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In obesity, excessive abdominal fat, especially the accumulation of visceral adipose
tissue (VAT), increases the risk of metabolic disorders, such as type 2 diabetes
mellitus (T2DM), cardiovascular disease, and non-alcoholic fatty liver disease. Excessive
abdominal fat is associated with adipose tissue dysfunction, leading to systemic low-
grade inflammation, fat overflow, ectopic lipid deposition, and reduced insulin sensitivity.
Physical activity is recommended for primary prevention and treatment of obesity,
T2DM, and related disorders. Achieving a stable reduction in body weight with exercise
training alone has not shown promising effects on a population level. Because fat
has a high energy content, a large amount of exercise training is required to achieve
weight loss. However, even when there is no weight loss, exercise training is an
effective method of improving body composition (increased muscle mass and reduced
fat) as well as increasing insulin sensitivity and cardiorespiratory fitness. Compared
with traditional low-to-moderate-intensity continuous endurance training, high-intensity
interval training (HIIT) and sprint interval training (SIT) are more time-efficient as exercise
regimens and produce comparable results in reducing total fat mass, as well as
improving cardiorespiratory fitness and insulin sensitivity. During high-intensity exercise,
carbohydrates are the main source of energy, whereas, with low-intensity exercise, fat
becomes the predominant energy source. These observations imply that HIIT and SIT
can reduce fat mass during bouts of exercise despite being associated with lower levels
of fat oxidation. In this review, we explore the effects of different types of exercise training
on energy expenditure and substrate oxidation during physical activity, and discuss the
potential effects of exercise training on adipose tissue function and body fat distribution.

Keywords: exercise, high intensity interval aerobic training, fat loss, adipose tissue function, inflammation, type
2 diabetes, obesity

INTRODUCTION

Obesity, and in particular abdominal obesity, increases the risk of several diseases, including
type 2 diabetes mellitus (T2DM), cardiovascular disease (CVD), non-alcoholic fatty liver disease
(NAFLD), polycystic ovarian syndrome (PCOS), severe COVID-19 disease, and certain types of
cancer (Kopelman, 2000; Stefan et al., 2021). The prevalence of obesity worldwide has increased
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dramatically over the last few decades (Forouhi and Wareham,
2014). Increased energy intake and insufficient physical activity
result in a positive energy balance, the main cause of weight gain
that subsequently leads to obesity. Despite its simple equation,
energy intake vs. output, obese people find it difficult to maintain
a negative energy balance over time, highlighting the need to find
methods that can achieve a better metabolic outcome.

Lifestyle adaptation is the primary intervention for managing
obesity and its related diseases (Wadden et al., 2012). Weight
loss can be achieved by increasing energy expenditure and/or
reducing calorie intake. Energy expenditure during physical
activity depends on the type of exercise as well as its intensity and
duration. Theoretically, the energy content in 1 kg of fat allows
a person weighing 70 kg to run approximately 125 km (Frayn,
1983; Litleskare et al., 2020). In reality, however, humans need
to run much further to oxidize 1 kg of fat because carbohydrate
oxidation contributes to energy expenditure. Protein oxidation
is determined by protein intake, while amino acid oxidation has
a minimal effect on total energy expenditure during exercise,
and is therefore not included in the calculations in this review
(Tarnopolsky, 2004).

Indirect calorimetry is used not only to measure
cardiorespiratory fitness (VO2max) but also to provide estimates
of the energy expenditure and whether the substrate utilized
is derived from fat or carbohydrate oxidation (Frayn, 1983).
During low-to-moderate intensity exercise (30–65% of VO2max),
fat is the major source of energy, and this type of exercise can be
maintained for several hours. In contrast, carbohydrates become
the principal energy source during high-intensity exercise (>85%
of VO2max), which can rarely be maintained for more than
half an hour, except by elite endurance athletes (Romijn et al.,
1993). Additionally, a very low rate of fat oxidation is observed
during high-intensity exercise (Romijn et al., 1993; Andersson
Hall et al., 2016). These observations underlie the belief that
exercise training with low-to-moderate intensity and of long
duration is the best way to lose fat mass. However, high-intensity
short-duration exercise training has become increasingly popular
due to its time-related effectiveness (Keating et al., 2017).

High-intensity interval training (HIIT) and sprint interval
training (SIT) are among the most popular and most studied
high-intensity training regimens. Here, we use the nomenclature
described in the review by MacInnis and Gibala (2017). HIIT
is defined as a near-maximal effort, often performed as bouts
of 2–6 min of work at 85–95% of maximal heart rate (MHR)
with 2–3 min of rest between bouts. SIT is defined as a maximal
or supramaximal effort and is often performed as all-out bouts
of 30 s or less, with 2–5 min of rest between bouts. Moderate-
intensity continuous training (MICT) consists of continuous
exercise at lower intensities. Regarding the ability of the different
exercise regimens to reduce visceral adipose tissue (VAT), HbA1c,
and fasting glucose, HIIT and SIT seem to have effects that are
at least similar to those of MICT in both healthy and diabetic
subjects (Burgomaster et al., 2008; Fealy et al., 2018; Søgaard et al.,
2018; Winding et al., 2018; Sabag et al., 2020). HIIT and SIT also
efficiently reduce total fat mass, despite carbohydrates being the
predominant source of energy during the exercise bouts (Trapp
et al., 2008; Kuo and Harris, 2016). As the amount of fat lost after a

relatively long period of HIIT and SIT is disproportionately larger
than the estimated utilization within the HIIT or SIT sessions,
the mechanisms explaining this fat-reducing effect are of interest
(Kuo and Harris, 2016).

Fat is predominantly stored in adipocytes in various depots
throughout the body. Fat localization is a strong predictor of
T2DM, NAFLD, and CVD (Mooney et al., 2013). Abdominal
obesity, especially increased visceral fat, is associated with
an increased risk of the above-mentioned diseases (Karpe
and Pinnick, 2015), rendering it an important target in
attempts to improve metabolic health. In addition, obesity-
related insulin resistance is associated with impaired insulin-
mediated inhibition of lipolysis in adipose tissue (AT), resulting
in an increased efflux of free fatty acids (FFAs) into the blood
and, consequently, ectopic lipid deposition (Snel et al., 2012).
Impaired insulin-mediated inhibition of lipolysis is further
exacerbated by AT dysfunction (Crewe et al., 2017). Evidence
suggests that dysfunctional AT promotes systemic low-grade
inflammation, fat overflow, and, hence, ectopic lipid deposition,
which further contributes to insulin resistance (Virtue and Vidal-
Puig, 2010). Although AT dysfunction is improved by weight
loss, the specific impact of exercise training on the former is
still unclear (Murphy et al., 2017). Nevertheless, it is thought
that the exercise-mediated improvement in metabolic health—
including increased insulin sensitivity—may involve improved
AT function, comprising an increased ability to store and oxidize
fat, reduced fat overflow, and decreased systemic low-grade
inflammation (Park et al., 2014). This may drive a reduction
in abdominal fat levels, including VAT, and reduce ectopic
lipid deposition in the liver and skeletal muscle, as well as
in other organs.

Here, we review the effect of exercise training on body
fat, focusing on energy expenditure and fat metabolism.
The mechanisms explaining the benefits of high-intensity
exercise training on AT function and metabolic flexibility,
despite minimal β-oxidation during the training sessions,
are also discussed.

ENERGY EXPENDITURE IN THE HUMAN
BODY

During evolution, movement was necessary for humans to obtain
food for survival. Although movement to obtain food and flee
from predators remains a prerequisite for animals living in
the wild, this is no longer true for most humans, most of
whom have an increasingly sedentary lifestyle. Most people
exercise to maintain fitness and prevent obesity rather than
moving to hunt and gather food (Jensen and O’Rahilly, 2017).
Furthermore, pre-prepared food is cheap, energy-dense, and
abundant. Humans easily eat more calories than they can expend
(O’Rahilly, 2016). As we are still adapted for a life as hunter–
gatherers, these significant lifestyle changes have resulted in an
increasing prevalence of obesity.

To create a framework for understanding energy expenditure,
we introduce and briefly describe some relevant terms. Total daily
energy expenditure (TDEE) is the total amount of energy used
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in a day and is measured using the doubly labeled water (DLW)
method (Westerterp, 2017). TDEE depends on resting energy
expenditure (REE) and activity-related energy expenditure
(AEE). REE is the energy used during complete rest and AEE
refers to the energy used during daily activity and/or exercise.
AEE and REE are usually measured by indirect calorimetry.

Precise calculations of energy intake require carefully
controlled experimental conditions. The correct collection
of such data is difficult in population studies as people
normally underreport food intake and overestimate activity when
questionnaires are used to address energy balance (Fogelholm
et al., 2006; Stubbs et al., 2014). TDEE depends on the REE, free-
living activities, and the amount of physical activity performed,
collectively called AEE. A fraction (∼10%) of the TDEE can
be explained by the thermic effect of food (TEF) (Westerterp,
2004). Even though cardiorespiratory fitness is a predictor of
the TEF, the effect of exercise on the TEF remains uncertain
(Calcagno et al., 2019). Accordingly, the TEF will not be
included in the calculations in this review. The gold standard
for measuring total energy expenditure is the DLW method
(Westerterp, 2017). This technique is expensive and time-
consuming, and it takes 1–3 weeks to collect good data. Energy
expenditure can also be measured by direct calorimetry, which
measures the amount of energy lost as heat from the body;
or by indirect calorimetry, which measures oxygen utilization
and carbon dioxide production (Ndahimana and Kim, 2017).
Because indirect calorimetry is a standard procedure in exercise
physiology laboratories, we focus on this method in this review.

Indirect calorimetry measures the volume of oxygen (O2)
and carbon dioxide (CO2) inspired and expired. The synthesis
of adenosine triphosphate (ATP) in mitochondria requires
oxygen to capture electrons from the electron transport chain
during the oxidation of carbohydrates and fat. The coupling
between oxygen uptake (VO2) and CO2 production (VCO2)
has known stoichiometry, which allows the calculation of
substrate oxidation and energy expenditure from VO2 and VCO2
measurements obtained via indirect calorimetry. Carbohydrate
and fat metabolism is also well characterized (Frayn, 1983). The
oxidation of 1 g of glucose requires 0.747 L of O2 and provides
17 kJ (4 kcal), that of 1 g of fat requires 2.03 L of O2 and
provides 37 kJ (9 kcal), and that of 1 g of protein 0.966 L of O2
and provides 17 kJ (4 kcal). Knowing these values allows for the
calculation of energy expenditure from oxygen consumption and
the respiratory exchange ratio (RER). The RER further provides
information regarding whether the source of the energy utilized
originates from carbohydrates or fat. The oxygen consumption
determines the amount of substrate oxidized and, therefore, the
energy released within the body.

The REE is the amount of energy a person uses at rest
and is related to body size and composition (Henry, 2005). On
a population basis, the REE accounts for ∼60% of the total
energy expenditure. The average oxygen consumption for an
adult human sitting at rest is approximately 3.5 mL/(kg·min−1)
(Henry, 2005), which corresponds to approximately 1,750 kcal for
a person weighing 70 kg sitting still all day (Jetté et al., 1990). On
a population basis, physical activity rarely accounts for more than
40% of the total energy expenditure (Westerterp, 2000). Unless a

person is very active or a professional athlete, it is very difficult
for anyone to exceed their REE during activity.

ENERGY EXPENDITURE DURING
EXERCISE

The AEE during physical activity depends on both daily activities
and exercise. Energy expenditure during a session of endurance
exercise depends on the duration, type, and intensity of the
exercise, as well as cardiorespiratory fitness. The maximal oxygen
uptake (VO2max) is a reflection of cardiorespiratory fitness and
is indicative of how much energy a person can utilize during 1
min. VO2max is usually related to body weight. In some instances,
however, relating VO2max to fat-free mass is of more value as
body composition can differ substantially within the same body
mass index (BMI) range.

Members of our group often examine well-trained, lean young
males with a VO2max of 50–75 mL/(kg·min−1) (Rustad et al.,
2016; Sollie et al., 2018); in contrast, the VO2max for untrained
middle-aged males is approximately 45 mL/(kg·min−1)
(Langleite et al., 2016; Jelstad et al., 2019). Obese people have
reduced cardiorespiratory fitness and their VO2max may be
reduced to 20 mL/(kg·min−1) or less (Christ-Roberts et al., 2004;
Vind et al., 2011); however, this is not necessarily solely due to
low cardiorespiratory fitness but may also result from an increase
in body weight. Furthermore, obese people may experience
decreased mobility. A combination of low cardiorespiratory
fitness and reduced mobility helps explain why exercise becomes
an overwhelming task for an obese person, especially knowing
that they must run 100 km to get rid of 1 kg of fat (see BOX 1).

Oxygen uptake increases gradually during high-intensity
exercise, leading to an O2 deficit (Krogh and Lindhard, 1920).
Moreover, a large O2 deficit develops during exercise performed
at above the anaerobic threshold (Medbø and Tabata, 1989).
This makes it difficult to use indirect calorimetry to calculate
energy expenditure during HIIT and, especially, SIT. Generally,
the oxygen debt acquired during anaerobic activity will be an
underestimate of the energy expenditure during the anaerobic
work. Combining this O2 deficit with the excess post-exercise
oxygen consumption (EPOC) effect, continuous measurement
with indirect calorimetry in the recovery period is required for
the estimation of extra oxygen consumption used to pay for the
oxygen debt and EPOC-related processes (Figure 1).

Total work in healthy young males during cycling SIT with
four intervals of 30 s corresponds to an energy use of ∼75 kcal
(McCartney et al., 1986; Spriet et al., 1989), whereas during a

BOX 1 | Energy expenditure calculation during running.
Energy expenditure during treadmill running is often estimated by oxygen
uptake. External work (the force causing displacement) is difficult to measure
in a person running. Instead, running economy (RE) is calculated according to
an oxygen consumption of ∼0.2 L/(kg·km−1), equal to ∼1 kcal/(kg·km−1)
(Litleskare et al., 2020). Therefore, it costs a person weighing 77 kg
approximately 7,700 kcal to run 100 km, corresponding to the energy in 1 kg
of fat. (Formula: RE = VO2·kg−1

·km−1).
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FIGURE 1 | High intensity exercise effect on fat loss.

session of MICT, such as running for 45 min at 75% MHR,
a young healthy person weighing 70 kg uses 700 kcal. This
clearly indicates that SIT requires only a fraction of the energy
expended in MICT. As previously mentioned, HIIT is often
performed as 4–7 bouts of work at 85–95% of MHR with 2–
3 min of rest between bouts (Bækkerud et al., 2016; Granata et al.,
2016; Meinild Lundby et al., 2018). Depending on the length
and number of bouts, energy expenditure during HIIT is often
the same, or similar to, that for MICT of the same duration
(MacInnis and Gibala, 2017).

ENERGY AFTER EXERCISE

Although fat loss is the same, the workload in MICT is much
greater than that in HIIT and SIT, indicating that fat loss during
HIIT and SIT is greater than expected. Several mechanisms
can help explain this surprising outcome. First, as has been
suggested, REE may increase in response to high-intensity
training; however, no direct evidence exists for such an effect
(Karstoft et al., 2017). Secondly, fat loss could result from
participants reducing their relative food intake in response to
HIIT during a particular study. However, there is evidence to
suggest this is not the case (Rosenkilde et al., 2013). Thirdly,
although exercise-induced VO2 utilization drops immediately
after cessation of exercise, it remains elevated for up to 24 h
after an exercise bout compared with that in the resting state
(Tucker et al., 2016). This increase in VO2 utilization is known
as EPOC. There is evidence that the duration of an exercise bout
shows a linear relationship with EPOC, whereas an exponential
relationship exists between increasing exercise intensity and
EPOC (Moniz et al., 2020). Despite these findings, results
regarding whether EPOC is responsible for the fat loss associated
with high-intensity exercise are conflicting (Tucker et al., 2016).

Biological processes responsible for an increase in EPOC
include enhanced protein synthesis related to muscle remodeling
and the restoration of intracellular lipid and glycogen deposits in

both the liver and skeletal muscle (Moniz et al., 2020) (Figure 1).
As energy stores are limited in skeletal muscle after exercise,
energy must be supplemented from other tissues, including AT.
Thus, AT must adapt to the increased energy demands of the
skeletal muscle. We hypothesize that, among these adaptations,
there is an improvement in AT function that leads to a more
favorable shift between carbohydrate and fat oxidation, called
metabolic flexibility (Goodpaster and Sparks, 2017). Metabolic
flexibility is the ability to shift from fat to carbohydrate oxidation
with, for instance, increasing exercise intensity, and then back
from carbohydrate to fat oxidation during rest. Improved
metabolic flexibility results in a larger fraction of total energy
expenditure coming from β-oxidation in the resting state, thereby
increasing total fat oxidation. Furthermore, an increase in
mitochondrial oxidative phosphorylation in adipocytes could
contribute to an increase in EPOC. However, evidence that this
occurs in adult humans in response to exercise is scarce, and will
not be further discussed (Cannon and Nedergaard, 2011).

FAT AND EXCESS ADIPOSITY

In the healthy state, most fat is stored in AT. There are two
types of AT, namely, white and brown AT. In infants, brown
AT is involved in thermogenesis, while its role in adult humans
is still debated and has been reviewed elsewhere (Rosen and
Spiegelman, 2014). White AT is specialized for fat storage and
is distributed around different depots in the body. Apart from
storing energy, white AT is also a multifunctional organ with
endocrine functions that affect whole-body metabolism (Scheja
and Heeren, 2019). The energy stored in AT allows humans to
survive for long periods without food. Young healthy people
with ∼20% body fat can survive for 1–2 months without food
(Cahill, 1970). The longest documented period of starvation
in a human is 382 days (Stewart and Fleming, 1973). During
this period, the weight of the individual declined from 207 to
82 kg, corresponding to a weight loss of 125 kg. Assuming
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(although fictive, as fat loss only is unrealistic in such a long
fast) that all this weight loss was related to fat, with an energy
content of 7,700 kcal/kg, this equates to ∼1,000,000 kcal, i.e.,
an average of ∼2,500 kcal/day during the 382 days of fasting
(Stewart and Fleming, 1973).

High body fat content not only causes major health problems
but also prevents people from exercising effectively. Total fat
mass is most accurately measured by magnetic resonance imaging
(MRI) or computed tomography (CT) (Wells and Fewtrell, 2006).
However, MRI and CT are time-consuming and expensive,
and cheaper and faster measurement methods such DXA scan
and bioimpedance, or anthropometric measurements such as
BMI or waist–hip ratio, are often used instead to evaluate
body composition and metabolic health. BMI only reflects
weight in relation to height and is, therefore, a suboptimal
measurement as humans can attain similar BMIs with different
body compositions. However, on a population level, an increase
either in BMI or total fat mass can increase the risk of obesity-
related diseases (Van Pelt et al., 2002; Bays et al., 2007).

METABOLIC DIFFERENCES IN FAT
DEPOTS

From a metabolic perspective, it is important to distinguish
between different fat depots within the body. White AT is divided
into two main types—VAT and subcutaneous white adipose tissue
(SAT). VAT is fat located in different depots surrounding internal
organs, whereas SAT is located under the skin throughout most
of the body. In obesity, most SAT is located on the abdomen or
hips. An excess of abdominal fat, termed android obesity, is more
common in men, whereas excessive fat storage on the hips and
legs (glutofemoral fat mass), often referred to as gynoid obesity,
is more common in women. Greater amounts of abdominal
(android) fat increase the risk of T2DM, NAFLD, and CVD,
whereas peripheral fat centered at the hips and legs (gynoid) has
been suggested to exert a protective effect against CVD (Mooney
et al., 2013; Karpe and Pinnick, 2015). Studies have shown that
increased gynoid obesity is associated with more favorable lipid
and glucose metabolism independently of the amount of VAT
(Stefan, 2020).

Increasing the amount of VAT alone can increase the risk of
the above-mentioned diseases independently of BMI and total
fat mass, underlining the importance of fat localization (Tchernof
and Després, 2013). The exact mechanism underlying why VAT
is more harmful than SAT remains unknown. Features that
could make VAT more metabolically harmful include differences
in innervation and that VAT has direct access to the portal
vein, leading to the released fat finding its way directly to the
liver (Nguyen et al., 2014). Furthermore, adrenergic receptors
expressed in adipocytes in VAT differ from those expressed in
SAT adipocytes (Stefan, 2020). It has also been speculated that
fat is stored in the visceral depots when the fat-storing capacity
in the subcutaneous depots is exceeded, indicating an overflow of
fat and ectopic lipid deposition (Snel et al., 2012). Regardless of
the mechanisms, reducing the amount of abdominal visceral fat
is of great interest from a health perspective.

ADIPOSE TISSUE AND ITS FUNCTION

Fat has an energy content of 9,000 kcal/kg. However, because
AT in humans also contains a small amount of water and
other cells, the actual in vivo energy content in 1 kg of AT is
approximately 7,700 kcal (Flatt, 1995; Heymsfield et al., 2012).
Despite accounting for only 50–60% of the total cell number,
adipocytes comprise over 85% of the volume in white AT (Lenz
et al., 2020). In adipocytes, fat is stored as triacylglycerol in lipid
droplets that make up > 95% of the intracellular content (Arner,
2005). That almost all the volume of AT is comprised of fat is
indicative of its importance as a storage depot. However, even
though the volume of non-adipocytes in AT is limited, these cells
exert a significant influence on AT function. Non-adipocytes in
AT include immune cells, preadipocytes, endothelial cells, and
fibroblasts (Lenz et al., 2020), known collectively as the stromal
vascular fraction (Bourin et al., 2013). These cells are responsible
for adipogenesis, angiogenesis, extracellular matrix modeling,
and regulation of inflammation and, hence, contribute to both
the function and dysfunction of AT (Crewe et al., 2017).

Healthy white AT is a dynamic and flexible organ that stores
fat when in excess and provides energy when needed. After a
meal, insulin is secreted from pancreatic β-cells in response to
increased levels of glucose, amino acids, and incretins in the
blood (Wilcox, 2005). Insulin signaling in adipocytes through
the insulin receptor increases glucose and fatty acid (FA) uptake
into the adipocytes (Arner, 2005). Insulin suppresses lipolysis by
increasing the activity of phosphodiesterase 3B (PDE3B), leading
to decreased cAMP-mediated activation of protein kinase A
(PKA), and, consequently, reduced phosphorylation of hormone-
sensitive lipase (HSL) and perilipin (PLIN). This ultimately
promotes lipogenesis, resulting in triglyceride storage and,
therefore, adipocyte expansion (Zechner et al., 2009; Petersen
and Shulman, 2018). In contrast, stressors such as exercise and
starvation promote catecholamine secretion. Catecholamines
act through β-adrenergic receptors in adipocytes, inducing an
increase in cAMP levels, which activates PKA and ultimately
enhances lipolysis (Arner, 2005). PKA activates lipolysis at
several steps, including through PLIN and HSL phosphorylation.
PLIN phosphorylates CGI-58, allowing it to bind to and
fully activate ATGL, while phosphorylated HSL is directly
involved in lipolysis (Zechner et al., 2009). When insulin levels
are relatively low, AT releases FFAs into the bloodstream,
making them available for muscle and other tissues when
needed (Arner, 2005). Beta-oxidation accounts for 80% of the
total energy-related oxidation in skeletal muscle at rest after
an overnight fast, and this percentage increases further in
response to prolonged fasting (Kelley and Simoneau, 1994).
In skeletal muscle, FFAs are either stored as triglycerides in
lipid droplets or metabolized via β-oxidation, providing energy
for exercise and other energy-consuming processes (Kiens,
2006). Importantly, there is a continuous balance between the
oxidation of glucose and fat during both rest and activity.
Fat oxidation increases the levels of acetyl-CoA and inhibits
glucose oxidation via the Randle cycle, whereas excessive glucose
uptake increases malonyl-CoA levels, which inhibits fat oxidation
(Hue and Taegtmeyer, 2009).
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FIGURE 2 | Makers of adipose tissue dysfunction.

Metabolic flexibility, the ability to switch between fat and
carbohydrate oxidation with varying energy requirements seems
to be important for proper metabolic regulation (Goodpaster
and Sparks, 2017). Metabolic flexibility is attenuated in obesity
and more so in T2DM (Smith et al., 2018). In the resting
state, obese people have a higher RER value when compared
with lean individuals, meaning a larger fraction of the energy
expended derives from carbohydrate oxidation, an effect that is
even more pronounced in patients with T2DM (Goodpaster and
Sparks, 2017). Furthermore, during insulin stimulation, obese
individuals and patients with T2DM are not able to increase
the RER value to the same extent as lean individuals (Kelley
and Simoneau, 1994; Goodpaster and Sparks, 2017). However,
during high-intensity exercise, obese individuals and patients
with T2DM can increase the RER to values comparable to those
observed in lean individuals (Kelley and Mandarino, 2000). The
exact role of impaired metabolic flexibility remains unknown,
and whether it is a consequence of insulin resistance or an
early impairment that contributes to insulin resistance remains
to be clarified.

Disrupted signaling along intracellular pathways responsible
for lipid metabolism is one of the features of impaired metabolic
flexibility in obesity (Boucher et al., 2014). As mentioned
earlier, insulin primarily inhibits lipolysis while catecholamines
primarily promote lipolysis. Insulin resistance in adipocytes is
associated with impaired phosphorylation of insulin receptor
substrate 1 (IRS-1) in obesity, which is further impaired in
T2DM (Copps and White, 2012). The inability of insulin to
inhibit lipolysis results in an increased efflux of FFAs into
the bloodstream. The counter-regulatory pathway involving
catecholamine-related HSL stimulation is also attenuated in
obesity, rendering adipocytes insensitive to catecholamines
(Arner, 2005). Thus, obesity reduces the flexibility to switch

between lipolysis and lipogenesis, exacerbating a vicious cycle
whereby an increase in lipolysis results in ectopic lipid deposition
and further insulin resistance.

KEY FEATURES OF AT DYSFUNCTION

The localization of fat depots is a strong predictor of metabolic
diseases. Regardless of its localization, AT content and function
differ markedly between obese and healthy lean people (Rydén
et al., 2014), and is likely to be further altered in patients with
T2DM compared with obese individuals with the same BMI
(Camastra et al., 2017). Collectively, these changes are termed
AT dysfunction (Crewe et al., 2017), which is characterized by
an unhealthy AT expansion characterized by the presence of
hypertrophic adipocytes, excessive accumulation of extracellular
matrix (ECM) components, interstitial fibrosis, exaggerated
pro-inflammatory macrophage infiltration, and dysregulated
angiogenesis (Figure 2). Alterations in the ECM and impaired
angiogenesis can be difficult to measure in human fat samples;
however, the mRNA levels of proteins associated with the
ECM and angiogenesis are often used as markers of these
processes in AT dysfunction (Åkra et al., 2020). Low-grade
inflammation, macrophage infiltration, and adipocyte cell size
are frequently used to determine the degree of AT dysfunction
(Longo et al., 2019).

AT dysfunction and the resulting impaired AT expandability
cause local and systemic low-grade inflammation, fat overflow,
and ectopic fat deposition, all of which are associated with insulin
resistance (Crewe et al., 2017). Whether AT dysfunction is the
cause or consequence of insulin resistance remains unknown.
Furthermore, although the exact pathophysiological mechanism
underlying NAFLD remains unknown, its development is
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associated with the insulin receptor, low-grade inflammation, and
ectopic lipid deposition. Consequently, NAFLD is exacerbated
with AT dysfunction (Cimini et al., 2017; Tarantino et al.,
2019).

Hypertrophic adipocytes show a positive correlation with
insulin resistance and the risk of CVD (Muir et al., 2016),
while increases in macrophage infiltration and the numbers of
apoptotic adipocytes are also seen in dysfunctional AT (Crewe
et al., 2017). The exact sequence of events and pathways
involved are still under debate. One of the most studied
hypotheses postulates that relative hypoxia in AT mediates a
cascade of events that lead to the increased apoptosis and
low-grade inflammation seen in obesity (Trayhurn and Wood,
2004). Adipocytes increase in size as a result of obesity, with
some becoming larger than 100 µm (Yin et al., 2009). At
this distance, oxygen diffusion is compromised due to the
limitation of the diffusion capacity. Hypoxia per se decreases
insulin signaling and disrupts lipid metabolism in AT (Regazzetti
et al., 2009; Yin et al., 2009). Furthermore, the cytokine
hypoxia-inducible factor 1 alpha (HIF-1α) is upregulated in a
hypoxic environment. HIF-1α is a multifunctional molecule best
known for its function in promoting angiogenesis. However, in
dysfunctional AT, HIF-1α fails to promote angiogenesis, inducing
instead dysregulated ECM remodeling, resulting in fibrosis that
disrupts proper angiogenesis, further exacerbating hypoxia in AT
(Sun et al., 2013).

Although adipocytes undergo apoptosis under normal
conditions, an increased rate is observed in obesity (Camastra
et al., 2017). Adipocytes have a lifetime of approximately 8–
10 years, indicating that ∼10% of these cells must be replaced
annually (Spalding et al., 2008). Accordingly, a balance between
apoptosis and adipogenesis is required for the maintenance
of AT. Nevertheless, apoptotic cells attract macrophages.
Evidence suggests that most macrophages in AT are in close
proximity to apoptotic adipocytes (Murano et al., 2008). The
finding that macrophage numbers are increased in AT of obese
individuals is not surprising. Macrophages are the main cell
type responsible for the increased low-grade inflammation seen
in AT dysfunction. However, evidence suggests that it is CD8+
T lymphocytes that initiate the processes of inflammation in
AT (Nishimura et al., 2009). Low-grade inflammation drives
the secretion of a broad spectrum of cytokines, which further
increase low-grade inflammation, resulting in a vicious cycle.
Tumor necrosis factor-alpha (TNF-α), interleukin 1 beta
(IL-1β), and monocyte chemoattractant protein-1 (MCP-1)
are some of the best-characterized cytokines in AT. TNF-
α induces an increase in the M1/M2 polarization ratio in
macrophages. M1 macrophages enhance the pro-inflammatory
response, whereas M2 macrophages have anti-inflammatory
properties. Additionally, TNF-α inhibits both the insulin and
the catecholamine signaling pathways in adipocytes, resulting
in decreased metabolic flexibility (Langin and Arner, 2006;
Guilherme et al., 2008). The blood levels of IL-1β are elevated
in systemic rheumatic diseases, which is believed to mediate
the inflammation seen in these conditions. The role of IL-1β

in obesity-related low-grade inflammation is not completely
understood, but it has been suggested that it induces β-cell

damage in T2DM (Gabay et al., 2010; Eguchi and Manabe, 2013).
MCP-1 is secreted from macrophages and is chemotactic for
monocytes, inducing further macrophage infiltration into the AT
(Sakurai et al., 2017).

Importantly, under these conditions, AT dysfunction disrupts
fat metabolism in adipocytes at multiple sites. Notably, an
increased resistance to insulin results in elevated lipolysis,
resulting in elevated levels of circulating FFAs. In addition
to insulin resistance, reduced sensitivity to catecholamines
also decreases metabolic flexibility. Fat overflow, together
with low-grade systemic inflammation, results in ectopic lipid
deposition in the liver, muscle, and pancreatic β-cells. Lipid
deposition in the liver and muscle directly increases insulin
resistance (Snel et al., 2012), while in pancreatic β-cells it
is believed to be lipotoxic, decreasing their ability to secrete
insulin (Robertson et al., 2004). A combination of insulin
resistance and decreased insulin secretion is expected to increase
the risk for T2DM.

EXERCISE AND METABOLIC
REGULATION

Physical activity is the cornerstone for improving metabolic
health, and a lack of physical activity increases the risk of
obesity and obesity-associated diseases such as T2DM, CVD,
and NAFLD (Booth et al., 2017). For T2DM and CVD, a
broad range of pharmaceuticals drugs are also available that
can halt the progression of both diseases. In contrast, the
pharmaceutical options for the management of NAFLD are
limited (Tarantino et al., 2019). Because NAFLD has become
the most common cause of chronic liver disease, it is important
that therapeutic options for this condition are identified. Physical
activity has proven to be an effective intervention for treating
and preventing NAFLD (van der Windt et al., 2018; Wang et al.,
2020). Exactly how exercise improves NAFLD is not completely
understood (van der Windt et al., 2018); however, complex
crosstalk between adipokines, hepatokines, and myokines has
been suggested to play a central role in this improvement
(de Oliveira Dos Santos et al., 2021).

The effect of exercise training on glucose tolerance and insulin
sensitivity has been extensively researched (Sandvei et al., 2012;
Langleite et al., 2016; Jelstad et al., 2019). The improved insulin
sensitivity in skeletal muscle in response to exercise training can
be in part explained by the upregulation of proteins involved in
glucose metabolism and the insulin signaling pathway, including
the insulin-sensitive glucose transporter 4 (GLUT4), hexokinase
II, AKT2, glycogen synthase, and AMP-activated protein kinase
(AMPK), as well as mitochondrial proteins (Wojtaszewski and
Richter, 2006; Vind et al., 2011; Sylow et al., 2017). Although
not as thoroughly investigated as skeletal muscle, it seems that
at least some of these changes also happen in AT. In humans,
insulin sensitivity in AT is accompanied by an increase in
glucose transportation and glycolytic pathway (Riis et al., 2018).
Furthermore, it has been shown that fat oxidation at rest increases
in response to exercise, suggesting an improvement in AT/skeletal
muscle axis (Calles-Escandón et al., 1996).
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Sustained adherence to endurance exercise increases oxidative
capacity and, consequently, the capacity to utilize energy. In
many interventional exercise training studies, no significant
reduction in body weight is seen either in obese or lean subjects,
despite an improvement in metabolic regulation (Sandvei
et al., 2012; Langleite et al., 2016). In exercise interventions,
standardized work is normally performed at a specific workload
or intensity for a given duration. For instance, in a study
performed by our research group, aerobic training sessions
involving ∼40 min of cycling at high intensity (75% VO2max)
resulted in an energy expenditure of 600 kcal for untrained, lean,
middle-aged males (Jelstad et al., 2019). Three weekly sessions
each with a 600 kcal expenditure (a total of 1,800 kcal per
week) correspond to the energy in 234 g of fat and 12 weeks of
training intervention with such energy expenditure corresponds
to the energy in 2.8 kg of fat. As previously mentioned, most
of the energy used during high-intensity exercise is sourced
from carbohydrates. Regardless of the source of the energy
expended and the increased energy expenditure during exercise
intervention, there must be a total negative energy balance to
attain a reduction in body weight.

Exercise training can change body composition without
changing total body weight by decreasing fat mass and increasing
muscle mass (Langleite et al., 2016). In a 12-week training
intervention consisting of 2 weekly sessions of HIIT and two
sessions of resistance training, we observed a reduction in both
subcutaneous and visceral fat deposits concomitant with an
increase in muscle mass, resulting in no significant reduction in
body weight (Langleite et al., 2016). From an energy perspective,
1 kg of fat contains 7,700 kcal, whereas muscle tissue is 70%
water and the energy content in 1 kg of muscle is ∼1,000 kcal.
The small increase in muscle mass has little effect on the REE
because the metabolic rate in resting skeletal muscle is only∼10–
15 kcal/(kg·day−1) (Elia and Livesey, 1992). Although higher
than the metabolic rate in AT ∼5 kcal/(kg·day−1), the increase
accounts for only a small proportion of the whole-body energy
expenditure. The brain, heart, kidney, liver, and gastrointestinal
tract are the tissues that utilize the most energy at rest, and,
for practical reasons, are not under the influence of the training
(Elia and Livesey, 1992). Regardless of the small changes in
REE, the AEE can increase in response to HIIT and SIT. As
previously mentioned, these regimens increase muscle mass
and oxidative phosphorylation (and VO2max), and, therefore,
the ability to utilize more energy during a given time will
be higher (Chrøis et al., 2020). There is evidence that HIIT
promotes a greater improvement in mitochondrial oxidative
capacity compared with MICT (MacInnis et al., 2017); however,
to our knowledge, whether this can explain the increased fat loss
has not been investigated.

Although energy expenditure is lower during SIT than
during MICT, both regimens seem to undergo similar metabolic
adaptations, such as increased VO2max and a reduction in
VAT, fasting glucose, and HbA1c (Burgomaster et al., 2008;
Sandvei et al., 2012). The reasons for the similar improvements
are not fully understood. Nonetheless, there is some evidence
that a progressive increase in intensity results in a progressive
increase in intracellular signaling in key metabolism-favorable

pathways. High-intensity exercise activates both AMPK and
peroxisome proliferator-activated receptor co-activator (PGC-
1α) to a greater extent than low-intensity exercise in skeletal
muscle (Wojtaszewski et al., 2000; Egan et al., 2010). AMPK is
a pleiotropic protein with intracellular effects on lipid, glucose,
and protein metabolism (Hardie et al., 2012), while PGC-1α is
a potent driver of mitochondrial biogenesis and is also involved
in glycogen metabolism (Wu et al., 1999; Wende et al., 2007;
Kjøbsted et al., 2016). Furthermore, in a study comparing the
metabolic effects of 10-fold higher energy expenditure in MICT
compared with SIT, oxidative enzyme activity in muscle showed
similar increases in both training regimens (Burgomaster et al.,
2008). Whether this occurs in AT as well as in skeletal muscle
remains to be investigated. Furthermore, the concentrations of
catecholamines increase substantially during SIT, and anaerobic
processes provide most of the energy during this workout. After
30 s “all-out,” the adrenaline concentration increases to high
values (4 nM), more than double that in other types of exercise,
resulting in an increased metabolic rate (Esbjörnsson-Liljedahl
et al., 2002; Zouhal et al., 2008).

Among other functions, adrenaline increases glycogen
breakdown. Increased intramuscular glycogen content is seen
together with increased insulin sensitivity in response to
several weeks of endurance exercise training (Vind et al., 2011).
However, the glycogen store in muscles serves as the energy
substrate during exercise, and an acute reduction in muscular
glycogen content increases insulin sensitivity in the working
muscle (Jensen et al., 1997, 2006, 2011). A single MICT session
consisting of cycling for 60 min at 70% VO2max reduced the
glycogen amount by 50% in muscles (Pedersen et al., 2015). In
comparison, a single SIT session stimulates glycogen breakdown
and a single 30 s all-out cycling episode decreases the glycogen
content in skeletal muscle by approximately 25% (Jacobs et al.,
1982; Esbjörnsson-Liljedahl et al., 1999, 2002). Three bouts of
30 s all-out cycling with 20 min rest between sprints decreased
glycogen content by approximately 50% (Esbjörnsson-Liljedahl
et al., 2002). With only a total of 90 s of work, a SIT session
results in the same reduction in glycogen content as 60 min
of a MICT session.

THE EFFECT OF EXERCISE ON
ABDOMINAL FAT

The effect of exercise training on metabolic parameters, such as
insulin sensitivity and fat loss, is unquestionably positive, even
in the absence of a reduction in total body weight (Langleite
et al., 2016). Exercise training can reduce abdominal visceral and
subcutaneous fat mass even when there is no loss of total body
weight. There is evidence to support that the relative reduction in
VAT is greater than the reduction in SAT in response to exercise
training in overweight people (Langleite et al., 2016). If exercise
training is accompanied by a loss of total body weight, there
is an even bigger relative reduction of visceral fat compared to
the subcutaneous fat loss (Ross et al., 2000). If the speculative
hypothesis that the amount of VAT increases when the capacity
of SAT depots are exceeded, an improvement of AT function in
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FIGURE 3 | Effect of exercise on adipose tissue dysfunction.

response to exercise could also explain, why there is a relative
larger loss of VAT.

While various meta-analyses have shown that MICT and
HIIT leads to, at best, modest changes in body fat (Keating
et al., 2017; Sultana et al., 2019), exercise intensity seems to
play an important role in VAT modulation. A meta-analysis
of the effect of exercise on VAT showed that high intensity
exercise training induced a larger reduction of VAT compared to
moderate and low intensity (Vissers et al., 2013), and moderate
intensity exercise training (MICT) reduced VAT more than
low intensity exercise training. This indicates that increasing
intensity is associated with a greater reduction of VAT. The
same study analyzed the effect of training volume (duration of
sessions), and found no association between training volume and
reduction of VAT or total fat mass. This is somewhat surprising,
considering that fat is the predominant source of energy during
low-moderate exercise. If the sympathetic nervous activation
is greater with increasing exercise intensity, leading to greater
VAT innervation, this may explain the increase in lipolysis in
VAT and, thereby, also the reduction of VAT. Furthermore, a
study has shown that insulin sensitivity, measured as increased
glucose uptake using PET–CT combined with hyperinsulinemic
clamp, increases in VAT in response to HIIT, but not moderate-
intensity training (Honkala et al., 2020). There is evidence
that exercise intensity is more important than duration for
reducing VAT after a training period. This could in part explain
why short-duration high-intensity exercise training can reduce
fat, thereby obtaining good metabolic results. However, the
associated molecular mechanisms remain unclear.

One of the mechanisms proposed to underlie the exercise-
induced reduction of VAT involves signaling through IL-6.
This cytokine is produced by a variety of cells, including
adipocytes, lymphocytes, and macrophages. The plasma levels
of IL-6 correlate well with systemic low-grade inflammation
(Pedersen, 2017). Despite its positive correlation with disease,
recent studies have suggested that IL-6 can also function as
an anti-inflammatory cytokine (Pedersen, 2017)—an interesting
duality. When IL-6 is secreted from contracting muscle tissue,

it acts as an anti-inflammatory myokine, and is one of the first
cytokines to be upregulated after exercise. An acute increase in
IL-6 concentrations is believed to enhance whole-body lipolysis
and β-oxidation (van Hall et al., 2003). Recently, blocking IL-6
with tocilizumab (an anti-IL-6 receptor antibody) was reported
to abolish the reduction of visceral fat promoted by cycling
exercise of unreported length and intensity three times a week.
However, the average heart rate was 146 during exercise for
participants between the ages of 40 and 45, which should be
considered moderate intensity (Wedell-Neergaard et al., 2019).
This highlights the importance of the crosstalk between muscle
and AT, and also underlines the complexity of the effects
associated with cytokines originating from different tissues and
at different concentrations.

THE EFFECT OF EXERCISE ON AT
DYSFUNCTION

In large cross-sectional population studies, moderate-to-high
intensity physical activity is associated with reduced levels of
circulating markers of low-grade inflammation, namely, IL-6,
resistin, and leptin, and an increase in the concentration of
the plasma anti-inflammatory marker adiponectin (Vella et al.,
2017) (Figure 3). However, exercise interventions without weight
loss have shown a limited ability to reduce the levels of known
markers of low-grade inflammation (Allen et al., 2017; Kelly et al.,
2017). In a study by Stinkens et al. (2018), which included obese
men with and without T2DM, no changes in adipocyte cell size
or the levels of markers of low-grade inflammation were detected
after 12 weeks of exercise training consisting of two sessions of
endurance exercise at 70% VO2max for 30 min and one session
of resistance training per week. The exercise in this study was
of moderate intensity and relatively short duration. Furthermore,
there was no loss of total body weight, although there was a 0.7-
kg reduction in fat mass. Fat reduction was determined by DXA
scan, and whether the abdominal fat was visceral or subcutaneous
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was not reported. Despite a lack of improvements in the
concentrations of these markers of AT dysfunction, the authors
found that insulin sensitivity was increased in skeletal muscle,
but not in adipocytes or liver, as measured by hyperinsulinemic
clamp (Stinkens et al., 2018). The participants had some degree
of AT dysfunction related to obesity and T2DM; however, as the
study did not include a lean, healthy control group, it is difficult
to fully interpret the results.

Riis et al. (2018) investigated the molecular adaptations in
AT in lean, healthy young male subjects [age 21 (18–24)] that
underwent three sessions per week of endurance exercise of
varying intensity for 10 weeks on a bicycle ergometer. They found
that insulin sensitivity in AT, as measured using the AT insulin
resistance index, was improved in the exercise group compared
with that of the control group (Riis et al., 2018), concomitant
with an increase in insulin receptor protein abundance as well
as that of the downstream proteins involved in glucose oxidation
in AT. Although the participants did not lose body weight, they
displayed a significant reduction in fat mass. No changes in the
levels of markers related to browning or beiging were reported in
AT biopsies (Riis et al., 2018). Taken together, these observations
suggest that exercise training can improve AT function, thereby
contributing to improved metabolic flexibility. This study also
emphasizes the positive effect of training on AT, even in young,
lean, healthy individuals.

Exercise training alone has not been shown to reduce
adipocyte size in obese individuals (Honkala et al., 2020).
A meta-analysis of adipocyte cell size in overweight and obese
individuals showed a linear relationship between the reduction
of adipocyte cell size and the amount of weight lost (Murphy
et al., 2017). In the same analysis, the authors compared the
reduction of adipocyte cell size among different methods used to
lose weight (bariatric surgery, dietary restriction, and exercise)
and found no difference among the groups. This suggests that
it may be necessary to reduce body weight in order to reduce
adipocyte cell size (Figure 3).

In summary, regarding the effect of exercise training on
AT, exercise per se does not reduce body weight. However,
even without weight loss, exercise improves body composition
by reducing fat mass and increasing muscle mass. Contracting
skeletal muscle may play an important role in the reduction
of VAT via the production and secretion of myokines such as
IL-6. Insulin sensitivity in both adipocytes and skeletal muscle
improves with exercise training. Despite the exercise-related
improvement in AT function, the effect of exercise training on
markers of AT dysfunction remains to be clarified. Evidence
suggests that exercise per se does not reduce adipocyte cell size
without weight loss; however, exercise training does, to some
extent, reduce low-grade inflammation that is believed to evolve
from AT dysfunction. Furthermore, exercise improves insulin

sensitivity, glucose metabolism, and oxidative phosphorylation,
all of which are impaired in dysfunctional AT.

CONCLUSION/PERSPECTIVES

From an evolutionary perspective, AT stores energy for
utilization in periods of low energy availability; however, a
shortage of food does not often occur in the Western world,
which has led to an increased prevalence of obesity and its
related diseases. Obesity is not just an accumulation of fat
in adipocytes but is also characterized by unfavorable lipid
metabolism, AT dysfunction, ectopic lipid deposition, systemic
low-grade inflammation, and insulin resistance. AT dysfunction
may contribute to an unhealthy body fat distribution due to
impaired fat storage in SAT, leading to an increase in VAT.

Nowadays, exercise training is often performed to lose weight
and prevent lifestyle diseases. Losing weight through exercise
can be an overwhelming task for untrained obese individuals,
requiring a substantial amount of time. Nevertheless, even
without inducing weight loss, exercise training reduces both
total and visceral fat mass. HIIT and SIT aim to reduce
the duration of exercise. Short-duration high-intensity exercise
regimens are effective at reducing abdominal fat, indicating
that they exert a positive effect on AT, which cannot be fully
explained by the fat oxidized during the exercise bouts. A possible
physiological mechanism explaining fat loss, in response to
exercise at high intensities, is EPOC. The acute effects behind
the increased EPOC does most likely not occur in the adipose
tissue, but the energy can still be derived from AT. We argue
that AT function is improved in response to increased energy
utilization. Furthermore, AT dysfunction in obesity or T2DM is
likely to be ameliorated in response to high-intensity exercise.
However, the effect of exercise training on AT function and
dysfunction, particularly with high intensity, remains to be
thoroughly investigated.
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