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Abstract: Insulin resistance is more common in the elderly, and with the improvement in
people’s living standards and changes in lifestyle habits, the incidence of insulin resistance
in other age groups is also increasing year by year. Overweight and obesity caused by
abnormal fat metabolism or accumulation can significantly reduce glucose intake, which is
the direct cause of insulin resistance and the trigger for the occurrence and development of
type II diabetes. This article reviews and analyzes relevant literature on empirical research
on the effect of regular exercise on improving insulin resistance. It was found that the most
important step in carbohydrate metabolism is the translocation of glucose transporter 4
(GLUT4) to the cell membrane, carrying water-soluble glucose through the lipid soluble cell
membrane to complete carbohydrate transport. The process of glucose transporter protein
translocation to the cell membrane can be driven by two different signaling pathways:
one is the insulin information transfer pathway (ITP), the second is to induce the ITP of
monophosphate-activated protein kinase (AMPK) through hypoxia or muscle contraction.
For type II diabetes patients, the insulin signal transmission pathway through insulin
receptors (IRS1, IRS2) and phosphatidylinositol 3-kinase (PI3K) (PI3K) is damaged, which
results in the decrease in glucose absorption stimulated by insulin in skeletal muscle, while
the noninsulin signal transmission pathway of AMPK in these patients is normal. It can be
seen that regular exercise can regulate glucose intake and the metabolism of skeletal muscle,
improve insulin resistance, reduce fasting blood glucose and glycosylated hemoglobin in
diabetes patients, and thus, effectively regulate blood glucose. However, many steps in the
molecular mechanism of how exercise training improves systemic insulin resistance are
still not fully understood, and further discussion is needed in the future.

Keywords: hyperglycemia; insulin resistance; information transfer pathway; regular
exercise; molecular biology

1. Introduction
Modern scientific and technological civilization has changed people’s way of life,

resulting in a significant decline in people’s sports. The popularity of the sedentary lifestyle,
and high-calorie and high-fat diet has changed the dietary habits of people, and further
promoted chronic diseases such as cerebrovascular disease, heart disease, hypertension,
liver disease, and diabetes, which have become the mainstream of the top ten causes of
death in China in recent years [1–3]. According to the latest survey, the current incidence
rate of diabetes in China is about 5%, which means about 70 million people. According to
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the prediction of the World Health Organization, by 2025, the number of diabetes patients in
the world will reach 300 million, of which 230 million will be in developing countries [4,5].
The International Diabetes Federation (IDF) released the world’s eighth edition of the
diabetes map, which shows that the death toll from diabetes in China in 2017 exceeded
the first killer of cancer. The risk factors of cardiovascular diseases, hypertension, diabetes,
and obesity are among the top five high-risk factors, and these factors are mutually causal
and closely related, which has become an important reason for the high incidence of
cardiovascular events in China in recent years [6–8].

Insulin resistance (IR) is the central link in the occurrence and development of car-
diovascular and cerebrovascular diseases, hyperlipidemia, diabetes, fatty liver, and other
diseases. A high-fat diet (HFD) and sedentary lifestyle are important risk factors for IR.
Numerous studies have shown that HFD-induced insulin resistance (IR) may be associated
with ectopic deposition of skeletal muscle fat [9], and the relationship between sedentary
behavior and IR is mainly mediated by skeletal muscle. Therefore, exercise training can
effectively prevent and improve these diseases [10]. Its main mechanism is to affect the
secretion of skeletal muscle adipokines, activate insulin-dependent glucose transport, im-
prove mitochondrial aerobic metabolism, and increase their biogenesis [11,12]. Insulin
resistance is a gradually developing process that can usually be divided into four stages [13].
Phase 1: Early insulin resistance. At this stage, the skeletal muscle’s response to insulin
begins to decrease, but blood sugar levels remain within the normal range, whether on
an empty stomach or after a meal. This is because pancreatic beta cells compensate by
secreting more insulin to maintain blood sugar balance. Phase 2: Pre-sugar stage. This
stage is a critical period for reversing insulin resistance. Insulin resistance further develops
and glucose tolerance begins to be impaired, indicating that the function of pancreatic beta
cells is beginning to malfunction. The main manifestation is that fasting or postprandial
blood glucose exceeds the normal range, insulin resistance and pancreatic beta cell dys-
function coexist, fasting blood glucose regulation is abnormal between 5.6 and7.0 mmol/L,
or postprandial two-hour blood glucose is between 7.8 and 11.1 mmol/L. The third stage:
Type II diabetes. At this stage, insulin resistance further worsens, pancreatic function is
impaired, with a fasting blood glucose > 7.0 mmol/L or postprandial two-hour blood
glucose > 11.1 mmol/L. According to the new international standard in 2024, a one-hour
postprandial blood glucose ≥ 8.6 mmol/L is defined as pre-glucose, and a fasting blood glu-
cose ≥ 10.6 mmol/L is defined as type II diabetes. The fourth stage: Late diabetes. At this
stage, pancreatic beta cell function fails and the ability to secrete insulin is completely insuf-
ficient, relying only on exogenous insulin to control blood sugar. In clinical practice, type II
diabetes can be divided into insulin resistance type and insulin secretion insufficiency type
according to the patient’s condition. Insulin resistance is characterized by insulin resistance
and insufficient insulin secretion, and patients may have symptoms such as obesity and
pre-meal hypoglycemia. The insulin secretion deficiency type is characterized by mild
insulin resistance and symptoms such as frequent urination and thirst. Therefore, the
treatment strategy for diabetes is no longer just to deal with late complications of diabetes
but to prevent the further deterioration of insulin resistance in advance [14,15]. It can
be seen that diabetes patients are unable to perform normal functions due to insufficient
endocrine of the hormone insulin carrier necessary for carbohydrate metabolism, abnormal
secretion time, and the reduction in insulin receptors on the cell surface of the main organs
of insulin action such as the liver, muscle, and adipose tissue.

From a physiological perspective, aerobic exercise can improve skeletal muscle blood
flow and mitochondrial biogenesis, and enhance the stability of key protein translation in
the insulin signaling pathway, including increasing GLUT4 content, enhancing glycogen
synthase and hexokinase activity, etc. [16]. Resistance exercise can promote muscle hyper-
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trophy and, overall, enhance the body’s glucose metabolism ability [17]. In addition, studies
have shown that a single session of resistance training can enhance insulin sensitivity for
up to 24 h [18,19]. This effect may be partly due to a decrease in the storage of triglycerides
(IMTG) in skeletal muscle, while long-term aerobic exercise training may increase IMTG
levels [20], suggesting that different training methods have different effects on skeletal
muscle fat content and metabolism. In addition, the effects of single training and multiple
training may differ, and numerous studies have shown that single endurance training can
also reduce IMTG content [21]. Therefore, improving insulin resistance through exercise is
not only related to its impact on skeletal muscle fat content, but more importantly, it may
enhance the ability to metabolize fatty acids.

However, on the other hand, it was found that most diabetes patients lack long-term
exercise. According to the recommendation of the U.S. Department of Health on the
amount of exercise required, only about 22% of adults can maintain a healthy level of
physical activity, while less than 10% of adults can ensure sufficient exercise intensity and
amount to improve their cardiopulmonary fitness [22]. Statistics at home and abroad have
significantly pointed out that the amount of physical activity of modern people is obviously
insufficient, and the amount of physical activity is closely related to the occurrence of
chronic diseases, including heart disease, some cancers, diabetes, osteoporosis, stroke,
obesity, back pain, depression, and other emotional disorders. A large number of studies
have shown that [23–25] exercise is one of the three major elements for the prevention and
treatment of diabetes. Regular exercise can effectively improve the blood lipids of patients
with type 2 diabetes, reduce coagulation, enhance cardiopulmonary endurance, improve
the ability of cells to receive insulin, eliminate insulin resistance, reduce blood glucose,
and achieve the effect of preventing and controlling diabetes. Since the vast majority of
diabetes patients are also obese, have coronary heart disease, cerebrovascular disease, or are
hypertension patients, it seems that heredity is not the main cause of type 2 diabetes. The
main cause of type 2 diabetes is the decrease in insulin sensitivity caused by the increase
in fat distribution, blood lipid value, and exercise ability [26,27]. If the insulin signaling
pathway of patients with diabetes or insulin resistance is damaged, the effect of exercise
training will be greatly affected. However, the noninsulin signaling pathway of these
patients is still intact, and the glucose transport capacity of muscle tissue increases after
exercise training. This paper systematically reviews the empirical study of regular exercise
on improving insulin-stimulated carbohydrate absorption, and discusses the mechanism by
which exercise training may induce the AMPK signaling pathway to increase carbohydrate
transport, to provide an important reference for how to prevent and treat insulin resistance
and related metabolic syndrome in the clinic.

2. Possible Mechanisms of Insulin Resistance
Because of their water solubility, sugars cannot pass through the lipid bilayer structure

of the cell membrane by themselves. They need to be carried and transported with the
help of special proteins on the surface of cell membranes before they can enter the cell for
oxidative decomposition and energy supply. These glucose-transporting proteins are called
the GLUT family and are named according to the order in which they are found. Among
them, glucose transporter 4 (GLUT4) protein is the most important protein in skeletal
muscle [8]. The research on the pathogenesis of diabetes has shifted from insulin receptor
damage to the insulin receptor signaling path [4,28,29].

2.1. Molecular Mechanisms Regulating Glucose Absorption

Transmembrane tyrosine kinase is an insulin receptor located on the cell membrane. Its
molecular structure outside the cell membrane will cause phosphorylation of the molecular
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structure inside the cell membrane after binding with insulin, and then attract insulin
receptor substrate (IRS). The IRS molecule mainly acts as a parking protein and can adsorb
other proteins with SH2 molecular fragments, The most important thing is to attract phos-
phatidylinositol 3-kinase (PI3K). PI3K is a very important kinase, which can catalyze the
formation of phosphatidylinositol 3-phosphate and regulate phosphoinositide-dependent
kinase (PDK). PDK can activate several protein kinases of downstream serine and threo-
nine kinases, such as prototype protein kinases A, B, C, and G (i.e., PKA, PKB, PKC, and
PKG) [30–32]. Akt (also known as PKB) is a very important signaling pathway molecule
for maintaining survival in cells. It can activate the downstream AS160 molecule. It is a
small G protein that can assist GLUT4 in the cytoplasm to form small vesicles, transport
and translocate to the cell membrane, and perform tasks [33]. The path of insulin binding
with insulin receptors via PI3K is a very important signaling path for insulin. Recently,
it has been reported that some insulin information can be transmitted without PI3K, but
the transmission molecules of this part are still unclear [34,35] (see the black arrow path
mechanism on the left of Figure 1).
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AMP-activated protein kinase (AMPK) is an important substance that undertakes the
noninsulin signaling pathway [13,14,36]. Its activation is affected by the ratio of adenosine
monophosphate (AMP) and adenosine triphosphate (ATP) in cells. When cells contract
under hypoxia, they must consume intracellular ATP and ADP and produce more AMP,
which will induce the activity of AMPK, especially since the heterogeneous body of AMPK
α2 is more affected by AMP concentration [14,37,38]. The activated AMPK can promote
the translocation of GLUT4 to the cell membrane to complete the corresponding tasks, but
its molecular mechanism is still unclear. The AMPK pathway can drive GLUT4 to absorb
glucose without insulin, so it is called the noninsulin signaling pathway. The latest research
shows that after blocking the AMPK pathway, muscle contraction can still increase glucose
absorption, which indicates that exercise or muscle contraction can induce transfer pathway
other than AMPK to increase glucose absorption [22,39]. Further in-depth study found
that this transfer pathway other than AMPK mainly depends on mitogen-activated protein
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kinase (MAPK). It is a group of serine–threonine protein kinases that can be activated by
different extracellular stimuli, such as cytokines, neurotransmitters, hormones, cell stress,
and cell adhesion. It is an important transmitter for signal transmission from the cell surface
to the nucleus [23,40]. MAPK, a molecular transfer pathway, is related to gene transcription
in the nucleus [24,25,41], which can increase the production of many key proteins, including
GLUT4. It can be seen that the insulin signaling mechanism of patients with type 2 diabetes
is damaged; that is, the expression of messenger ribonucleic acid (mRNA) or protein of
many molecules in the signaling path is damaged, but the noninsulin signaling mechanism
of AMPK in these patients is not damaged. Therefore, how to activate the AMPK signaling
path is the key entry point for drug and exercise therapy of patients with insulin resistance
and diabetes.

Metformin is a drug commonly used in the treatment of type II diabetes. It has the
effect of regulating blood sugar levels and has a certain impact on muscles. It is mainly
produced through four mechanisms for metabolic processes in the body, which have po-
tential effects on muscle health. (1) Metformin mainly improves insulin sensitivity by
activating AMP-activated protein kinase (AMPK), which in turn promotes glucose up-
take by muscle cells and helps provide more energy for muscle use. (2) Metformin can
increase the oxidation of fatty acids and reduce liver fat production, which is beneficial
for promoting fat oxidation and decomposition, reducing fat accumulation in muscles.
(3) Metformin may protect muscle proteins by reducing specific protein degradation path-
ways, thereby maintaining or increasing muscle mass. (4) Metformin can regulate immune
system activity and alleviate chronic inflammatory reactions in muscles, thereby protecting
muscle cells from damage. However, when using metformin, it is necessary to combine
individual circumstances and medical guidance to avoid the occurrence of side effects.

2.2. Molecular Mechanism of Insulin Resistance Induced by Lipid Accumulation in Muscle Tissue

It is not difficult to find from Figure 2 that in addition to diffusing through the cell
membrane into the cell, extracellular fatty acids (FA) can also be brought into the cell by
binding with the fatty acid binding protein (FABP) family in the cytoplasm [31–34]. These
FABPs with specific functions play a role similar to GLUT4. After entering the cell, fatty
acids are mainly converted into long-chain fatty acids, some of which are converted into
triglycerides and stored in the cell, others are broken down into smaller molecules, such as
diacylglycerol (DAG) or acyl sphingosine, and others enter the mitochondria for oxidative
decomposition for energy supply. At present, there are 14 kinds of FABP reported. In
addition to carrying fatty acids to specific targets, they are also involved in regulating
intracellular fat metabolism and gene expression. For example, FABP2 in the small intestine
can help regulate the absorption of fatty acids and the secretion of chyle droplets after
diet [35,42]; FABP3 in the heart is a necessary protein for maintaining normal myocardial
fatty acid metabolism [43], which is also related to fatty acid uptake in muscle tissue [44];
FABP of the liver can transmit information into the nucleus after binding with fatty acids
and act with peroxisome proliferator-activated receptor (PPAR) in hepatocytes [45,46]; and
FABP4 (also known as ap2) in adipose tissue and immune cells can affect insulin sensitivity,
fat metabolism, and lipolysis [47].

The amount of energy stored in adipose tissue can affect the sensitivity of muscle tissue
and the liver to insulin [48,49]. When the body stores too many triglycerides, the expanded
fat cells will automatically release some inhibitory feedback information to inform the body
to reduce energy absorption [50,51]. Adipocytes play an important role in the monitoring
of human energy storage because leptin secreted by adipocytes is transmitted through the
blood to the hypothalamus of the brain, which combines with the receptor there to make
the brain feel full, to reduce dietary intake and reduce weight. In addition to leptin, adipose
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tissue also secretes several important hormones [49,50], including acylation stimulating
protein (ASP), adiponectin, plasminogen activator inhibitor-1 (PAI-1), lipase, resistin and
tumor necrosis factor (TNF-α), cytokine 1 (IL-1), cytokine 6 (IL-6), etc. However, when
too many fatty acids enter cells, molecules such as long-chain fatty acids, diacylglycerol,
and acyl sphingosine will inhibit the role of some kinases in the normal insulin signaling
pathway [52]. For example, diacylglycerol can activate PKC and interfere with the tyrosine
phosphorylation of IRS, transforming it into serine phosphorylation, thus affecting the
normal insulin signaling path. Acyl sphingosine interferes with the inhibitory effect of
Akt on glycogen synthase kinase-3 (GSK3) and affects the effect of glycogen synthase (GS).
In addition, scholars found that the ability of lipid oxidation in muscle tissue of obese
or insulin-resistant patients decreased significantly, which significantly reduced the fatty
acids metabolized into mitochondria. Therefore, the whole phenomenon becomes that
there is too much triglyceride accumulation in the cytoplasm, which affects the normal
insulin signaling path, resulting in GLUT4 being unable to receive the correct information,
translocate to the cell membrane, carry glucose molecules into the cell, and finally increase
blood glucose [14,31]. It can be seen that excessive lipid accumulation in muscle tissue
and the liver will lead to metabolic changes, including nutrient competition, changes in
leptin regulation, changes in intracellular signaling molecules or gene transcription, and
finally diabetes.
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2.3. Oxidative Stress and Inflammatory Mechanism Related to Insulin Resistance

When the cell is in a condition of high glucose or excessive free fatty acids, it will drive
the mitochondria to release peroxides (ROS). ROS not only directly causes damage to the
protein, fat, and deoxyribonucleic acid (DNA) in the cell but also causes late complications
of diabetes [53,54], and ROS itself can be used as a signaling molecule to start several sig-
naling paths [55], including the NF-κB pathway, p38 MAPK pathway, JNK-SAPK pathway,
etc. These signaling pathways are related to intracellular apoptosis or the inflammatory
response. These signaling pathways can drive several different products to cause cell in-
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flammation or proliferation, which may cause insulin resistance or damage to the pancreas
β cells [55]. In addition, these signaling paths can trigger downstream serine to inhibit the
tyrosine phosphating reaction of IRS [56], indirectly hinder the normal insulin signaling
path, resulting in the inability of GLUT4 to translocate to the cell membrane to perform
work, and then lead to intracellular insulin resistance.

Clinical studies have found that when the body is invaded by foreign objects, immune
cells will secrete cytokines to resist and cause the inflammatory reaction of the body, so
as to change the metabolic state in cells and provide the energy source for immune cells
to work, so that the cells are in a state of high glucose or high fat [57,58]. Therefore,
when the body has been in the case of chronic inflammation, the metabolic environment
in cells will always be in a state of high glucose or high fat. These states will increase
the production of cell peroxides, cause oxidative pressure on cells, and then drive the
activation of the previously mentioned signaling path, resulting in hyperlipidemia, insulin
resistance, and other phenomena. More and more clinical evidence link inflammation,
obesity, insulin resistance, and cardiovascular disease, and some inflammatory indicators
such as C-reactive protein (CRP) are often used to predict whether diabetes patients have
cardiovascular disease [15,59,60].

To sum up, the mechanism of inflammation and oxidative stress leading to insulin
resistance is still unclear, but at least it can be speculated that cytokines may activate
different signaling pathways and then affect gene transcription in the nucleus, or increase
intracellular oxidative pressure to form downstream serine, inhibit the IRS tyrosine phos-
phating reaction, and indirectly hinder the normal insulin signaling pathway. This reuces
the ability of GLUT4 translocation to the cell membrane, resulting in intracellular insulin
resistance. This requires more experiments in the future to test these hypotheses.

3. Possible Mechanism of Exercise Training Improving Muscle
Insulin Resistance
3.1. Effect of Exercise on the Insulin Signaling Pathway

After exercise training, the molecular activity upstream of the insulin signaling path
changes significantly [31,61], which greatly improves the ability of the AMPK signaling
path to translocate GLUT4. It has been found that IRS is a very important upstream
referral molecule in the insulin signaling path. It has four kinds of heterogeneous bodies,
including IRS1 and IRS2 in the human body. IRS1 is mainly related to signaling in muscle
tissue, and IRS2 is related to β cell development and metabolism in the liver. This study
found that the effect of exercise training on the insulin signaling path does not increase the
gene transcription or protein production of IRS1 but improves the efficiency of each IRS1

molecule and increases its efficiency of transmitting information downward [26,49]. On the
other hand, exercise training can significantly enhance the mRNA and protein expression
of IRS2 and tyrosine phosphating ability [62] because PI3K activity increases significantly
after exercise training, and PI3K can receive information from IRS1 or IRS2, to promote
glucose absorption [62–64].

The increase in PI3K activity after exercise training is also related to the increase in
glucose absorption after exercise. PI3K can receive messages from IRS1 or IRS2, and insulin
action and IRS1 activation of PI3K occur simultaneously after exercise training [56,61].
IRS1 is the main molecule that transmits insulin messages to PI3K during exercise training.
Therefore, the activation of PI3K by IRS2 also significantly increases after exercise. Due to
the different effects of exercise training on the mRNA and protein expression of IRS1 and
IRS2, scholars believe that the response of IRS1 and IRS2 to exercise training is specific, rather
than a purely complementary compensatory relationship [54,55]. An animal experiment
compared the changes in insulin signaling pathways between IRS2 knockout mice and
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wild-type mice after treadmill exercise [63]. The results showed that the increase in PI3K
activity in IRS2 knockout mice after exercise was less than that in wild-type mice, indicating
that the increase in PI3K activity during exercise training did come partially from IRS2,
rather than being completely compensated by IRS1. However, further research is needed to
explore the physiological significance of IRS2 signaling.

3.2. Effect of Exercise on AMPK

The effect of exercise training on improving the impaired insulin signaling pathway is
limited, but the noninsulin signaling pathway of these diabetes patients is intact. Relevant
studies have found that during exercise, a large amount of ATP decomposes and pro-
vides energy, which will produce a large amount of AMP, to activate AMPK. Through the
AMPK path, GLUT4 can be translocated to the cell membrane and increase glucose trans-
port [65–67]. AMPK plays a key role in the mechanism of improving glucose homeostasis
through exercise training. It has two heterogeneities (α1 and α2), and low and medium-
intensity aerobic exercise training can significantly increase AMPKα2, while AMPKα1

did not change [44,68]. The performance of both heterosomes increased under anaerobic
exercise. In addition to being directly induced by exercise or muscle contraction, AMPK can
simulate the translocation of GLUT4 to the surface of the cell membrane during exercise
by stimulating the chemical information molecules of AMPK, to reduce blood glucose. At
present, AMPK-stimulating drugs have been successfully developed, such as 5-amino-4-
carboxamide riboside (AICAR), which can act on hepatocytes, adipocytes, and muscle
tissues to cause similar muscle contraction or hypoxia to produce AMP and induce AMPK
activity, to move GLUT4 to the surface of the cell membrane and transport glucose, and to
reduce blood glucose and improve the expression of muscle GLUT4 protein. The effect is
similar to that of insulin sensitivity induced by exercise training.

3.3. Effect of Exercise on MAPK

Previous studies found that the glucose absorption capacity of mice decreased only
partially after exercise by knocking out the AMPK gene of mice, indicating the existence
of a non-AMPK message transfer pathway. The MAPK pathway is responsible for many
processes of cell proliferation and differentiation, and MAPK itself is a large molecular
family, with at least three parallel signaling pathways [23,61], including extracellular
regulated protein kinases, such as ERK1/2 or P42/44MAPK, and P38MAPK and c-Jun
NH2 kinase. Research findings [31,39] suggest both acute and chronic exercise can directly
activate these MAPK transfer pathways, thereby improving the performance of relevant
molecules in these signaling pathways. However, the role of these signaling pathways in
patients with insulin resistance or diabetes is still unclear. In addition, AMPK is involved in
a variety of gene expressions related to exercise, including increasing GLUT4 mRNA and
protein expression, increasing granuloglandular enzymes, and increasing hepatic glucose
storage. It can also activate P38MAPK [29], which seems to suggest that there may be some
interaction between AMPK and the MAPK pathway, and further research is needed in the
future to reveal the relevant mechanism.

3.4. Effect of Exercise on Glucose Transporter

Studies have shown that improving the expression of GLUT4 in muscle can increase the
sensitivity of the body to insulin [69]. Animal experiments have found that exercise training
can increase the amount of overall GLUT4 protein by 1.7–2.3 times [70], and the increase
in GLUT4 protein is related to the increase in GLUT4 mRNA transcription after exercise
training, but the mRNA transcription will return to the reference point 24 h after exercise;
however, the protein quality can continue to increase for several days [71,72]. There are
two positions on the intron of the GLUT4 gene that can bind to myocyte-enhancing factor-
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2 (MEF2) and GLUT4-enhancing factor (GEF) [6,73]. These two proteins are important
molecules that regulate the increase in GLUT4 gene transcription after exercise, and the
change in the intracellular energy state and calcium concentration during exercise may
be an important inducement to induce these promoting factors to bind to the GLUT4
gene. In conclusion, exercise training may not be able to change the pathway of GLUT4
translocation driven by insulin signaling pathway molecules, but it can affect GLUT4
translocation through the transfer pathway of AMPK. Therefore, it can be considered that
the effect of exercise training on the overall GLUT4 translocation is partly compensated by
increasing the yield of the GLUT4 protein.

3.5. Effects of Exercise on Hepatic Glucose Synthase and Insulin Sensitivity

Whether in animal experiments or human experiments, insulin transport increases dur-
ing exercise, but the upstream molecules of the insulin signaling path do not increase [74],
which may be because the consumption of liver sugar stored in muscle during exercise can
enhance the role of liver glucose synthase, to promote the glucose outside the cell mem-
brane to easily enter the cell, to improve glucose transport. However, the relevant molecular
mechanism is not clear. Scholars speculate that animals with low hepatic glucose storage
during exercise can accelerate the transfer pathway of AMPK, or increase the activation
function of Akt in the insulin transfer pathway, thereby activating the function of hepatic
glucose synthase [75,76]. Exercise training can enhance the induction of GLUT4 to AMPK,
improve insulin signaling ability, increase nitric oxide (NO) synthesis, and increase calcium
ion concentration [71]. During muscle contraction, AMPK is increased and activated due to
the conversion of ATP into AMP. In addition, muscle contraction has been found to increase
the concentration of NO and calcium ions. In addition to the insulin signaling pathway,
AMPK, NO concentration, and calcium ions also directly stimulate the translocation of
GLUT4 to the cell surface [69], assisting in the transport of blood glucose and reducing
insulin impedance.

3.6. Effect of Exercise on Muscle Fatty Acid Absorption

Aerobic exercise can increase the oxidation capacity of muscle tissue. This effect often
comes from the utilization rate of free fatty acids in the blood and the improvement rate
of fatty acid binding proteins [77,78]. Studies have shown that the mRNA and protein of
a fatty acid binding protein (FAT/CD36) are significantly increased after chronic aerobic
exercise training, indicating that the utilization and metabolism of fatty acids in muscle
are improved. Many oxidation-related leptin activities in muscles with insulin resistance
become slower, while the volume of glandular granules in muscle cells becomes smaller [79].
In addition, exercise training significantly reduces fat accumulation in muscle tissue and
speeds up the clearance of intracellular triglycerides, which also helps to reduce insulin
resistance [37].

To sum up, the existing empirical research shows that long-term aerobic exercise and
resistance exercise can bring positive benefits to the blood sugar regulation of diabetes
patients [39,67,69]. In type I diabetes, aerobic training can increase cardiopulmonary
compliance, reduce blood lipids (LDL) and triglyceride, and improve vascular endothelial
proliferation [42,50]. In type II diabetes patients, aerobic training can reduce glycosylated
hemoglobin (HbA1c), triglyceride, and insulin resistance [66]. Resistance exercise can
increase muscle mass and reduce body fat, and has a positive impact on blood glucose
regulation. Intermittent aerobic training is more effective in improving blood glucose
control than continuous aerobic training, while high-intensity interval training (HIIT)
reduces the total exercise volume but still has a positive impact on blood glucose control
and insulin sensitivity. However, the optimal intensity and frequency of exercise are
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still uncertain. The American Diabetes Association recommends that moderate-intensity
aerobic exercise should be carried out at least three times a week for at least 150 min
in total according to the guidelines for improving diabetes through exercise. Walking,
yoga, swimming or water aerobic exercise, leisure physical activities, and other forms of
exercise are all suitable projects [72,74]. Therefore, selecting appropriate types of exercise
based on individual needs, or considering scheduling two different types of exercises
simultaneously in the training plan is important. However, at present, there are few pieces
of literature on resistance combined with aerobic exercise in the pre-diabetes population,
and more literature is needed to explore its benefits, and further compare the effects of
aerobic exercise, resistance exercise, and their combination on blood glucose regulation.
Finally, when arranging exercise training plans, attention should be paid to the intensity to
avoid the negative impact of high-intensity exercise training on blood sugar regulation.

4. Conclusions
(1) Insulin resistance is the common root of type 2 diabetes and many chronic diseases.

The noninsulin signaling path of AMPK in patients with insulin resistance or diabetes
is still intact. Therefore, the research and development of drug therapy should focus on
how to induce the AMPK path to drive the smooth translocation of GLUT4, to improve
insulin sensitivity.

(2) Regular exercise can effectively prevent insulin resistance and increase the functions
of several key proteins in the insulin signaling path and AMPK path. However, there are
still many key nodes in the molecular mechanism of how exercise training can improve
systemic insulin resistance that need to be further discussed in the future.

Author Contributions: All authors contributed to the study conception and design. Writing—
original draft preparation: T.Z. and C.H.; writing—review and editing: Y.Y.; conceptualization: Y.L.;
methodology: C.H.; resources: J.L. and C.H.; supervision: T.Z., and all authors commented on
previous versions of the manuscript. All authors have read and agreed to the published version of
the manuscript.

Funding: Humanities and Social Sciences Foundation of the Ministry of Education of China
(23YJC630048).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: The work described has not been submitted elsewhere for publication,
in whole or in part, and the authors claim that none of the material in the paper has been published
or is under consideration for publication elsewhere. All authors consent to use the obtained database
for the results of this paper.

Data Availability Statement: Not applicable.

Acknowledgments: We would like to thank the Humanities and Social Sciences Department of
the Ministry of Education for providing financial support for this research, At the same time, we
appreciate all authors whose papers were used in this study.

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

References
1. Yuanxi, L.; Gaoling, W. Analysis of the disease burden of diabetes attributable to different risk categories in China from 1990 to

2021. Mod. Prev. Med. 2024, 51, 4038–4044.
2. Qing, M.; Wei, C.; Ming, Z. Effect of aerobic combined resistance exercise on patients with type 2 diabetes. Theory Pract. Rehabil.

China 2018, 24, 1465–1470. [CrossRef]
3. Shuang, Z.; Ying, C.; Naya, S. Effect of comprehensive exercise training on asthenia and physical function of elderly patients with

diabetes School of nursing. Zhengzhou Univ. 2020, 55, 1445–1451.

https://doi.org/10.3969/j.issn.1006-9771.2018.12.021


Int. J. Mol. Sci. 2025, 26, 4199 11 of 14

4. Benton, C.R.; Holloway, G.P.; Han, X.X.; Yoshida, Y.; Snook, L.A.; Lally, J.; Glatz, J.F.C.; Luiken, J.J.F.P.; Chabowski, A.; Bonen, A.
Increased levels of peroxisome proliferator-activated receptor gamma, coactivator 1 alpha (PGC-1 alpha) improve lipid utilisation,
insulin signalling and glucose transport in skeletal muscle of lean and insulin-resistant obese Zucker rats. Diabetologia 2010, 53,
2008–2019. [CrossRef]

5. Lian, L.Y.; Targher, G.; Byrne, C.D.; Liu, W.Y.; Zheng, M.H. Resmetirom for MASH patients with diabetes: Challenges and
opportunities in the real world. Metab.-Clin. Exp. 2024, 156, 155935. [CrossRef]

6. Binglin, C.; Hongwei, Z.; Jiabao, G. Research status of exercise therapy in early stage of diabetes. Chin. J. Sports Med. 2017, 36,
1012–1016. [CrossRef]

7. Xuemei, Y.; Zhigang, Z.; Yujia, Y.; Mingfen, W. Differences and distribution of medication adherence among chronic disease
patients with “three highs” in China. Zhongnan Pharm. 2023, 21, 706–713. [CrossRef]

8. Guan Weiming, G.; Huaiju, G.; Qing, Y.; Shihong, D.; Huiyu, J.; Wenjing, C.; Edreira, M.M. Research on the relationship between
the increasing incidence of chronic diseases and self-assessment of health and depression in the middle-aged and elderly in
China. Mod. Prev. Med. 2024, 51, 4212–4218.

9. Amati, F.; Dube, J.J.; Alvarez-Carnero, E.; Edreira, M.M.; Chomentowski, P.; Coen, P.M.; Switzer, G.E.; Bickel, P.E.; Stefanovic-Racic,
M.; Toledo, F.G.; et al. Skeletal Muscle Triglycerides, Diacylglycerols, and Ceramides in Insulin Resistance Another Paradox in
Endurance-Trained Athletes? Diabetes 2013, 60, 2588–2597. [CrossRef]

10. Song, R.J.; Hou, Q.Y.; Zhang, X.Y.; Zhao, W.; Liu, G.; Li, M.; Zhang, X.; Ji, L. Retrospective analysis of the effect of SGLT-2
inhibitors on renal function in patients with type 2 diabetes in the real world. Front. Pharmacol. 2024, 15, 1376850. [CrossRef]

11. Kosmas, C.E.; Bousvarou, M.D.; Kostara, C.E.; Papakonstantinou, E.J.; Salamou, E.; Guzman, E. Insulin resistance and car-
diovascular disease. J. Int. Med. Res. 2023, 51, 453–458. [CrossRef]

12. Lin, J.J.; Zhang, X.; Sun, Y.; Xu, H.C.; Li, N.; Wang, Y.X.; Tian, X.; Zhao, C.; Wang, B.; Zhu, B.; et al. Exercise ameliorates muscular
excessive mitochondrial fission, insulin resistance and inflammation in diabetic rats via irisin/AMPK activation. Sci. Rep. 2024,
14, 10658. [CrossRef]

13. Cai, Y.; Xie, K.L.; Zheng, F.; Liu, S.X. Aerobic Exercise Prevents Insulin Resistance Through the Regulation of miR-492/Resistin
Axis in Aortic Endothelium. J. Cardiovasc. Transl. Res. 2018, 11, 450–458. [CrossRef] [PubMed]

14. Sun, Y.; Ding, S.Z. ER-Mitochondria Contacts and Insulin Resistance Modulation through Exercise Intervention. Int. J. Mol. Sci.
2020, 21, 9587. [CrossRef] [PubMed]

15. Vera-Ponce, V.J.; Rodas-Alvarado, L.; Talavera, J.E.; Cruz-Ausejo, L.; Torres-Malca, J.R. Association between insulin resistance and
C-reactive protein in a sample of non-obese Peruvians. Rev. Del Curpo Med. Del Hosp. Nac. Almanzor Aguinaga Asenjo 2021, 14,
124–127. [CrossRef]

16. Voldstedlund, C.T.; Sjoberg, K.A.; Schlabs, F.L.; Sigvardsen, C.M.; Andersen, N.R.; Holst, J.J.; Hartmann, B.; Wojtaszewski, J.F.P.;
Kiens, B.; McConell, G.K.; et al. Exercise-induced increase in muscle insulin sensitivity in men is amplified when assessed using a
meal test. Diabetologia 2024, 67, 1386–1398. [CrossRef]

17. Al-Horani, R.A.; Alsays, K.M.; Alrob, O.A. Obesity blunts insulin sensitivity improvements and attenuates strength gains
following resistance training in nondiabetic men. Eur. J. Appl. Physiol. 2024, 124, 1425–1437. [CrossRef]

18. Gillen, J.B.; Estafanos, S.; Govette, A. Exercise nutrient interactions for improved postprandial glycemic control and insulin
sensitivity. Appl. Physiol. Nutr. Metab. 2021, 46, 856–865. [CrossRef]

19. Farkas, G.J.; Swartz, A.M.; Gorgey, A.S.; Berg, A.S.; Gater, D.R. Acute exercise improves glucose effectiveness but not insulin
sensitivity in paraplegia. Disabil. Rehabil. 2022, 44, 4656–4662. [CrossRef]

20. Kadowaki, S.; Tamura, Y.; Sugimoto, D.; Kaga, H.; Suzuki, R.; Someya, Y.; Yamasaki, N.; Sato, M.; Kakehi, S.; Kanazawa, A.; et al.
A Short-Term High-Fat Diet Worsens Insulin Sensitivity with Changes in Metabolic Parameters in Non-Obese Japanese Men. J.
Clin. Med. 2023, 12, 4084. [CrossRef]

21. Barrett, J.S.; Whytock, K.L.; Strauss, J.A.; Wagenmakers, A.J.M.; Shepherd, S.O. High intramuscular triglyceride turnover rates
and the link to insulin sensitivity: Influence of obesity, type 2 diabetes and physical activity. Appl. Physiol. Nutr. Metab. 2022, 47,
343–356. [CrossRef] [PubMed]

22. Larsen, S.; Dandanell, S.; Kristensen, K.B. Influence of exercise amount and intensity on long-term weight loss maintenance and
skeletal muscle mitochondrial ROS production in humans. Appl. Physiol. Nutr. Metab. 2019, 44, 958–964. [CrossRef] [PubMed]

23. Hawley, J.A.; Houmard, J.A. Introduction-preventing insulin resistance through exercise: A cellular approach. Med. Sci. Exerc.
Sport 2004, 36, 1187–1190. [CrossRef]

24. Kumar, N.; Garg, A.; Bhatt, D.L. Empagliflozin improves cardiorespiratory fitness in type 2 diabetes: Translational implications.
Can. J. Physiol. Pharmacol. 2018, 96, 1184–1187. [CrossRef] [PubMed]

25. Rafiei, H.; Robinson, E.; Barry, J.; Jung, M.E.; Little, J.P. Short-term exercise training reduces glycaemic variability and lowers
circulating endothelial microparticles in overweight and obese women at elevated risk of type 2 diabetes. Eur. J. Sport Sci. 2019,
19, 1140–1149. [CrossRef]

https://doi.org/10.1007/s00125-010-1773-1
https://doi.org/10.1016/j.metabol.2024.155935
https://doi.org/10.16038/j.1000-6710.2017.11.015
https://doi.org/10.19971/j.cnki.1006-4028.240367
https://doi.org/10.2337/db10-1221
https://doi.org/10.3389/fphar.2024.1376850
https://doi.org/10.1177/03000605231164548
https://doi.org/10.1038/s41598-024-61415-6
https://doi.org/10.1007/s12265-018-9828-7
https://www.ncbi.nlm.nih.gov/pubmed/30232730
https://doi.org/10.3390/ijms21249587
https://www.ncbi.nlm.nih.gov/pubmed/33339212
https://doi.org/10.35434/rcmhnaaa.2021.142.1021
https://doi.org/10.1007/s00125-024-06148-x
https://doi.org/10.1007/s00421-023-05370-6
https://doi.org/10.1139/apnm-2021-0168
https://doi.org/10.1080/09638288.2021.1913517
https://doi.org/10.3390/jcm12124084
https://doi.org/10.1139/apnm-2021-0631
https://www.ncbi.nlm.nih.gov/pubmed/35061523
https://doi.org/10.1139/apnm-2018-0577
https://www.ncbi.nlm.nih.gov/pubmed/30664360
https://doi.org/10.1249/01.MSS.0000132382.95142.71
https://doi.org/10.1139/cjpp-2018-0359
https://www.ncbi.nlm.nih.gov/pubmed/30265814
https://doi.org/10.1080/17461391.2019.1576772


Int. J. Mol. Sci. 2025, 26, 4199 12 of 14

26. An Ding Kim, M.S.; Rodrigues, B. AMPK Regulation of Cardiac Metabolism in Heart Disease. Adv. Biochem. Health Dis. 2018, 3,
397–410. [CrossRef]

27. Sirin, C.; Zeynep, G.; Ozlem, A. Development of type 2 diabetes risk assessment model for Turkish society. J. Diabetes Metab.
disorders 2023, 23, 563–571. [CrossRef]

28. Haslacher, H.; Fallmann, H.; Waldhausl, C.; Hartmann, E.; Wagner, O.F.; Waldhausl, W. Type 2 diabetes care: Improvement by
standardization at a diabetes rehabilitation clinic. An observational report. PLoS ONE 2019, 14, e0226132. [CrossRef]

29. Siques, P.; Brito, J.; Flores, K. Long-Term Chronic Intermittent Hypobaric Hypoxia Induces Glucose Transporter (GLUT4)
Translocation Through AMP-Activated Protein Kinase (AMPK) in the Soleus Muscle in Lean Rats. Front. Physiol. 2018, 9, 799.
[CrossRef]

30. Diniz, T.A.; de Lima, E.A.; Teixeira, A.A.; Biondo, L.A.; Rocha, L.A.F.; Valadao, I.C.; Silveira, L.S.; Cabral-Santos, C.; de Souza,
C.O.; Neto, J.C.R. Aerobic training improves NAFLD markers and insulin resistance through AMPK-PPAR-alpha signaling in
obese mice. Life Sci. 2021, 266, 118868. [CrossRef]

31. Li, Q.K.; Hosaka, T.; Harada, N.; Nakaya, Y.; Funaki, M. Activation of Akt through 5-HT2A receptor ameliorates serotonin-induced
degradation of insulin receptor substrate-1 in adipocytes. Mol. Cell. Endocrinol. 2013, 365, 25–35. [CrossRef] [PubMed]

32. Neff, A.M.; Yu, J.; Taylor, R.N.; Bagchi, I.C.; Bagchi, M.K. Insulin Signaling Via Progesterone-Regulated Insulin Receptor Substrate
2 is Critical for Human Uterine Decidualization. Endocrinology 2020, 161, bqz021. [CrossRef] [PubMed]

33. Sasaki-Suzuki, N.; Arai, K.; Ogata, T.; Kasahara, K.; Sakoda, H.; Chida, K.; Asano, T.; Pessin, J.E.; Hakuno, F.; Takahashi, S.-I.
Growth Hormone Inhibition of Glucose Uptake in Adipocytes Occurs without Affecting GLUT4 Translocation through an Insulin
Receptor Substrate-2-Phosphatidylinositol 3-Kinase-dependent Pathway. J. Biol. Chem. 2009, 284, 6061–6070. [CrossRef]

34. Yang, B.Y.; Yu, Q.L.; Chang, B.; Guo, Q.; Xu, S.T.; Yi, X.J.; Cao, S.C. MOTS-c interacts synergistically with exercise intervention
to regulate PGC-1 alpha expression, attenuate insulin resistance and enhance glucose metabolism in mice via AMPK signaling
pathway. Biochim. ET Biophys. Acta-Mol. Basis Dis. 2021, 1867, 166126. [CrossRef]

35. March, D.S.; Marchbank, T.; Playford, R.J.; Jones, A.W.; Thatcher, R.; Davison, G. Intestinal fatty acid-binding protein and gut
permeability responses to exercise. Eur. J. Appl. Physiol. 2017, 117, 931–941. [CrossRef] [PubMed]

36. Xie, J.; Wang, Y.; Jiang, W.W.; Luo, X.F.; Dai, T.Y.; Peng, L.; Song, S.; Li, L.-F.; Tao, L.; Shi, C.-Y.; et al. Moringa oleifera Leaf
Petroleum Ether Extract Inhibits Lipogenesis by Activating the AMPK Signaling Pathway. Front. Pharmacol. 2018, 9, 1447.
[CrossRef]

37. Picard, M.; Jung, B.; Liang, F.; Azuelos, I.; Hussain, S.; Goldberg, P.; Godin, R.; Danialou, G.; Chaturvedi, R.; Rygiel, K.; et al.
Mitochondrial Dysfunction and Lipid Accumulation in the Human Diaphragm during Mechanical Ventilation. Am. J. Respir. Crit.
Care Med. 2012, 186, 1140–1149. [CrossRef]

38. O’Neill, L.A.J.; Hardie, D.G. Metabolism of inflammation limited by AMPK and pseudo-starvation. Nature 2013, 493, 346–355.
[CrossRef] [PubMed]

39. Song, K.; Zhang, Y.F.; Ga, Q.; Bai, Z.Z.; Ge, R.L. Increased Insulin Sensitivity by High-Altitude Hypoxia in Mice with High-Fat
Diet-Induced Obesity Is Associated with Activated AMPK Signaling and Subsequently Enhanced Mitochondrial Biogenesis in
Skeletal Muscles. Obes. Facts 2020, 13, 455–472. [CrossRef]

40. Wang, M.; Li, S.; Wang, F.B.H.; Zou, J.H.; Zhang, Y.F. Aerobic exercise regulates blood lipid and insulin resistance via the toll-like
receptor 4-mediated extracellular signal-regulated kinases/AMP-activated protein kinases signaling pathway. Mol. Medcine Rep.
2018, 17, 8339–8348. [CrossRef]

41. Li, J.H.; Li, J.J.; Lu, Y.F. Effects of resistance training on insulin sensitivity in the elderly: A meta-analysis of randomized controlled
trials. J. Exerc. Sci. Fit. 2021, 19, 241–251. [CrossRef] [PubMed]

42. Frandsen, J.; Poggi, A.I.; Ritz, C.; Larsen, S.; Dela, F.; Helge, J.W. Peak Fat Oxidation Rate Is Closely Associated With Plasma Free
Fatty Acid Concentrations in Women; Similar to Men. Front. Physiol. 2021, 12, 696261. [CrossRef]

43. Surapongchai, J.; Rattanavichit, Y.; Buniam, J.; Saengsirisuwan, V. Exercise Protects Against Defective Insulin Signaling and
Insulin Resistance of Glucose Transport in Skeletal Muscle of Angiotensin II-Infused Rat. Front. Physiol. 2018, 9, 358. [CrossRef]
[PubMed]

44. Emamgholipour, S.; Ebrahimi, R.; Bahiraee, A.; Niazpour, F.; Meshkani, R. Acetylation and insulin resistance: A focus on
metabolic and mitogenic cascades of insulin signaling. Crit. Rev. Clin. Lab. Sci. 2020, 57, 196–214. [CrossRef]

45. Kong, D.L.; Chen, R.; Chen, Y.Z.; Zhao, L.; Huang, R.X.; Luo, L.; Lai, F.; Yang, Z.; Wang, S.; Zhang, J.; et al. Bayesian network
analysis of factors influencing type 2 diabetes, coronary heart disease, and their comorbidities. BMC Public Health 2024, 24, 1267.
[CrossRef] [PubMed]

46. Hauger, P.C.; Hordijk, P.L. Shear Stress-Induced AMP-Activated Protein Kinase Modulation in Endothelial Cells: Its Role in
Metabolic Adaptions and Cardiovascular Disease. Int. J. Mol. Sci. 2024, 25, 6047. [CrossRef]

47. Lomax, T.; Ashraf, S.; Yilmaz, G.; Harmancey, R. Lack of Uncoupling Protein 3 Protects from High-Fat Diet-Induced Obesity,
Systemic Inflammation and Insulin Resistance in Rats. FASEB J. 2020, 34, 1. [CrossRef]

https://doi.org/10.1007/978-0-387-09552-3_21
https://doi.org/10.1007/s40200-023-01315-0
https://doi.org/10.1371/journal.pone.0226132
https://doi.org/10.3389/fphys.2018.00799
https://doi.org/10.1016/j.lfs.2020.118868
https://doi.org/10.1016/j.mce.2012.08.022
https://www.ncbi.nlm.nih.gov/pubmed/22975078
https://doi.org/10.1210/endocr/bqz021
https://www.ncbi.nlm.nih.gov/pubmed/31748790
https://doi.org/10.1074/jbc.M808282200
https://doi.org/10.1016/j.bbadis.2021.166126
https://doi.org/10.1007/s00421-017-3582-4
https://www.ncbi.nlm.nih.gov/pubmed/28290057
https://doi.org/10.3389/fphar.2018.01447
https://doi.org/10.1164/rccm.201206-0982OC
https://doi.org/10.1038/nature11862
https://www.ncbi.nlm.nih.gov/pubmed/23325217
https://doi.org/10.1159/000508112
https://doi.org/10.3892/mmr.2018.8863
https://doi.org/10.1016/j.jesf.2021.08.002
https://www.ncbi.nlm.nih.gov/pubmed/34552636
https://doi.org/10.3389/fphys.2021.696261
https://doi.org/10.3389/fphys.2018.00358
https://www.ncbi.nlm.nih.gov/pubmed/29695972
https://doi.org/10.1080/10408363.2019.1699498
https://doi.org/10.1186/s12889-024-18737-x
https://www.ncbi.nlm.nih.gov/pubmed/38720267
https://doi.org/10.3390/ijms25116047
https://doi.org/10.1096/fasebj.2020.34.s1.04465


Int. J. Mol. Sci. 2025, 26, 4199 13 of 14

48. Zhao, H.; Dan, P.; Xi, J.H.; Chen, Z.W.; Zhang, P.; Wei, W.; Zhao, Y. Novel soybean polypeptide dglycin alleviates atherosclerosis
in apolipoprotein E-deficient mice. Int. J. Biol. Macromol. 2023, 251, 126347. [CrossRef]

49. van den Hoek, A.M.; de Jong, J.C.B.C.; Worms, N.; van Nieuwkoop, A.; Voskuilen, M.; Menke, A.L.; Lek, S.; Caspers, M.P.;
Verschuren, L.; Kleemann, R. Diet and exercise reduce pre-existing NASH and fibrosis and have additional beneficial effects on
the vasculature, adipose tissue and skeletal muscle via organ-crosstalk. Metab.-Clin. Exp. 2021, 124, 154873. [CrossRef]

50. Knudsen, J.G.; Gudiksen, A.; Bertholdt, L.; Overby, P.; Villesen, I.; Schwartz, C.L. Skeletal muscle IL-6 regulates muscle substrate
utilization and adipose tissue metabolism during recovery from an acute bout of exercise. PLoS ONE 2017, 12, e0189301. [CrossRef]

51. Thaane, T.; Motala, A.A.; McKune, A.J. Effects of Short-Term Exercise in Overweight/Obese Adults with Insulin Resistance or
Type 2 Diabetes: A Systematic Review of Randomized Controlled Trials. J. Diabetes Metab. 2018, 9, 1000816. [CrossRef]

52. Holloway, G.P.; Schwenk, R.W.; Luiken, J.J.F.P.; Glatz, J.F.C.; Bonen, A. Fatty acid transport in skeletal muscle: Role in energy
provision and insulin resistance. Clin. Lipidol. 2010, 5, 731–745. [CrossRef]

53. Bernhardt, V.; Stickford, J.L.; Bhammar, D.M.; Babb, T.G. Aerobic exercise training without weight loss reduces dyspnea on
exertion in obese women. Respir. Physiol. Neurobiol. 2016, 221, 64–70. [CrossRef]

54. Yaspelkis, B.B. Resistance training improves insulin signaling and action in skeletal muscle. Exerc. Sport Sci. Rev. 2006, 34, 42–46.
[CrossRef] [PubMed]

55. Ragheb, R.; Shanab, G.M.L.; Medhat, A.M.; Seoudi, D.M.; Adeli, K.; Fantus, I.G. Free fatty acid-induced muscle insulin resistance
and glucose uptake dysfunction: Evidence for PKC activation and oxidative stress-activated signaling pathways. Biochem. Biophys.
Res. Commun. 2009, 389, 211–216. [CrossRef] [PubMed]

56. Zhang, Y.; Ye, T.T.; Zhou, P.Q.; Li, R.J.; Liu, Z.F.; Xie, J.Y.; Hua, T.; Sun, Q. Exercise ameliorates insulin resistance and improves
ASK1-mediated insulin signalling in obese rats. J. Cell. Mol. Med. 2021, 25, 10930–10938. [CrossRef]

57. Chu, N.F.; Chang, T.J. Inflammatory Status and Macrophage Infiltration in Relation to Insulin Resistance and Dyslipidemia
among Morbid Obese Subjects. Arter. Thromb. Vasc. Biol. 2018, 38, 587. [CrossRef]

58. Radhakrishnan, J.; Baetiong, A.; Kaufman, H.; Huynh, M.; Leschinsky, A.; Fresquez, A.; White, C.; DiMario, J.X.; Gazmuri,
R.J. Improved exercise capacity in cyclophilin-D knockout mice associated with enhanced oxygen utilization efficiency and
augmented glucose uptake via AMPK-TBC1D1 signaling nexus. FASEB J. 2019, 33, 11443–11457. [CrossRef]

59. Folchini, F.; Nonato, N.L.; Feofiloff, E.; D’Almeida, V.; Nascimento, O.; Jardim, J.R. Association of oxidative stress markers and
C-reactive protein with multidimensional indexes in COPD. Chronic Respir. Dis. 2011, 8, 101–108. [CrossRef]

60. Ravona-Springer, R.; Lutski, M.; Beeri, M.S.; Goldbourt, U.; Tanne, D. C-reactive protein in midlife is associated with depressive
symptoms two decades later among men with coronary heart disease. Nord. J. Psychiatry 2020, 74, 226–233. [CrossRef]

61. Zhang, Y.; Yang, Z.W.; Xu, Z.; Wan, J.Y.; Hua, T.M.; Sun, Q.Y. Exercise ameliorates insulin resistance and improves SIRT6-mediated
insulin signaling transduction in liver of obese rats. Can. J. Physiol. Pharmacol. 2021, 99, 506–511. [CrossRef] [PubMed]

62. Antinozzi, C.; Marampon, F.; Sgro, P.; Tombolini, V.; Lenzi, A.; Crescioli, C.; Di Luigi, L. Comparative study of testosterone and
vitamin D analogue, elocalcitol, on insulin-controlled signal transduction pathway regulation in human skeletal muscle cells. J.
Endocrinol. Investig. 2019, 42, 897–907. [CrossRef] [PubMed]

63. Dungan, C.M.; Gordon, B.S.; Williamson, D.L. Acute treadmill exercise discriminately improves the skeletal muscle insulin-
stimulated growth signaling responses in mice lacking REDD1. Physiol. Rep. 2019, 7, 14104. [CrossRef] [PubMed]

64. Niu, X.J.; Zhao, Y.H.; Yang, N.; Zhao, X.C.; Zhang, W.; Bai, X.W.; Li, A.; Yang, W.; Lu, L. Proteasome activation by insulin-like
growth factor-1/nuclear factor erythroid 2-related factor 2 signaling promotes exercise-induced neurogenesis. Stem Cells 2020, 8,
246–260. [CrossRef]

65. Huang, Y.; Hao, J.; Tang, D.; Wen, Y.Z.; Zhao, P.; Chen, H.; Lv, Y.; Yang, X. Antidiabetic Activity of a Flavonoid-Rich Extract from
Sophora davidii (Franch.) Skeels in KK-Ay Mice via Activation of AMP-Activated Protein Kinase. Front. Pharmacol. 2018, 9, 760.
[CrossRef]

66. Kido, K.; Ato, S.; Yokokawa, T.; Sato, K.; Fujita, S. Resistance training recovers attenuated APPL1 expression and improves
insulin-induced Akt signal activation in skeletal muscle of type 2 diabetic rats. Am. J. Physiol.-Endocrinol. Metab. 2018, 314,
E564–E571. [CrossRef]

67. Wojtaszewski, J.F.P.; Nielsen, P.; Hansen, B.F.; Richter, E.A.; Kiens, B. Isoform-specific and exercise intensity-dependent activation
of 5 ‘-AMP-activated protein kinase in human skeletal muscle. J. Physiol. 2000, 528, 221–226. [CrossRef]

68. Maarbjerg, S.J.; Jorgensen, S.B.; Rose, A.J.; Jeppesen, J.; Jensen, T.E.; Treebak, J.T.; Birk, J.B.; Schjerling, P.; Wojtaszewski, J.F.P.;
Richter, E.A. Genetic impairment of AMPK alpha 2 signaling does not reduce muscle glucose uptake during treadmill exercise in
mice. Am. J. Physiol.-Endocrinol. Metab. 2009, 297, E924–E934. [CrossRef]

69. Costa, J.S.R.; Fonseca, G.F.A.C.; Ottone, N.C.D.; Silva, P.A.; Antonaccio, R.F.; Silva, G.; Rocha, M.d.S.A.; Coimbra, C.C.; Esteves,
E.A.; Mang, Z.A.; et al. Strength training improves insulin resistance and differently affects mitochondria in skeletal muscle and
visceral adipose tissue in high-fat fed mice. Life Sci. 2021, 278, 119639. [CrossRef]

https://doi.org/10.1016/j.ijbiomac.2023.126347
https://doi.org/10.1016/j.metabol.2021.154873
https://doi.org/10.1371/journal.pone.0189301
https://doi.org/10.4172/2155-6156.1000816
https://doi.org/10.2217/clp.10.51
https://doi.org/10.1016/j.resp.2015.11.004
https://doi.org/10.1097/00003677-200601000-00009
https://www.ncbi.nlm.nih.gov/pubmed/16394814
https://doi.org/10.1016/j.bbrc.2009.08.106
https://www.ncbi.nlm.nih.gov/pubmed/19706288
https://doi.org/10.1111/jcmm.16994
https://doi.org/10.1161/atvb.38.suppl_1.587
https://doi.org/10.1096/fj.201802238R
https://doi.org/10.1177/1479972310391284
https://doi.org/10.1080/08039488.2019.1695284
https://doi.org/10.1139/cjpp-2020-0083
https://www.ncbi.nlm.nih.gov/pubmed/32970960
https://doi.org/10.1007/s40618-018-0998-6
https://www.ncbi.nlm.nih.gov/pubmed/30600434
https://doi.org/10.14814/phy2.14011
https://www.ncbi.nlm.nih.gov/pubmed/30806987
https://doi.org/10.1002/stem.3102
https://doi.org/10.3389/fphar.2018.00760
https://doi.org/10.1152/ajpendo.00362.2017
https://doi.org/10.1111/j.1469-7793.2000.t01-1-00221.x
https://doi.org/10.1152/ajpendo.90653.2008
https://doi.org/10.1016/j.lfs.2021.119639


Int. J. Mol. Sci. 2025, 26, 4199 14 of 14

70. Croymans, D.M.; Paparisto, E.; Lee, M.M.; Brandt, N.; Le, B.K.; Lohan, D.; Lee, C.C.; Roberts, C.K. Resistance training improves
indices of muscle insulin sensitivity and beta-cell function in overweight/obese, sedentary young men. J. Appl. Physiol. 2013, 115,
1245–1253. [CrossRef]

71. Heim, P.; Morandi, C.; Brouwer, G.R.; Xu, L.F.; Montessuit, C.; Brink, M. Neuregulin-1 triggers GLUT4 translocation and enhances
glucose uptake independently of insulin receptor substrate and ErbB3 in neonatal rat cardiomyocytes. Biochim. Biophys. Acta-Mol.
Cell Res. 2020, 1867, 118562. [CrossRef] [PubMed]

72. Yang, L.; Lin, H.Q.; Lin, W.T.; Xu, X.Y. Exercise Ameliorates Insulin Resistance of Type 2 Diabetes through Motivating Short-Chain
Fatty Acid-Mediated Skeletal Muscle Cell Autophagy. Biology 2020, 9, 203. [CrossRef] [PubMed]

73. Sponder, M.; Lichtenauer, M.; Wernly, B.; Paar, V.; Hoppe, U.; Emich, M.; Fritzer-Szekeres, M.; Litschauer, B.; Strametz-Juranek,
J. Serum heart-type fatty acid-binding protein decreases and soluble isoform of suppression of tumorigenicity 2 increases
significantly by long-term physical activity. J. Investig. Med. 2019, 67, 833–840. [CrossRef] [PubMed]

74. Magalhaes, F.C.; Vieira, D.V.; Matos, M.A.; Pinhal, K.C.; Escobar, K.; Dias-Peixoto, M.F.; Rocha-Vieira, E.; Amorim, F.T. High
Intensity Interval Training Changes Skeletal Muscle Insulin Signalling Pathway of Obese Individuals. Med. Sci. Sports Exerc. 2017,
49, 327. [CrossRef]

75. Pereira, B.C.; da Rocha, A.L.; Pinto, A.P.; Pauli, J.R.; de Moura, L.P.; Mekary, R.A.; de Freitas, E.C.; da Silva, A.S.R. Excessive
training impairs the insulin signal transduction in mice skeletal muscles. J. Endocrinol. 2016, 230, 93–104. [CrossRef]

76. Park, D.R.; Park, K.H.; Kim, B.J.; Yoon, C.S.; Kim, U.H. Exercise Ameliorates Insulin Resistance via Ca2+ Signals Distinct From
Those of Insulin for GLUT4 Translocation in Skeletal Muscles. Diabetes 2015, 64, 1224–1234. [CrossRef]

77. DeChick, A.; Hetz, R.; Lee, J.; Speelman, D.L. Increased Skeletal Muscle Fiber Cross-Sectional Area, Muscle Phenotype Shift, and
Altered Insulin Signaling in Rat Hindlimb Muscles in a Prenatally Androgenized Rat Model for Polycystic Ovary Syndrome. Int.
J. Mol. Sci. 2020, 21, 7918. [CrossRef]

78. Oki, K.; Arias, E.B.; Kanzaki, M.; Cartee, G.D. Effects of Acute Exercise Combined With Calorie Restriction Initiated Late-in-Life
on Insulin Signaling, Lipids, and Glucose Uptake in Skeletal Muscle From Old Rats. J. Gerontol. Ser. A-Biol. Sci. Med. Sci. 2020, 75,
207–217. [CrossRef]

79. Lammers, G.; Poelkens, F.; van Duijnhoven, N.T.L. Expression of genes involved in fatty acid transport and insulin signaling
is altered by physical inactivity and exercise training in human skeletal muscle. Am. J. Physiol.-Endocrinol. Metab. 2012, 303,
E1245–E1251. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1152/japplphysiol.00485.2013
https://doi.org/10.1016/j.bbamcr.2019.118562
https://www.ncbi.nlm.nih.gov/pubmed/31669265
https://doi.org/10.3390/biology9080203
https://www.ncbi.nlm.nih.gov/pubmed/32756447
https://doi.org/10.1136/jim-2018-000913
https://www.ncbi.nlm.nih.gov/pubmed/30593542
https://doi.org/10.1249/01.mss.0000517767.82233.0e
https://doi.org/10.1530/JOE-16-0063
https://doi.org/10.2337/db14-0939
https://doi.org/10.3390/ijms21217918
https://doi.org/10.1093/gerona/gly222
https://doi.org/10.1152/ajpendo.00356.2012

	Introduction 
	Possible Mechanisms of Insulin Resistance 
	Molecular Mechanisms Regulating Glucose Absorption 
	Molecular Mechanism of Insulin Resistance Induced by Lipid Accumulation in Muscle Tissue 
	Oxidative Stress and Inflammatory Mechanism Related to Insulin Resistance 

	Possible Mechanism of Exercise Training Improving Muscle Insulin Resistance 
	Effect of Exercise on the Insulin Signaling Pathway 
	Effect of Exercise on AMPK 
	Effect of Exercise on MAPK 
	Effect of Exercise on Glucose Transporter 
	Effects of Exercise on Hepatic Glucose Synthase and Insulin Sensitivity 
	Effect of Exercise on Muscle Fatty Acid Absorption 

	Conclusions 
	References

