion in goat Leydig cells
via targeting PPARGC1A. Gene 2019, 710, 131–139. [CrossRef] [PubMed]

10. Kunkel, G.H.; Kunkel, C.J.; Ozuna, H.; Miralda, I.; Tyagi, S.C. TFAM overexpression reduces pathological cardiac remodeling.
Mol. Cell. Biochem. 2019, 454, 139–152. [CrossRef]

11. Koizumi, S.; Irie, T.; Hirayama, S.; Sakurai, Y.; Yashiroda, H.; Naguro, I.; Ichijo, H.; Hamazaki, J.; Murata, S. The aspartyl protease
DDI2 activates Nrf1 to compensate for proteasome dysfunction. eLife 2016, 5, e18357. [CrossRef] [PubMed]

12. Murata, D.; Yamada, T.; Tokuyama, T.; Arai, K.; Quiros, P.M.; Lopez-Otin, C.; Iijima, M.; Sesaki, H. Mitochondrial Safeguard: A
stress response that offsets extreme fusion and protects respiratory function via flickering-induced Oma1 activation. EMBO J.
2020, 39, e105074. [CrossRef] [PubMed]

13. Dai, W.; Jiang, L. Dysregulated Mitochondrial Dynamics and Metabolism in Obesity, Diabetes, and Cancer. Front. Endocrinol.
2019, 10, 570. [CrossRef] [PubMed]

14. Yerevanian, A.; Soukas, A.A. Metformin: Mechanisms in Human Obesity and Weight Loss. Curr. Obes. Rep. 2019, 8, 156–164.
[CrossRef]

15. Langer, O. Pharmacological treatment of gestational diabetes mellitus: Point/counterpoint. Am. J. Obstet. Gynecol. 2018, 218,
490–499. [CrossRef]

16. Christos, C.; Paolo, C.; Alexandros, S. Gestational Diabetes Mellitus pharmacological prevention and treatment. Curr. Pharm. Des.
2021. [CrossRef]

17. Foretz, M.; Guigas, B.; Viollet, B. Understanding the glucoregulatory mechanisms of metformin in type 2 diabetes mellitus. Nat.
Rev. Endocrinol. 2019, 15, 569–589. [CrossRef]

18. Lantier, L.; Williams, A.S.; Williams, I.M.; Guerin, A.; Bracy, D.P.; Goelzer, M.; Foretz, M.; Viollet, B.; Hughey, C.C.; Wasserman,
D.H. Reciprocity Between Skeletal Muscle AMPK Deletion and Insulin Action in Diet-Induced Obese Mice. Diabetes 2020, 69,
1636–1649. [CrossRef]

19. Wang, Y.; An, H.; Liu, T.; Qin, C.; Sesaki, H.; Guo, S.; Radovick, S.; Hussain, M.; Maheshwari, A.; Wondisford, F.E.; et al. Metformin
Improves Mitochondrial Respiratory Activity through Activation of AMPK. Cell Rep. 2019, 29, 1511–1523.e5. [CrossRef]

20. Moore, T.M.; Zhou, Z.; Cohn, W.; Norheim, F.; Lin, A.J.; Kalajian, N.; Strumwasser, A.R.; Cory, K.; Whitney, K.; Ho, T.; et al. The
impact of exercise on mitochondrial dynamics and the role of Drp1 in exercise performance and training adaptations in skeletal
muscle. Mol. Metab. 2019, 21, 51–67. [CrossRef]

21. Cunningham, J.T.; Rodgers, J.T.; Arlow, D.H.; Vazquez, F.; Mootha, V.K.; Puigserver, P. mTOR controls mitochondrial oxidative
function through a YY1-PGC-1alpha transcriptional complex. Nature 2007, 450, 736–740. [CrossRef] [PubMed]

22. Yoon, M.S. mTOR as a Key Regulator in Maintaining Skeletal Muscle Mass. Front. Physiol. 2017, 8, 788. [CrossRef]
23. Howell, J.J.; Hellberg, K.; Turner, M.; Talbott, G.; Kolar, M.J.; Ross, D.S.; Hoxhaj, G.; Saghatelian, A.; Shaw, R.J.; Manning, B.D.

Metformin Inhibits Hepatic mTORC1 Signaling via Dose-Dependent Mechanisms Involving AMPK and the TSC Complex. Cell
Metab. 2017, 25, 463–471. [CrossRef] [PubMed]

24. Nayak, G.; Salian, S.R.; Agarwal, P.; Suresh Poojary, P.; Rao, A.; Kumari, S.; Kalthur, S.G.; Shreya, A.B.; Mutalik, S.; Adiga, S.K.;
et al. Antidiabetic drug metformin affects the developmental competence of cleavage-stage embryos. J. Assist. Reprod. Genet.
2020, 37, 1227–1238. [CrossRef] [PubMed]

25. Landi, S.N.; Radke, S.; Engel, S.M.; Boggess, K.; Sturmer, T.; Howe, A.S.; Funk, M.J. Association of Long-term Child Growth
and Developmental Outcomes With Metformin vs Insulin Treatment for Gestational Diabetes. JAMA Pediatr. 2019, 173, 160–168.
[CrossRef]

http://doi.org/10.1093/nutrit/nuaa121
http://doi.org/10.1007/s12020-020-02256-x
http://www.ncbi.nlm.nih.gov/pubmed/32172486
http://doi.org/10.3389/fcell.2020.00671
http://www.ncbi.nlm.nih.gov/pubmed/32903688
http://doi.org/10.3390/ijms22179406
http://doi.org/10.1530/JOE-13-0567
http://www.ncbi.nlm.nih.gov/pubmed/24532817
http://doi.org/10.1007/978-3-319-27511-6_4
http://doi.org/10.1016/j.semcdb.2017.11.011
http://doi.org/10.1186/s13578-019-0289-8
http://doi.org/10.1016/j.gene.2019.05.057
http://www.ncbi.nlm.nih.gov/pubmed/31158446
http://doi.org/10.1007/s11010-018-3459-9
http://doi.org/10.7554/eLife.18357
http://www.ncbi.nlm.nih.gov/pubmed/27528193
http://doi.org/10.15252/embj.2020105074
http://www.ncbi.nlm.nih.gov/pubmed/33200421
http://doi.org/10.3389/fendo.2019.00570
http://www.ncbi.nlm.nih.gov/pubmed/31551926
http://doi.org/10.1007/s13679-019-00335-3
http://doi.org/10.1016/j.ajog.2018.01.024
http://doi.org/10.2174/1381612827666210125155428
http://doi.org/10.1038/s41574-019-0242-2
http://doi.org/10.2337/db19-1074
http://doi.org/10.1016/j.celrep.2019.09.070
http://doi.org/10.1016/j.molmet.2018.11.012
http://doi.org/10.1038/nature06322
http://www.ncbi.nlm.nih.gov/pubmed/18046414
http://doi.org/10.3389/fphys.2017.00788
http://doi.org/10.1016/j.cmet.2016.12.009
http://www.ncbi.nlm.nih.gov/pubmed/28089566
http://doi.org/10.1007/s10815-020-01709-6
http://www.ncbi.nlm.nih.gov/pubmed/32335799
http://doi.org/10.1001/jamapediatrics.2018.4214


Nutrients 2021, 13, 3417 16 of 17

26. Salomaki, H.; Heinaniemi, M.; Vahatalo, L.H.; Ailanen, L.; Eerola, K.; Ruohonen, S.T.; Pesonen, U.; Koulu, M. Prenatal metformin
exposure in a maternal high fat diet mouse model alters the transcriptome and modifies the metabolic responses of the offspring.
PLoS ONE 2014, 9, e115778. [CrossRef]

27. Vogt, M.C.; Paeger, L.; Hess, S.; Steculorum, S.M.; Awazawa, M.; Hampel, B.; Neupert, S.; Nicholls, H.T.; Mauer, J.; Hausen, A.C.;
et al. Neonatal insulin action impairs hypothalamic neurocircuit formation in response to maternal high-fat feeding. Cell 2014,
156, 495–509. [CrossRef]

28. Liang, X.; Yang, Q.; Zhang, L.; Maricelli, J.W.; Rodgers, B.D.; Zhu, M.J.; Du, M. Maternal high-fat diet during lactation impairs
thermogenic function of brown adipose tissue in offspring mice. Sci. Rep. 2016, 6, 34345. [CrossRef]

29. Westerkamp, A.C.; Fujiyoshi, M.; Ottens, P.J.; Nijsten, M.W.N.; Touw, D.J.; de Meijer, V.E.; Lisman, T.; Leuvenink, H.G.D.;
Moshage, H.; Berendsen, T.A.; et al. Metformin Preconditioning Improves Hepatobiliary Function and Reduces Injury in a Rat
Model of Normothermic Machine Perfusion and Orthotopic Transplantation. Transplantation 2020, 104, e271–e280. [CrossRef]

30. Song, L.; Cui, J.; Wang, N.; Wang, R.; Yan, J.; Sun, B. Maternal exercise during gestation and lactation decreases high-fat diet
preference by altering central reward system gene expression in adult female offspring from high-fat fed dams. Behav. Brain Res.
2020, 390, 112660. [CrossRef]

31. Nascimento, G.C.; Malzone, B.L.; Iyomasa, D.M.; Pereira, Y.C.L.; Issa, J.P.M.; Leite-Panissi, C.R.A.; Watanabe, I.S.; Iyomasa, M.M.;
Fuentes, R.; Del Bel, E.; et al. Beneficial effects of benzodiazepine on masticatory muscle dysfunction induced by chronic stress
and occlusal instability in an experimental animal study. Sci. Rep. 2020, 10, 8787. [CrossRef]

32. Roman, W.; Gomes, E.R. Nuclear positioning in skeletal muscle. Semin. Cell Dev. Biol. 2018, 82, 51–56. [CrossRef]
33. Pennington, K.A.; Dong, Y.; Ruano, S.H.; van der Walt, N.; Sangi-Haghpeykar, H.; Yallampalli, C. Brief high fat high sugar diet

results in altered energy and fat metabolism during pregnancy in mice. Sci. Rep. 2020, 10, 20866. [CrossRef] [PubMed]
34. Suarez-Trujillo, A.; Huff, K.; Ramires Ferreira, C.; Paschoal Sobreira, T.J.; Buhman, K.K.; Casey, T. High-fat-diet induced obesity

increases the proportion of linoleic acyl residues in dam serum and milk and in suckling neonate circulation. Biol. Reprod. 2020,
103, 736–749. [CrossRef]

35. Lainez, N.M.; Jonak, C.R.; Nair, M.G.; Ethell, I.M.; Wilson, E.H.; Carson, M.J.; Coss, D. Diet-Induced Obesity Elicits Macrophage
Infiltration and Reduction in Spine Density in the Hypothalami of Male but Not Female Mice. Front. Immunol. 2018, 9, 1992.
[CrossRef] [PubMed]

36. Sun, B.; Purcell, R.H.; Terrillion, C.E.; Yan, J.; Moran, T.H.; Tamashiro, K.L. Maternal high-fat diet during gestation or suckling
differentially affects offspring leptin sensitivity and obesity. Diabetes 2012, 61, 2833–2841. [CrossRef]

37. Bradley, E.A.; Premilovac, D.; Betik, A.C.; Hu, D.; Attrill, E.; Richards, S.M.; Rattigan, S.; Keske, M.A. Metformin improves
vascular and metabolic insulin action in insulin-resistant muscle. J. Endocrinol. 2019, 243, 85–96. [CrossRef]

38. Geerling, J.J.; Boon, M.R.; van der Zon, G.C.; van den Berg, S.A.; van den Hoek, A.M.; Lombes, M.; Princen, H.M.; Havekes, L.M.;
Rensen, P.C.; Guigas, B. Metformin lowers plasma triglycerides by promoting VLDL-triglyceride clearance by brown adipose
tissue in mice. Diabetes 2014, 63, 880–891. [CrossRef]

39. Akhmedov, D.; Berdeaux, R. The effects of obesity on skeletal muscle regeneration. Front. Physiol. 2013, 4, 371. [CrossRef]
[PubMed]

40. Kalinkovich, A.; Livshits, G. Sarcopenic obesity or obese sarcopenia: A cross talk between age-associated adipose tissue and
skeletal muscle inflammation as a main mechanism of the pathogenesis. Ageing Res. Rev. 2017, 35, 200–221. [CrossRef]

41. Harris, K.; Desai, N.; Gupta, M.; Xue, X.; Chatterjee, P.K.; Rochelson, B.; Metz, C.N. The effects of prenatal metformin on
obesogenic diet-induced alterations in maternal and fetal fatty acid metabolism. Nutr. Metab. 2016, 13, 55. [CrossRef]

42. Lu, A.; Guo, P.; Pan, H.; Tseng, C.; Sinha, K.M.; Yang, F.; Scibetta, A.; Cui, Y.; Huard, M.; Zhong, L.; et al. Enhancement of
myogenic potential of muscle progenitor cells and muscle healing during pregnancy. FASEB J. 2021, 35, e21378. [CrossRef]

43. Kabagambe, S.K.; Lankford, L.; Kumar, P.; Chen, Y.J.; Herout, K.T.; Lee, C.J.; Stark, R.A.; Farmer, D.L.; Wang, A. Isolation of
myogenic progenitor cell population from human placenta: A pilot study. J. Pediatr. Surg. 2017, 52, 2078–2082. [CrossRef]
[PubMed]

44. Li, C.; Kang, B.; Zhang, T.; Gu, H.; Song, P.; Chen, J.; Wang, X.; Xu, B.; Zhao, W.; Zhang, J. Dietary Pattern and Dietary Energy
from Fat Associated with Sarcopenia in Community-Dwelling Older Chinese People: A Cross-Sectional Study in Three Regions
of China. Nutrients 2020, 12, 3689. [CrossRef] [PubMed]

45. Jia, G.; Sowers, J.R. Increased Fibro-Adipogenic Progenitors and Intramyocellular Lipid Accumulation in Obesity-Related Skeletal
Muscle Dysfunction. Diabetes 2019, 68, 18–20. [CrossRef] [PubMed]

46. Sacks, J.; Mulya, A.; Fealy, C.E.; Fitzgerald, K.M.; Huang, E.; Kirwan, J.P. Effect of Metformin on Mitochondrial Pathways in
Human Skeletal Muscle Cells. Diabetes 2018, 67, 157-OR. [CrossRef]

47. Popov, L.D. Mitochondrial biogenesis: An update. J. Cell. Mol. Med. 2020, 24, 4892–4899. [CrossRef]
48. Di Meo, S.; Iossa, S.; Venditti, P. Skeletal muscle insulin resistance: Role of mitochondria and other ROS sources. J. Endocrinol.

2017, 233, R15–R42. [CrossRef]
49. Xia, Y.; Buja, L.M.; Scarpulla, R.C.; McMillin, J.B. Electrical stimulation of neonatal cardiomyocytes results in the sequential

activation of nuclear genes governing mitochondrial proliferation and differentiation. Proc. Natl. Acad. Sci. USA 1997, 94,
11399–11404. [CrossRef]

50. Dorn, G.W., 2nd; Vega, R.B.; Kelly, D.P. Mitochondrial biogenesis and dynamics in the developing and diseased heart. Genes Dev.
2015, 29, 1981–1991. [CrossRef]

http://doi.org/10.1371/journal.pone.0115778
http://doi.org/10.1016/j.cell.2014.01.008
http://doi.org/10.1038/srep34345
http://doi.org/10.1097/TP.0000000000003216
http://doi.org/10.1016/j.bbr.2020.112660
http://doi.org/10.1038/s41598-020-65524-w
http://doi.org/10.1016/j.semcdb.2017.11.005
http://doi.org/10.1038/s41598-020-77529-6
http://www.ncbi.nlm.nih.gov/pubmed/33257770
http://doi.org/10.1093/biolre/ioaa103
http://doi.org/10.3389/fimmu.2018.01992
http://www.ncbi.nlm.nih.gov/pubmed/30254630
http://doi.org/10.2337/db11-0957
http://doi.org/10.1530/JOE-19-0067
http://doi.org/10.2337/db13-0194
http://doi.org/10.3389/fphys.2013.00371
http://www.ncbi.nlm.nih.gov/pubmed/24381559
http://doi.org/10.1016/j.arr.2016.09.008
http://doi.org/10.1186/s12986-016-0115-9
http://doi.org/10.1096/fj.202001914R
http://doi.org/10.1016/j.jpedsurg.2017.08.025
http://www.ncbi.nlm.nih.gov/pubmed/28964407
http://doi.org/10.3390/nu12123689
http://www.ncbi.nlm.nih.gov/pubmed/33265923
http://doi.org/10.2337/dbi18-0047
http://www.ncbi.nlm.nih.gov/pubmed/30573676
http://doi.org/10.2337/db18-157-OR
http://doi.org/10.1111/jcmm.15194
http://doi.org/10.1530/JOE-16-0598
http://doi.org/10.1073/pnas.94.21.11399
http://doi.org/10.1101/gad.269894.115


Nutrients 2021, 13, 3417 17 of 17

51. Pileggi, C.A.; Hedges, C.P.; Segovia, S.A.; Markworth, J.F.; Durainayagam, B.R.; Gray, C.; Zhang, X.D.; Barnett, M.P.; Vickers,
M.H.; Hickey, A.J.; et al. Maternal High Fat Diet Alters Skeletal Muscle Mitochondrial Catalytic Activity in Adult Male Rat
Offspring. Front. Physiol. 2016, 7, 546. [CrossRef]

52. Leprivier, G.; Rotblat, B. How does mTOR sense glucose starvation? AMPK is the usual suspect. Cell Death Discov. 2020, 6, 27.
[CrossRef]

53. Ma, K.; Chen, G.; Li, W.; Kepp, O.; Zhu, Y.; Chen, Q. Mitophagy, Mitochondrial Homeostasis, and Cell Fate. Front. Cell Dev. Biol.
2020, 8, 467. [CrossRef]

54. Rodriguez, C.; Contreras, C.; Saenz-Medina, J.; Munoz, M.; Corbacho, C.; Carballido, J.; Garcia-Sacristan, A.; Hernandez, M.;
Lopez, M.; Rivera, L.; et al. Activation of the AMP-related kinase (AMPK) induces renal vasodilatation and downregulates
Nox-derived reactive oxygen species (ROS) generation. Redox Biol. 2020, 34, 101575. [CrossRef]

55. Gaccioli, F.; White, V.; Capobianco, E.; Powell, T.L.; Jawerbaum, A.; Jansson, T. Maternal overweight induced by a diet with high
content of saturated fat activates placental mTOR and eIF2alpha signaling and increases fetal growth in rats. Biol. Reprod. 2013,
89, 96. [CrossRef] [PubMed]

56. Li, S.; Fu, Y.; Pang, Y.; Tong, H.; Li, S.; Yan, Y. GRP94 promotes muscle differentiation by inhibiting the PI3K/AKT/mTOR
signaling pathway. J. Cell. Physiol. 2019, 234, 21211–21223. [CrossRef] [PubMed]

57. Alexander, S.E.; Pollock, A.C.; Lamon, S. The effect of sex hormones on skeletal muscle adaptation in females. Eur. J. Sport Sci.
2021, 1–11. [CrossRef] [PubMed]

58. Cheung, O.K.; Cheng, A.S. Gender Differences in Adipocyte Metabolism and Liver Cancer Progression. Front. Genet. 2016, 7, 168.
[CrossRef]

59. Manippa, V.; Padulo, C.; van der Laan, L.N.; Brancucci, A. Gender Differences in Food Choice: Effects of Superior Temporal
Sulcus Stimulation. Front. Hum. Neurosci. 2017, 11, 597. [CrossRef]

60. Hong, J.; Stubbins, R.E.; Smith, R.R.; Harvey, A.E.; Nunez, N.P. Differential susceptibility to obesity between male, female and
ovariectomized female mice. Nutr. J. 2009, 8, 11. [CrossRef] [PubMed]

61. Son, B.K.; Eto, M.; Oura, M.; Ishida, Y.; Taniguchi, S.; Ito, K.; Umeda-Kameyama, Y.; Kojima, T.; Akishita, M. Low-Intensity
Exercise Suppresses CCAAT/Enhancer-Binding Protein delta/Myostatin Pathway Through Androgen Receptor in Muscle Cells.
Gerontology 2019, 65, 397–406. [CrossRef] [PubMed]

62. Nguyen, L.; Chan, S.Y.; Teo, A.K.K. Metformin from mother to unborn child—Are there unwarranted effects? EBioMedicine 2018,
35, 394–404. [CrossRef] [PubMed]

63. Gormsen, L.C.; Sundelin, E.I.; Jensen, J.B.; Vendelbo, M.H.; Jakobsen, S.; Munk, O.L.; Hougaard Christensen, M.M.; Brosen, K.;
Frokiaer, J.; Jessen, N. In Vivo Imaging of Human 11C-Metformin in Peripheral Organs: Dosimetry, Biodistribution, and Kinetic
Analyses. J. Nucl. Med. 2016, 57, 1920–1926. [CrossRef] [PubMed]

http://doi.org/10.3389/fphys.2016.00546
http://doi.org/10.1038/s41420-020-0260-9
http://doi.org/10.3389/fcell.2020.00467
http://doi.org/10.1016/j.redox.2020.101575
http://doi.org/10.1095/biolreprod.113.109702
http://www.ncbi.nlm.nih.gov/pubmed/24006279
http://doi.org/10.1002/jcp.28727
http://www.ncbi.nlm.nih.gov/pubmed/31025379
http://doi.org/10.1080/17461391.2021.1921854
http://www.ncbi.nlm.nih.gov/pubmed/33890831
http://doi.org/10.3389/fgene.2016.00168
http://doi.org/10.3389/fnhum.2017.00597
http://doi.org/10.1186/1475-2891-8-11
http://www.ncbi.nlm.nih.gov/pubmed/19220919
http://doi.org/10.1159/000499826
http://www.ncbi.nlm.nih.gov/pubmed/31096217
http://doi.org/10.1016/j.ebiom.2018.08.047
http://www.ncbi.nlm.nih.gov/pubmed/30166273
http://doi.org/10.2967/jnumed.116.177774
http://www.ncbi.nlm.nih.gov/pubmed/27469359

	Introduction 
	Materials and Methods 
	Animals 
	Tissue Collection 
	Blood Profile Analyses 
	Quantitative Real-Time PCR Analysis 
	Western Blotting 
	Gastrocnemius Histology 
	Transmission Electron Microscopy 
	Statistical Analysis 

	Results 
	Phenotypes of Dams 
	Phenotypes of Offspring 
	Myogenesis Gene Expression and Morphology in SM of Offspring 
	Mitochondrial Biogenesis and Dynamics Gene Expression in SM of Offspring 
	Mitochondrial Number and Average Volume in SM of Offspring 
	AMPK and mTOR Signaling in SM of Offspring 

	Discussion 
	References

