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ABSTRACT: The increasing prevalence of gestational diabetes mellitus (GDM) is associated with an array of pregnancy
complications and enduring health challenges in both mothers and their offspring. Studies have indicated that exposure
to the intrauterine environment can prompt adaptations in the offspring, thereby programming transgenerational
inheritance. Physical activity during pregnancy, as a non-pharmacological intervention, mitigates metabolic risks
through epigenetic modifications, mediating placental adaptations, the action of exercise factors, and gut microbiota.
Here, we provide a review summarizing how regular exercise can reduce the risk of GDM and positively influence
pregnancy outcomes. It also discusses the exercise-induced reduction in obesity, insulin resistance, and fatty liver disease
in the offspring of GDM, outlining the mechanisms that underpin these health benefits. This review underscores the
importance of exercise in safeguarding the health of GDM mothers and their offspring.
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1 Introduction
Chronic metabolic diseases such as obesity, hypertension, and diabetes are rampant worldwide [1].

Gestational diabetes mellitus (GDM) is one of the most common metabolic disorders during pregnancy
and is defined as abnormal glucose tolerance that occurs or is first diagnosed during pregnancy, with a
global prevalence ranging from 1% to 14% [2]. Recognized risk factors for GDM include overweight or
obesity, excessive weight gain during pregnancy, family history of GDM or type 2 diabetes, multiparity, and
advanced maternal age [3]. Although the exact etiology remains unclear, inflammation, insulin resistance,
and oxidative stress are considered key factors in the occurrence and progression of GDM [4].

GDM is associated not only with an increased risk of adverse pregnancy outcomes during the perinatal
period, including large-for-gestational-age (LGA) infants, macrosomia, neonatal hypoglycemia, and elevated
perinatal morbidity and mortality but also with heightened long-term metabolic risk for both mothers and
their offspring. In pregnancies affected by GDM, excessive fetal growth primarily occurs in the abdominal
and shoulder regions. This results in macrosomia in 15% to 45% of cases, which elevates the likelihood
of shoulder dystocia and injuries during birth [5]. A recent systematic review based on the diagnostic
criteria of the Oral Glucose Tolerance Test (OGTT) indicates that the incidence of large LGA infants among
pregnant women with GDM is 13%, compared to the overall prevalence of LGA (18%) [6]. Research suggests
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that a significant proportion of women, up to 70%, who experience GDM are likely to develop type 2
diabetes mellitus (T2DM) within a period of 22 to 28 years. However, this risk may be reduced through
modifications in diet and lifestyle [7]. Both mothers with GDM and their offspring have a higher risk of
metabolic diseases later in life [8]. Pregnant women with GDM have a twofold increased risk of developing
cardiovascular diseases in the future, compared to healthy ones [9]. Additionally, maternal GDM, gestational
hypertensive disorders, or a combination of both, increase the risk of obesity in offspring [10]. Furthermore,
An International and epidemiological study: Hyperglycemia and Adverse Pregnancy Outcome (HAPO)
significantly found a positive correlation between maternal blood glucose levels and in obesity children aged
10–14 years [11]. It is currently believed that hyperglycemia during pregnancy is a risk factor for elevated
blood pressure in the offspring, and prenatal interventions targeting gestational hyperglycemia may help
control blood pressure in children [12]. Therefore, there is an urgent need for an effective intervention that
can improve glycemic control in mothers with GDM and enhance maternal and fetal clinical outcomes, while
also reducing health risks for the offspring.

Nutritional therapy along with physical activity is currently the first-line treatment for GDM. Studies
show that for 70%–85% of women diagnosed with GDM, changes in lifestyle alone are enough to manage
blood sugar levels. However, the formulation of dietary plans for women with GDM remains a complex issue
that has not been fully resolved [13]. Observational studies of women engaging in exercise during pregnancy
suggest that physical activity offers benefits such as reduced risks of gestational diabetes, cesarean delivery,
and longer postpartum recovery times. Physical activity and exercise during pregnancy carry minimal risks
and have been shown to be beneficial for most women [14]. Self-care is crucial in the management of women
with GDM, especially in the aspects of physical activity, and blood glucose control [15]. A systematic review
conducted by Karavasileiadou et al. demonstrated that a certain level of self-management and self-efficacy
enables women to exert specific control over their diet and weight, which not only optimizes the management
of GDM but also prevents postpartum diabetes [16]. A study conducted in China identified a positive
correlation between self-efficacy and self-management behaviors in pregnant women with GDM [17]. A
cross-sectional study conducted in Jordan found that mothers with GDM possessing higher levels of self-
efficacy acquired higher standards of self-care [18]. This review discusses the effects of exercise during
pregnancy on glycemic control in mothers with GDM under insulin-resistant conditions as well as its impact
on offspring health and the underlying mechanisms. The aim was to enhance the self-care and compliance
of women with GDM in exercise interventions, thereby providing optimal benefits for both mothers and
their offspring.

2 Forms of Exercise during Pregnancy
Physical activity (PA) during pregnancy is a crucial component of prenatal care that promotes both

maternal and fetal health. Exercise can be categorized into aerobic and resistance training, with aerobic
exercise being particularly beneficial for maintaining fitness and overall well-being [19]. The aerobic exercises
recommended for pregnant women include walking, stationary cycling, aerobic dance, and aquatic exer-
cise [14]. The study found reduced maternal cesarean section rates and fetal shoulder injuries in patients who
regularly walked for 30–60 min at least 1 day per week throughout pregnancy [20]. Similarly, a randomized
controlled trial by Adamczak et al. demonstrated significantly less macrosomia in patients with GDM and
obese pregnancies after pedometer supervision [21]. Pregnant women can benefit from stationary cycling as
an alternative form of aerobic exercise that engages both the cardiovascular system and skeletal muscles [22].
A randomized crossover controlled study by Andersen et al. revealed that pregnant women at risk of
GDM experienced reduced glycemic fluctuations after glucose intake when they participated in moderate-
intensity cycling for 20 min [23]. Additionally, a study by Halse et al. found that compared to treadmill
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walking, stationary cycling resulted in notably lower postprandial blood glucose levels at 120 min following
an OGTT, as well as decreased insulin levels 120 min after glucose consumption [24]. A recent meta-
analysis of various exercise modalities for the prevention of prenatal depression by Ji et al. demonstrated
that the preventive effects of efficacious stress interventions were, in descending order, yoga, and aerobics
combined with resistance training [25]. Furthermore, a study conducted in Turkey revealed that pregnant
women who participated in a 60 min prenatal yoga class once a week for 4 weeks experienced significant
reductions in pregnancy-related gastrointestinal, respiratory, and mental health symptoms [26]. Dance has
also been demonstrated to elicit positive feelings and emotions regarding pregnancy [27]. Aquatic exercise
is a form of physical activity that exhibits a high level of participation among women during pregnancy. A
multicenter randomized controlled trial conducted in Spain demonstrated that moderate-intensity aquatic
exercise during pregnancy reduced postpartum anxiety and depressive symptoms in mothers [28]. Cancela-
Carral et al. also indicated that aquatic exercise in pregnant women had a positive effect on the prevention
of excessive maternal weight gain and on the reduction of the mean difference in neonatal birth weight [29].
Animal studies have shown that maternal swimming influences mitochondrial responses to hypoxia in the
brain of the offspring enhances spatial memory, and prevents cognitive impairment, with male rats showing
the most notable improvements [30]. However, there is a paucity of literature exploring the mechanisms
of various types of aerobic exercise at present. The American College of Sports Medicine (ACSM) outlines
the FITT (Frequency, Intensity, Type, and Time) principles for aerobic exercise prescriptions, which are
also applicable to pregnant women [31,32]. International guidelines generally suggest that pregnant women
engage in moderate-intensity aerobic exercise for at least 150 min per week, spread over at least three
days [33]. The American College of Obstetricians and Gynecologists (ACOG) specifically advises women
with GDM to exercise for at least 150 min per week [34], while the Society of Obstetricians and Gynecologists
of Canada (SOGC) and The Canadian Society for Exercise Physiology (CSEP) recommend a similar regimen
for all pregnant women without contraindications [35].

Exercise intensity should be moderate, corresponding to a metabolic equivalent of task (MET) of
3–4, such as brisk walking. Most guidelines recommend aiming for a heart rate reserve (HRR) of 40%–59%
during exercise, with vigorous exercise (heart rates exceeding 90% of HRR) to be avoided [36]. The Rating
of Perceived Exertion (RPE) scale, also known as the Borg scale, is a useful tool for self-assessment, with
pregnant women advised to target an RPE of 13–14, indicating a “somewhat difficult” level of exertion [37].

The “talk test” is another simple method to gauge exercise intensity; if a woman can converse comfort-
ably during exercise, she is likely within the appropriate intensity range. It is important to note that individual
responses to exercise can vary, and pregnant women should consult their healthcare providers to determine
the most suitable exercise regimen based on their specific health conditions and fitness levels [14].

3 Maternal Exercise Effects on the Health of Mothers
Exercise is beneficial for women with GDM, as it can improve blood glucose control in GDM patients

and reduce key risk factors associated with GDM, such as maternal hypertension, preeclampsia, and birth
injuries related to macrosomia, especially for controlling blood glucose and insulin levels [13]. Research by
Davenport et al. revealed that pregnant women who engaged in exercise experienced a 39% lower risk of
developing GDM and a 41% decrease in pre-eclampsia incidence [38]. The extant literature indicates that
maternal exercise is associated with a reduction in the risk of macrosomia, with reported decreases ranging
from 4% to 61% [39]. Exercise can improve peripheral glucose tolerance via both insulin-dependent and
insulin-independent mechanisms, addressing the underlying metabolic dysregulation such as progressively
reduced peripheral and hepatic insulin sensitivity and impaired insulin action at the receptor level [40].
Moreover, the distinct metabolic impacts of aerobic exercise and resistance training uniquely contribute
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to combating insulin resistance in GDM patients, providing a comprehensive strategy for managing this
condition [41].

A recent meta-analysis indicated that exercise interventions reduced the incidence of GDM by 39%, with
optimal effects observed when light-to-moderate intensity exercise is initiated during the first trimester of
pregnancy [42]. Structured exercise programs have also been shown to lower the risk of GDM development
by up to 49%, with 140 min of weekly exercise correlating with a 25% reduction in GDM risk [43]. Research
findings [44–46] suggest that engaging in physical exercise during pregnancy may lead to decreased blood
glucose levels. However, an alternative study by Brislane et al. found that exercise programs had no significant
effect on postprandial glucose concentrations [47]. Nevertheless, the exercise protocol employed in this study
was of low intensity, and the sample size of pregnant women participating in the exercise intervention was
relatively limited. Resistance training emerges as an effective strategy for managing insulin requirements and
improving glucose control, as it can decrease fasting blood glucose levels and enhance postprandial glucose
management [40]. Regular exercise during pregnancy can significantly enhance skeletal muscle strength,
insulin sensitivity, and glucose uptake [48].

A randomized controlled trial involving 340 pregnant women has shown that dietary and physical
activity interventions, facilitated by a smartphone app, can lead to lower average blood glucose levels
compared to a control group [49]. Further evidence from a meta-analysis of nine studies confirms that
exercise interventions can positively influence blood glucose levels in GDM patients, including postprandial
glucose levels at 2 h and Hemoglobin A1c (HbA1c) levels [50]. Another randomized controlled trial (RCT)
conducted in China highlighted that healthy lifestyle interventions had significant effects on fasting insulin
levels and Homeostasis Model Assessment of Insulin Resistance (HOMA-IR) changes in women with a
history of GDM, with interactions observed in those with cyclin-dependent kinase 5 regulatory subunit
associated protein 1-like 1 (CDKAL1) gene variants persisting for two years, although the impact diminished
over time [51]. CDKAL1 is currently found as a risk gene for diabetes, associated with the resistance and
impaired synthesis of insulin [52]. Although the precise molecular mechanisms underlying remain unknown,
CDKAL1 plays a crucial role in predicting the potential risk of the future development of T2DM in women
with GDM [53,54]. Table 1 summarizes the clinical trials and parallel exercise studies in women with GDM.

Different types of exercise have varying effects on the prognosis of patients with gestational diabetes.
In patients with gestational diabetes mellitus (GDM), aerobic workouts can effectively reduce fasting and
post-meal blood glucose levels, along with HbA1c values. Conversely, resistance exercises have been shown
to decrease the amount of insulin required by these patients [55]. Results from a meta-analysis also showed
that resistance training improves blood glucose levels, insulin use, and macrosomia rates in women with
GDM [56]. However, Keating et al. indicated that exercise, while beneficial for glycemic control, had no
effect on preterm birth outcomes eventually [41]. A randomized controlled trial by Zhao et al. demonstrated
that moderate-intensity exercise helped enhance glycemic regulation, insulin utilization, pregnancy-related
weight management, and blood pressure control in patients with GDM [57]. However, it should be noted
that this study was conducted with a limited number of participants. Another randomized controlled trial
conducted by Xie et al. revealed that mothers engaging in resistance training exhibited reduced postprandial
glucose levels at the 2 h mark compared to those performing aerobic exercises. Furthermore, the resistance
training group showed superior compliance with the exercise regimen [44].

Aerobic exercise has been a focus of pregnancy exercise research for some time, while studies on
resistance exercise have emerged in recent years [58]. There is a lack of research directly comparing
resistance and aerobic exercise in the management of GDM, particularly with the lack of large RCTs.
Future investigations should assess the long-term impacts of resistance exercise on pregnant women with
GDM, increase comparative studies between resistance and aerobic exercise, and conduct more large-sample



BIOCELL. 2025;49(2) 185

RCTs. By adding more forms of exercise during pregnancy, exercise programs can be designed individually
according to the FITT principle for diverse pregnant populations, potentially enhancing patient adherence.

Table 1: Clinical trials and parallel studies with exercise in GDM women

Authors Subjects Interventions Results
Yew

et al. [49]
340 GDM women (12–30 weeks

gestation), assigned to usual
care or physical activity +

dietary + weight and glucose
monitoring

Smartphone application
coaching program

The intervention group
had lower blood glucose

levels

Brislane
et al. [47]

17 GDM women (20 weeks
gestation) were assigned to
SHORT or LONG, and 16

NON-GDM women

SHORT: three 10-min
walks + immediately after

eating, LONG: one
30-min walk + 1 h after

eating)

Exercise intervention had
no impact on 1 or 2 h
postprandial glucose

values

Liang
et al. [51]

560 women with GDM,
assigned into an intervention

group or a control group

Moderate or vigorous
exercise: at least 30 min
daily + 7 days per week

The intervention group
showed a more

substantial rise in fasting
insulin and HOMA-IR

Xie
et al. [44]

A resistance exercise group (49
GDM women) and an aerobic

exercise group (51 GDM
women)

50–60 min exercise + 3
times per week + 6 weeks

Resistance exercise group
exhibited reduced levels

of blood glucose two
hours postprandially

Jin
et al. [45]

131 pregnant women, divided
into conventional intervention

or the original gymnastics

Original gymnastics + 10
times per week +last 15
min: Warm-up, Finger
stretch, Arm stretch,

Fluttering of arms like
butterflies, Stretching like
a bird in flight, Swinging
arms in bow step, Waving
arms in the “Lucky Cat”

style, and Cool down

The experimental group
reduced fasting and 2-h

postprandial blood
glucose

Zhang
et al. [46]

878 GDM women A questionnaire of
physical exercise

45–60-min/day, 61–90-
and >90-min/day groups

experienced lower
instances of irregular
fasting blood glucose

levels

(Continued)
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Table 1 (continued)

Authors Subjects Interventions Results
Qazi

et al. [59]
50 GDM women (20–36 weeks

gestation), randomized into
Structured exercise + dietary +

medical interventions and
dietary +medical interventions

40 min exercise + twice a
week + 5 weeks

The exercise group
exhibited reduced levels
of HbA1c and C reactive

protein

4 Effects of Maternal Exercise on Offspring
Maternal exercise during pregnancy positively impacts both the mother’s metabolic health and the

metabolic programming of the fetus [60]. Studies indicate that maternal PA can enhance the offspring’s
metabolic profile, with higher maternal moderate-to-vigorous physical activity (MVPA) correlating inversely
with neonatal fat mass in male offspring [61]. A 7-year multicenter trial revealed that children of mothers with
GDM risk factors are predisposed to higher body mass index (BMI) and overweight conditions [62]. Exercise
is crucial for mitigating metabolic disorders, enhancing mitochondrial function, reducing inflammation and
oxidative stress associated with obesity and hyperglycemia, and improving insulin resistance [48].

Animal research underscores the protective role of prenatal exercise against the adverse effects of
maternal obesity and diabetes, such as obesity, insulin resistance, and hepatic steatosis. Maternal exercise
during pregnancy can regulate the in-utero environment, influencing liver metabolism and preventing early
weight gain and fat accumulation in female offspring of mothers with GDM, particularly those on high-fat,
high-sugar diets [63]. It also reduces hepatic triglyceride accumulation in male offspring and enhances liver
mitochondrial function, with benefits persisting post-exercise cessation [64]. The liver’s response to exercise
may relate to improved insulin sensitivity and lipid metabolism, although the precise mechanisms remain
under investigation [65].

Offspring of exercise-trained mothers exhibited increased maximal workload performance (MWP),
associated with in-utero regulation of skeletal muscle mitochondrial density and functional markers, as
evidenced by elevated AMP-activated protein kinase (AMPK) levels in the soleus muscle and reduced
expression of Complex IV subunits in the tibialis anterior. Maternal exercise also counteracts diet-induced
changes in miRNA expression [66]. Similar studies demonstrate that gestational exercise enhances insulin
sensitivity and glucose tolerance in female offspring, with benefits extending to improved glucose tolerance
and reduced insulin and cholesterol levels in adult offspring, irrespective of maternal weight and offspring
diet [67]. Evidence also suggests that adequate PA during pregnancy and childbirth, combined with stress
reduction and appropriate nutrition, can influence the early development of the central nervous and immune
systems, and help prevent neurodevelopmental and psychiatric disorders in offspring [68]. In general,
research has predominantly focused on investigating the effects of maternal exercise on neonatal outcomes,
primarily utilizing rodent models. Consequently, there is a need for more research, especially clinical trials
involving diverse human populations, to better understand the long-term health effects of prenatal exercise
on offspring.

5 Mechanisms of Maternal Exercise on Mothers with GDM and Their Offspring
Exercise increases the resting metabolic rate (RMR) in women and improves insulin sensitivity in

skeletal muscle [69]. Current reports indicate that muscle contractions during exercise stimulate the
translocation of glucose transporters type 4 (GLUT4) glucose transporters from inside the cells to the
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surfaces of muscle cells, thus primarily increasing glucose uptake by muscle cells through the movement of
GLUT4 [70]. The redistribution of GLUT4 during exercise primarily occurs through two independent but
additive pathways. In the first pathway, insulin binds to its receptor insulin receptor substrates (IRS), leading
to the phosphorylation of intracellular tyrosine residues, activation of the phosphoinositide 3-kinase (PI3K)
pathway, and subsequent catalysis of phosphatidylinositol (3,4,5)-trisphosphate (PI3P) formation. PI3P
further activates protein kinase B (Akt) and atypical protein kinase C (aPKC), triggering the translocation
of GLUT4 to the cell membrane. The second pathway is the insulin-independent pathway and includes:
(a) the release of Ca2+ from the sarcoplasmic reticulum for muscle contraction, leading to an increase in
intracellular Ca2+; concentration and activation of Ca2+/calmodulin-dependent protein kinase (CaMK);
(b) a decrease in the ATP/ADP ratio and activation of AMP-activated protein kinase (AMPK); and (c) a
transient increase in oxidative stress, resulting in elevated levels of reactive oxygen species (ROS) [49]. Other
exercise-induced mechanisms include increased endothelial nitric oxide activity, activation of mitogen-
activated protein kinases (MAPK), activation of protein kinase C (PKC), bradykinin, hypoxia, elevation of
muscle temperature, and mechanical deformation during muscle contractions. Evidence also suggests that
exercise may enhance the activity and gene expression of GLUT4. The combined endpoint of these pathways
is the activation of intracellular proteins TBC1D1/TBC1D4, leading to increased insulin sensitivity [71].
Furthermore, prolonged exposure of the pancreas to a hyperglycemic environment can trigger inflammation,
which impairs glucose-stimulated insulin secretion and exacerbates β-cell apoptosis. Exercise may have
beneficial effects on β-cell proliferation, neogenesis, and death by increasing circulating growth hormone
concentrations and reducing blood glucose and lipid levels [72]. According to existing literature, exercise
during pregnancy mainly influences maternal and offspring health through several mechanisms (Fig. 1).

Figure 1: A brief overview of effects and mechanisms of maternal exercise on mothers with GDM and their offspring.
From the articles we obtained and screened, we summarized six modes of maternal exercise that most closely influence
the clinical outcomes, glucose tolerance, insulin sensitivity, central nervous system development, and psychological
behaviors in women with GDM and their offspring. VEGF = vascular endothelial growth factor. VEGFR1 = VEGF
receptors 1. GDM = gestational diabetes mellitus
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5.1 Maternal Exercise-Mediated Placental Adaptation
Maternal exercise has a mediating effect on both the mother and the fetus, and the placenta serves as the

interface between them. Currently, research on exercise-mediated placental adaptation and its relationship
with uterine placental perfusion and placental weight during pregnancy has yielded inconsistent findings.
Studies have shown that women who follow a regular running regimen during pregnancy exhibit an increase
in absolute (total chorionic capillary volume) and relative (total chorionic capillary volume/total chorionic
volume) chorionic capillary volume [73]. Recently, Bhattacharjee et al. discovered that maternal exercise
increased the levels of the angiogenic factor vascular endothelial growth factor (VEGF) and its receptor
VEGF receptors 1 (VEGFR1), with no observed effects on placental growth factor (PlGF) and VEGF receptors
2 (VEGFR2) [74]. Research suggests a positive correlation between the cytokine VEGF and GDM. VEGF’s
varying expression in placental and trophoblast cells makes it a potential biomarker for tracking GDM
progression [75]. However, more research is needed in the future to demonstrate the specific mechanisms
involved in pregnant women with GDM after exercise. Another recent cohort study involving obese pregnant
women found that placental expression of pro-angiogenic and anti-angiogenic factors was not associated
with average MVPA or percentage of sedentary time [76]. The pro-angiogenic effects of exercise on the
placenta were also evident in mice, as data indicated that exercise training rescued the decrease in vascular
density in a placental injury model induced by a high-fat diet [77].

5.2 Exerkines
GDM may be associated with placental mitochondrial dysfunction [78]. Recent studies have also

found that physical exercise during pregnancy can enhance oxidative metabolism and improve placental
function, possibly mediated in part by exercise factors secreted by the placenta, referred to as placental
factors, including apelin, superoxide dismutase 3 (SOD3), irisin, and adiponectin. These factors mediate
fetal development and maternal metabolism [79]. Irisin is an exercise-induced myokine released into
the bloodstream due to cleavage of the extracellular domain of fibronectin type III domain containing 5
(FNDC5), primarily regulating thermogenesis and biogenesis in brown adipose tissue. Exercise-induced
release of irisin can modulate muscle metabolism through AMPK activation [80]. Further findings indicate
that regular maternal exercise can increase irisin production, stimulate the conversion of white fat to brown
fat, regulate blood sugar levels, and boost calorie burning. This may be one of the ways exercises help prevent
GDM. Pregnant women who exercised exhibited notably higher irisin levels and significantly reduced insulin
resistance compared to the control group. Furthermore, the exercise group showed increased expression
of beige adipose tissue marker genes (CD137, TMEM26, and TBX-1) in inguinal adipose tissue, as well as
enhanced CD137 gene expression in subcutaneous adipose tissue. In a mouse study, exercising animals
demonstrated markedly elevated irisin levels. Additionally, the expression of beige adipose tissue marker
genes CD137 and TBX-1 was substantially higher in both inguinal subcutaneous and interscapular adipose
tissues of the exercise group mice compared to their control counterparts [81].

5.2.1 Apelin
Among the hormones increased due to maternal exercise, the level of apelin was found to be higher,

existing in large quantities in the circulation of mothers, fetuses, and placenta [82]. Animal experiments have
demonstrated that maternal exercise leads to increased placental apelin levels. High levels of apelin activate
ten-eleven translocation (Tet), which converts 5-methylcytosine in the PR-domain containing 16 (Prdm16)
promoters into 5-hydroxymethylcytosine [83]. Exercise-induced release of apelin increases acetyl-CoA
carboxylase (ACC) phosphorylation via AMPK activation, which stimulates fatty acid oxidation. Exercise
during pregnancy activates AMPK and peroxisome proliferator-activated receptor gamma coactivator 1alpha



BIOCELL. 2025;49(2) 189

(PGC-1α) in the muscles of offspring in mother rats to stimulate the expression of uncoupling protein 3
(UCP3) and myoglobin, thereby inhibiting sarco-endoplasmic reticulum Ca-ATPase (SERCA), increasing
intracellular Ca2+ levels, activating calmodulin-dependent kinase kinase 2 (CaMKK2) and enhancing
the heat produced by muscle contractions [84]. Maternal exercise activates the apelin-APJ-AMPK axis,
enhancing the expression of non-shivering thermogenesis (NST) genes in the muscle of offspring affected
by maternal obesity, thus providing transgenerational protection against diet-induced obesity and metabolic
disorders [85].

5.2.2 Leptin
Leptin is a fat-derived hormone controlled by the hypothalamus, critically involved in the feedback

regulation of food intake metabolism. Aberrant leptin expression can lead to weight gain, irregular food
intake, and chronic obesity, particularly in women with GDM who often display elevated leptin levels [86].
Recent studies have found that maternal exercise can increase lipid levels, as well as plasma leptin and
insulin levels in women, thereby improving the harmful effects of a high-fat diet [87,88]. Exercising women
during pregnancy had lower leptin levels. However, when these women ceased exercising, the rate of increase
in leptin levels was comparable to that in the control group [89]. Studies on rats have demonstrated that
when mothers exercise, it decreases leptin resistance in their offspring by enhancing the expression of leptin
receptor (Leprb), agouti-related peptide (Agrp), signal transducer and activator of transcription 3 (Stat3),
insulin receptor (Insr), and pro-opiomelanocortin (Pomc) genes within the fetal hypothalamus [90].

5.2.3 SOD3
Exercise can induce upregulation of SOD3, thereby mitigating the effects of oxidative stress [91]. Recent

animal experiments have demonstrated that maternal exercise leads to an increase in the expression and
secretion of placental SOD3 through vitamin D receptor-mediated mechanisms. This activation triggers the
AMPK/TET signaling pathway in the offspring’s livers, particularly in cases where mother rats were fed high-
fat diets. Consequently, this process leads to the demethylation of promoters for genes involved in glucose
metabolism, resulting in improved liver function and glucose tolerance in the offspring [92].

5.2.4 Adiponectin
Adiponectin, a hormone produced by fat cells, plays a crucial role in glucose regulation during

pregnancy and exhibits anti-inflammatory and insulin-sensitizing effects. When adiponectin interacts with
its receptors, it triggers protein kinase signaling pathways, which enhance fatty acid oxidation and suppress
gluconeogenesis. In cases of GDM, the levels of adiponectin are markedly decreased, leading to impaired
insulin sensitivity and elevated blood glucose levels [93]. Studies have shown that serum levels of adiponectin
and C1q/tumor necrosis factor-related protein 3 (CTRP3) in subjects with GDM are lower than those in the
control group [94]. Research conducted on animals has revealed that male progeny of mothers who exercised
exhibited enhanced adiponectin expression in muscle tissue, along with decreased leptin concentrations
and improved insulin responsiveness, when compared to the male offspring of inactive mothers consuming
high-fat diets [95].

5.3 Plasma Metabolites
In recent years, metabolomics research to study exercise-responsive metabolites has enhanced our

understanding of the potential effects of exercise. A considerable amount of literature has explored the
metabolomic changes associated with different types intensities, and durations of exercise [96,97]. Recently,
Contrepois et al. identified 728 metabolites that were significantly impacted by exercise through a analysis
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of blood metabolites in humans before and after acute exercise [98]. Furthermore, Schranner et al. found
196 metabolites that had significant changes in humans after endurance or resistance exercise [99]. Both
resistance exercise (RE) and endurance exercise (EE) activate the metabolic pathways of glycolysis, the
Tricarboxylic Acid (TCA) cycle, amino acid catabolism, and fat oxidation. However, RE shows a stronger
tendency to significantly enhance the production of metabolites linked to glycolysis and the TCA cycle.
In contrast, EE primarily stimulates an increase in succinate levels [100]. Many metabolites derived from
branched-chain amino acids (BCAAs) exhibit significant responses to RE, similar to metabolites involved in
the tricarboxylic acid cycle and glycolysis, while lipid-related metabolites show significant changes following
EE, particularly several acylcarnitines and the ketone metabolite β-hydroxybutyrate (BHBA) [101]. Physically
active pregnant women have significantly higher levels of monounsaturated fatty acids (MUFAs) during
the second trimester. The positive correlation observed between MUFAs and MVPA in the plasma of
pregnant women with GDM may be attributed to elevated levels of lipogenesis and fat deposition in early
pregnancy. During the second trimester, the intervention group showed significantly lower levels of two long-
chain monounsaturated acylcarnitines (myristoylcarnitine and palmitoylcarnitine) at 120 min post-OGTT
compared to the control group [102]. Further studies found that sedentary time from early to mid-pregnancy
was associated with the expression of placental genes related to lipid transport, indicating that a longer
sedentary time was correlated with lower expression of placental fatty acid transport protein 2 (FATP2)
and FATP3. In contrast, MVPA was negatively correlated with GLUT1 mRNA expression [103]. A clinical
cohort study reported a significant association between PA and reduced BCAA levels in late pregnancy [104].
In contrast, another RCT found no association between umbilical cord blood metabolites and lifestyle
interventions during pregnancy [105].

5.4 Gut Microbiota
In recent years, it has been found that sustained alterations in the gut microbiota may be a key factor

in the metabolic benefits of maternal exercise. The gut microbiome is associated with glucose homeostasis
in both non-pregnant and pregnant women and may play a role in the development and persistence of
GDM. The gut microbiota of women with GDM differs markedly in structure, composition, and metabolic
function compared to that of women without GDM [106]. Studies have indicated that differences in glycemic
regulation in late pregnancy are related to relatively modest changes in the gut microbiome composition
of offspring within the first week and nine months after birth [107]. A cohort study observed significant
differences in gut microbiota structure and composition at six months of age between the GDM and non-
GDM groups, as well as significant differences in the dynamic changes of α-diversity from one to six months
of age based on GDM status. Additionally, we found that changes in the gut bacteria of offspring born
to GDM mothers were associated with infant growth [108]. The potential mechanisms by which maternal
GDM alters the gut microbiota of offspring and subsequently affects infant growth are unclear. Animal
experiments have demonstrated that maternal exercise can induce sustained changes in the gut microbiota,
significantly alleviating the adverse metabolic effects of maternal high-fat diets on both mothers and male
offspring. Maternal exercise significantly improved maternal insulin sensitivity and reduced metabolic
disorders in offspring from childhood to adulthood through the reduction of detrimental bacteria and
sustained enrichment of short-chain fatty acid producers, particularly Odoribacter [109]. In Wistar-Kyoto
rats, maternal pre-pregnancy and pregnancy exercise increased the abundance of Helicobacter, which is
associated with inflammatory bowel disease, as well as gastrointestinal inflammatory markers, inhibited
the development of metabolic dysfunction, enhanced pancreatic β-cell mass, and prevented changes in
the gut microbiome of GDM females [110]. Maternal voluntary wheel running can comprehensively pro-
gram changes in gut microbiota composition and fecal metabolite levels, subsequently regulating butyrate
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metabolism and mediating gut gluconeogenesis in the offspring. The offspring of high-fat-fed and exercised
mothers showed an increase in the abundance of Desulfovibrio and Verrucomicrobia [111].

5.5 Epigenetics
The etiology of GDM is complex and involves genetic and environmental factors, mechanisms, and

epidemiological studies [112]. It has been demonstrated that genes are not immutable; their expression can
adapt to environmental changes, and increasing attention has been paid to the effects of exercise on the
genome. Epigenetics suggests that adaptation of genes to the environment can lead to reversible changes
in gene function without altering the DNA sequence [113]. A substantial amount of evidence indicates
intergenerational epigenetics, with metabolic dysfunction significantly influencing transgenerational effects
through epigenetic mechanisms [114]. An RCT found that lifestyle interventions during pregnancy can
alter the impact of the prenatal maternal glycemic environment on epigenetics. Interventions involving
diet and physical activity during pregnancy seem to reduce GDM and 1-h glucose-related methylation
signatures in infant umbilical cord blood, affecting 87% of GDM-related and 77% of 1-h glucose-related
dmCpGs [115]. Research on female mice has investigated whether maternal exercise during pregnancy could
protect offspring from the adverse effects of maternal high-fat diets. Researchers found that maternal exercise
prevented high-fat diet-induced hypermethylation of Pgc-1α and enhanced the expression of Pgc-1α and its
target genes, thereby improving age-related metabolic dysfunction in progeny at 9 months of age [116]. The
mechanism by which a maternal high-fat diet induces glucose metabolic dysregulation in the offspring of
C57BL/6 mice involves increased reactive oxygen species, carbonylation of WD repeat domain 82 (WDR82),
and inactivation of histone H3 lysine 4 (H3K4) methyltransferase leading to reduced H3K4me3 at glucose
metabolism gene promoters, while exercise during pregnancy can reverse this signaling pathway [117].

5.6 Oxidative Stress
Regular exercise can mitigate mitochondrial impairment, allowing these cellular powerhouses to sustain

equilibrium between mitochondrial processes and self-degradation. These long-term adaptations resulting
from consistent exercise enhance the capacity for oxidative metabolism [118]. Mitochondria are considered
the “powerhouses of the cell” as they are the primary sites for adenosine triphosphate (ATP) production.
Mitochondrial ROS can alter the insulin/insulin receptor substrate signaling pathways. Furthermore, over-
expression of mitochondrial antioxidant enzymes that mitigate H2O2 can reduce the loss of insulin sensitivity
induced by high-fat diets, whereas damaged or dysfunctional mitochondria can lead to a range of complex
diseases, including obesity and diabetes [119]. Maternal exercise alters the redox state and mitochondrial
function of offspring skeletal muscles in a sex-dependent manner [120]. Animal studies have shown that
maternal exercise can reduce the oxidative stress associated with pre-gestational diabetes and decrease ROS
and oxidative damage in the fetal heart, leading to a lower incidence of congenital heart defects in the
offspring of mothers with pre-gestational diabetes [121].

6 Conclusion and Outlook
The intrauterine hyperglycemic environment associated with gestational diabetes not only affects

maternal health but can also be passed down across generations, increasing the metabolic susceptibility of
the offspring. As an important regulator in utero, appropriate exercise during pregnancy does not increase
the risk of preterm birth and can control excessive weight gain in pregnant women by influencing placental
blood flow, mediating placental mitochondrial oxidative metabolism through exercise factors, or regulating
plasma metabolites. This, in turn, reduces insulin resistance and the risk of developing gestational diabetes.
Additionally, it can reprogram the metabolic characteristics of offspring through epigenetic changes and gut



192 BIOCELL. 2025;49(2)

microbiota, thereby minimizing the negative effects on GDM offspring and improving maternal and child
outcomes, thereby ensuring the safety and health of both mothers and children. However, further exploration
of the molecular mechanisms by which exercise affects the health of mothers with GDM and their offspring,
as well as the long-term metabolic health of descendants, will be beneficial in identifying therapeutic targets
to improve the health of both mothers and offspring.
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