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ABSTRACT

Background: Insulin resistance is a major pathophysiological feature of type 2 diabetes mellitus (T2DM), but the precise
cellular mechanisms underlying impaired glucose uptake remain incompletely understood. Mitochondrial dysfunction and
altered cellular energy (ATP) metabolism have been increasingly implicated in insulin resistance. This review explores the
potential association between mitochondrial dysfunction, impaired ATP metabolism, increased basal sympathetic activity,
and insulin resistance.

Methods: We reviewed published evidence to examine the relationship between impaired mitochondrial ATP production,
increased basal sympathetic activity, and insulin resistance. We focused on the role of ATP-dependent insulin signaling,
PI3K—AKT pathways, GLUT4 translocation, and sympathetic regulation of cellular energy demand.

We also assessed the central concept of imbalance between cellular ATP availability and energy demand, which contributes
to impaired insulin signaling and glucose utilization.

Results: GLUT4 transporters on the cell surface are necessary for facilitated diffusion of glucose from the extracellular
fluid (ECF) into the intracellular fluid (ICF). This transport process does not directly require ATP; however, ATP is
required to support insulin signaling and the cellular processes involved in GLUT4 translocation and P13k-AKT activation.
Mitochondrial dysfunction can reduce ATP production, impair fatty acid oxidation, increase reactive oxygen species (ROS)
generation, and alter mitochondrial dynamics. These alterations may contribute to impaired insulin signaling and insulin
resistance. We propose that persistent sympathetic activation may increase cellular metabolic activity and ATP demand,
potentially resulting in an ATP demand—supply mismatch. This mismatch may adversely affect insulin signaling and GLUT4
trafficking.

Conclusion: An association between impaired mitochondrial energy metabolism, ATP demand—supply mismatch, impaired
GLUT4 translocation to the cell surface, increased basal sympathetic activity & insulin resistance has been suggested.
Chronic psychological stress may contribute to sustained sympathetic activation. Further experimental and clinical
studies are required to establish causality and to determine whether improving mitochondrial ATP availability or reducing
sympathetic activity can enhance insulin sensitivity.
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Introduction

The global burden of type 2 diabetes mellitus (T2DM) and its
associated microvascular and macrovascular complications isrising
continuously [1-3]. Mitochondrial dysfunction and impaired ATP
availability have been increasingly implicated in the pathogenesis
of diabetes [4,5]. Drugs such as Imeglimin, which may improve
mitochondrial function and cellular energy metabolism, have been
reported to improve glycemic control [6].

The American Diabetes Association (ADA) diagnostic criteria
for diabetes include an HbAlc level of >6.5%, a fasting plasma
glucose level of >126 mg/dL, a 2-hour plasma glucose level of
>200 mg/dL during an oral glucose tolerance test, or a random
plasma glucose level of >200 mg/dL in individuals with classic
symptoms of hyperglycemia [7,8].

Glucose homeostasis involves two major processes: the secretion
of insulin from the pancreas and the uptake of glucose into insulin-
sensitive cells [9]. Insulin resistance refers to an impaired ability of
the body to respond effectively to insulin, resulting in inadequate
glucose uptake by peripheral tissues despite the presence of
insulin. This may lead to hyperglycemia and compensatory
hyperinsulinemia [10].

Several factors contribute to insulin resistance, including
visceral obesity, aging, physical inactivity, nutritional imbalance,
glucotoxicity, lipotoxicity, and genetic predisposition [11]. Insulin
resistance can occur in several insulin-sensitive tissues, including
adipose tissue, skeletal muscle, and the liver [12]. Insulin resistance
is closely linked with increased sympathetic activity, endothelial
dysfunction, and associated cardiovascular morbidities [13,14].
Despite extensive research into the mechanisms underlying
insulin resistance, the precise cellular mechanisms responsible for
impaired glucose uptake remain incompletely understood. Glucose
transport from the extracellular fluid (ECF) into the intracellular
fluid (ICF) in skeletal muscle and adipose tissue is facilitated
primarily by the glucose transporter type 4 (GLUT4) [15,16]. In
response to insulin stimulation, GLUT4-containing intracellular
vesicles translocate to the plasma membrane, thereby facilitating
glucose uptake. This review examines the potential role of cellular
ATP availability in GLUT4 translocation and glucose uptake, the
contribution of mitochondrial dysfunction to impaired cellular
energy availability, and the factors that may underlie mitochondrial
dysfunction [16-20].

Methods

This review explores the pathophysiology of insulin resistance
based on findings from previously published studies [1-96]. The
mechanisms are discussed under the following sections:

1. Normal mechanism of glucose uptake into the cell and the
indirect role of ATP (established mechanisms)

2. Mechanisms involved in the development of insulin
resistance and impaired glucose uptake (evidence- supported
associations)

o 2a. Mitochondrial dysfunction
o 2b. Impaired ATP availability and ATP mismatch

3. Potential causes of ATP mismatch: the role of increased basal
sympathetic activity (proposed hypothesis)

4. Potential mechanisms underlying increased basal sympathetic
activity: the central role of the brain (proposed hypothesis)

Normal Mechanism of Glucose Uptake into the Cell: The
Indirect Role of ATP

The normal mechanism of glucose uptake into insulin-sensitive
cells is a complex, multistep process. In skeletal muscle and
adipose tissue, glucose uptake is primarily mediated by the GLUT4
transporter. Under basal conditions, GLUT4 is predominantly
located in intracellular vesicles. After insulin stimulation, GLUT4-
containing vesicles translocate to the plasma membrane, where
GLUTH4 facilitates glucose transport from the extracellular to the
intracellular compartment.

Glucose transport through GLUT4 is a facilitated diffusion process
and does not directly require ATP. However, the intracellular
signaling cascade that regulates GLUT4 translocation is energy-
dependent. Therefore, ATP may indirectly support glucose uptake
by fueling the cellular processes involved in insulin signaling and
GLUT4 trafficking.

Following its release from the pancreas, insulin reaches its
receptors in insulin-sensitive tissues, including skeletal muscle,
adipose tissue, and the liver. Insulin binds to the insulin receptor, a
receptor tyrosine kinase, thereby initiating a series of intracellular
signaling events. One major pathway activated by insulin is the
phosphoinositide 3-kinase (PI3K)/AKT signaling pathway, which
ultimately promotes translocation of GLUT4-containing vesicles
to the plasma membrane and facilitates glucose uptake into the
cell.

GLUT4 translocation to the plasma membrane enables glucose
to enter the cell via facilitated diffusion, moving down its
concentration gradient from the extracellular to the intracellular
compartment. Thus, while the actual movement of glucose through
GLUTH4 is not directly dependent on ATP, the cellular signaling and
vesicular trafficking processes that facilitate GLUT4 translocation
require energy [21-28].

The following are key steps in the insulin signaling cascade
involved in GLUT4 translocation:

PI3K activation

Following insulin receptor activation, intracellular signaling
activates phosphoinositide 3-kinase (PI3K). PI3K catalyzes the
conversion of phosphatidylinositol 4,5-bisphosphate (PIP2) to
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phosphatidylinositol 3,4,5-trisphosphate (PIP3) by adding ATP, &
initiating downstream signaling events

AKT recruitment and activation

PIP3 formation facilitates AKT recruitment to the cell membrane.
AKT is subsequently activated through phosphorylation by
upstream kinases. These phosphorylation reactions require ATP as
a phosphate donor.

Downstream signaling and GLUT4 translocation

Once activated, AKT phosphorylates several downstream
target proteins involved in regulating glucose metabolism and
GLUT4 trafficking. These signaling events ultimately promote
the translocation of GLUT4-containing vesicles to the plasma
membrane, facilitating glucose uptake [29-34].

Glucose enters insulin-sensitive cells through GLUT4-mediated
facilitated diffusion, moving down its concentration gradient
from the extracellular fluid (ECF) to the intracellular fluid (ICF).
This final step of glucose transport is energy-independent and
does not directly require ATP. Under basal conditions, GLUT4 is
predominantly stored in intracellular vesicles. Following insulin
stimulation, GLUT4-containing vesicles translocate to the plasma
membrane, increasing the number of GLUT4 transporters available
at the cell surface and thereby facilitating glucose uptake [35-39].
(Figure 1).

Insulin Resistance: An Important Step in the Development of
Diabetes
Insulin resistance refers to a reduced biological response to insulin,

resulting in impaired glucose uptake and utilization despite insulin
presence. It is a major component of the pathophysiology of
type 2 diabetes mellitus and contributes to the development of
hyperglycemia.

Mitochondrial Dysfunction and Impaired ATP Availability
The role of mitochondria in diabetes has attracted considerable
attention, as growing evidence suggests that mitochondrial
dysfunction may contribute to the development and progression
of metabolic disorders, including insulin resistance and type 2
diabetes mellitus.

Mitochondria are the primary organelles responsible for cellular
energy production & generate ATP predominantly through
oxidative phosphorylation, using reducing equivalents derived
from metabolic pathways such as the tricarboxylic acid (TCA)
cycle. ATP plays an important indirect role in cellular glucose
uptake by supporting the energy-dependent processes involved in
insulin signaling and GLUT4 translocation.

GLUT4 facilitates glucose transport from the extracellular to the
intracellular compartment through facilitated diffusion. Therefore,
although glucose movement through GLUT4 does not directly
require ATP, adequate cellular energy may be necessary to support
the signaling and vesicular trafficking required for GLUT4
translocation. Consequently, impaired mitochondrial function and
altered cellular energy metabolism may contribute to impaired
insulin signaling, defective GLUT4 trafficking, and reduced
glucose uptake [39-51].
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Increased sympathetic activity may also influence cellular energy
metabolism by increasing ATP demand in multiple tissues. If
cellular ATP demand exceeds the capacity of mitochondria to
generate ATP, an imbalance between ATP demand and ATP
production may occur. This proposed ATP mismatch could
potentially contribute to impaired cellular energy availability and
may influence processes involved in insulin signaling and glucose
uptake [52,53].

Impaired mitochondrial energy metabolism is associated with
insulin resistance & has been characterized by alterations in fatty
acid oxidation, ATP production, oxidative stress, and mitochondrial
dynamics. These abnormalities may promote the accumulation of
lipid metabolites that interfere with insulin signaling in tissues such
as skeletal muscle and the liver. Such alterations may contribute to
impaired glucose uptake and the development or progression of
insulin resistance and type 2 diabetes mellitus [54-58].

Key Effects of Impaired Mitochondrial Function
Mitochondrial dysfunction may affect cellular metabolism through
several mechanisms:

Decreased ATP Production

Impaired mitochondrial respiration and oxidative phosphorylation
may reduce ATP production, thereby affecting cellular functions
that depend on adequate energy availability. Alterations in cellular
energy metabolism may interfere with insulin signaling and other
metabolic processes.

Reduced Fatty Acid Oxidation

Impaired mitochondrial fatty acid oxidation may contribute to
the accumulation of lipid intermediates in non-adipose tissues,
including skeletal muscle and the liver. Ectopic lipid accumulation
may interfere with insulin signaling and contribute to insulin
resistance.

Increased Reactive Oxygen Species

Dysfunctional mitochondria may generate increased levels of
reactive oxygen species (ROS). Excessive ROS production can
promote oxidative stress, cellular damage, and activation of stress-
related signaling pathways that may contribute to impaired insulin
signaling and insulin resistance.

Altered Mitochondrial Dynamics

Mitochondrial function is also influenced by the balance between
mitochondrial fission and fusion; Disruption of this balance may
alter mitochondrial network integrity, energy metabolism, and
cellular function and may contribute to metabolic dysfunction [59-
61].

Other Evidence Supporting a Role for Mitochondrial
Dysfunction

Several lines of evidence suggest that improving mitochondrial
function and cellular energy metabolism may be associated with
improved insulin sensitivity and glycemic control. Pharmacological

interventions and nutritional strategies that influence mitochondrial
metabolism have been investigated for their potential effects on
insulin sensitivity and glucose homeostasis [62-64].

Similarly, interventions that improve mitochondrial function,
including regular physical exercise and certain nutritional
strategies, have shown potential benefits in improving insulin
sensitivity and metabolic health. However, the precise relationship
between improvements in mitochondrial ATP production and
insulin sensitivity remains complex and may involve multiple
mechanisms.

Potential Cause of “ATP demand- supply mismatch”: The
Role of Sympathetic Activity

Increased sympathetic nervous system activity is associated with
increased metabolic activity and energy demand in several tissues.
It has been proposed that sustained sympathetic activation may
increase cellular ATP demand and, under certain conditions,
contribute to an imbalance between ATP demand and ATP
production.

Some studies have also reported increased sympathetic nervous
system activity in individuals with diabetes and metabolic
disorders. Persistent sympathetic activation may therefore
contribute to increased metabolic demands in multiple tissues and
potentially influence cellular energy homeostasis [52-53,65].

Basal sympathetic activity refers to the ongoing activity of the
sympathetic nervous system under resting conditions. This
activity helps regulate cardiovascular function, vascular tone, and
metabolic processes. When sympathetic activity is persistently
elevated, the resulting increase in metabolic demand may place
additional demands on cellular energy production.

The effects of increased sympathetic activity may vary among

different tissues:

*  Skeletal muscle: Increased sympathetic activity may influence
muscle metabolism and energy expenditure through effects on
contractile activity, glycogen metabolism, and blood flow.

* Adipose tissue: Sympathetic stimulation promotes lipolysis
and alters fatty acid metabolism. These processes involve
multiple energy-dependent cellular mechanisms.

* Liver: Sympathetic activation can influence hepatic glucose
and lipid metabolism and may promote a shift toward increased
metabolic activity under certain physiological conditions.

* Heart: Increased sympathetic activity enhances heart rate
and myocardial contractility, thereby increasing myocardial
energy requirements and ATP demand [65-81].

Overall, sustained sympathetic activation may increase metabolic
and energetic demands across multiple tissues. It is proposed that,
when ATP demand exceeds the capacity of mitochondrial ATP
production, an ATP demand—supply mismatch may develop. This
proposed ATP mismatch could potentially contribute to impaired
cellular energy availability and metabolic dysfunction [51-52].
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Central Mechanisms
Sympathetic Activity

The central nervous system plays an important role in regulating
autonomic activity. The cerebral cortex and limbic system have
extensive connections with hypothalamic and brainstem regions
involved in autonomic regulation. The hypothalamus integrates
signals from multiple brain regions, including areas involved
in emotional processing and stress responses, and influences
sympathetic outflow through downstream autonomic pathways.

Potentially Underlying Increased

Chronic psychological stress and mental fatigue have been
associated in some studies with alterations in autonomic function,
EEG activity, and sympathetic nervous system activity. Some
studies have also reported associations between altered autonomic
function and metabolic disorders, including diabetes [63-68].

These observations raise the possibility of chronic stress-related
alterations in central autonomic regulation that may contribute to
persistent sympathetic activation. Increased sympathetic activity
could, in turn, influence metabolic processes and cellular energy
demand.

However, the proposed relationship between psychological stress,
alterations in cortical or EEG activity, increased sympathetic
activity, mitochondrial ATP mismatch, and insulin resistance
remains incompletely established. Further research is required
to determine whether this represents a direct causal pathway or
a complex association involving multiple interacting mechanisms
[81-94].

Summary and Conclusion

Type 2 diabetes mellitus is characterized by impaired insulin
secretion and insulin resistance, both of which contribute to the
development and progression of hyperglycemia and diabetes-
related complications.

Insulin resistance is associated with impaired glucose uptake
in insulin-sensitive tissues and may involve defects in insulin
signaling and GLUT4 translocation. Mitochondrial dysfunction
and altered cellular energy metabolism may contribute to these
abnormalities by affecting ATP availability, oxidative stress, lipid
metabolism, and insulin signaling.

The present review proposes a potential link between increased
sympathetic activity, mitochondrial energy metabolism, ATP
demand-supply imbalance, and insulin resistance. Under this
model, persistent sympathetic activation may increase metabolic
and cellular energy demands. If mitochondrial ATP production
is insufficient to meet these demands, an ATP demand-supply
mismatch may develop, potentially affecting energy-dependent
processes involved in insulin signaling and GLUT4 trafficking.

Impaired GLUT4 translocation may subsequently contribute
to reduced glucose uptake, hyperglycemia, and the progression
of insulin resistance. Chronic psychological stress and mental

fatigue may contribute to increased sympathetic activity; however,
the causal relationship between these factors requires further
investigation.

Suggestions and Future Perspectives

Strategies aimed at reducing chronic sympathetic activation,
improving sleep and recovery, managing psychological stress, and
promoting regular physical activity may benefit metabolic health.
Nutritional strategies and interventions that support mitochondrial
function may also improve insulin sensitivity.

However, further experimental and clinical studies are required to
determine whether interventions that reduce sympathetic activity
or improve cellular ATP availability can directly enhance GLUT4
translocation, improve insulin sensitivity, and reduce the risk or
severity of type 2 diabetes.
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