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INTRODUCTION

Obesity remains one of the leading causes of death worldwide and is a well-known risk factor for a
myriad of non-communicable diseases including diabetes, cardiovascular disease, and a variety of
cancers (Wolf and Colditz, 1998; Frühbeck et al., 2013). While the relationship between obesity and
cardiometabolic risk is well-established, the location of adipose tissue, particularly in the abdominal
region, is considered a greater predictor of metabolic dysfunction than total fat mass (Kahn et al.,
2006). Central obesity, characterized by the excess accumulation of adipose tissue in the abdominal
region, is strongly and independently correlated with metabolic syndrome and is assessed clinically
through the measurement of waist circumference (Shen et al., 2006). Central adiposity can be
further subcategorized into abdominal subcutaneous adipose tissue (SAT) and visceral adipose
tissue (VAT) (Snel et al., 2012). While the relationship between SAT and cardiometabolic risk
remains equivocal, VAT has been established as a unique pathogenic fat depot. VAT acts as an
endocrine organ by secreting adipocytokines and other vasoactive substances (Kanaya et al., 2004)
and is associated with cardiometabolic risk independent of body mass index (BMI) or total body
adiposity (Fox et al., 2007; Pak et al., 2016). Consequently, it is important to identify new, as well as
further develop existing therapies to improve the management of obesity.

A landmark study in 1990 showed that exogenous growth hormone (GH) administered to
older healthy males led to significant improvements in total body adiposity and lean body mass
(Rudman et al., 1990). Since then, the results from further studies have shown that GH therapy
can improve VAT, circulating lipid levels, and insulin resistance in adults with obesity and/or
diabetes (Johannsson et al., 1997; Nam et al., 2001). Although studies like these highlighted the
potential utility of GH therapy for the amelioration of age-related declines in metabolic function
and body composition, further studies identified various side effects of GH therapy such as an
increased likelihood of soft tissue edema, joint pain, carpal tunnel syndrome, gynecomastia, and
diabetes (Liu et al., 2007). Consequently, exogenous GH therapy became typically reserved for
individuals with GH deficiencies resulting from hypothalamic/pituitary disease (Clemmons et al.,
2014). Despite this, there has since been increasing interest in identifying therapies, including
lifestyle interventions, that increase physiologic GH release and action.

Exercise and diet modification are cornerstone therapies for the management of obesity-related
disease. Interestingly, pooled data from clinical trials show that while exercise is less effective than
diet modification for body weight loss, it appears to elicit superior reductions in VAT (Verheggen
et al., 2016). This finding may partly be explained by exercise-induced changes in lipolytic
hormones, such as GH, during and after exercise, which seem to target VAT (Berryman and List,
2017). Acute exercise has been shown to temporarily increase GH release in an intensity-dependent
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manner (Godfrey et al., 2003), and such responses appear to be
mediated by cardiorespiratory fitness (CRF) (Holt et al., 2001).
However, the degree to which temporal exercise-induced changes
in GH release and action improve VAT is unclear and warrants
further investigation. Furthermore, although both aerobic and
resistance exercise elicit a GH response, the relative contribution
of aerobic exercise on GH response and action arguably is less
clear. Consequently, this article will evaluate the various factors
that contribute to aerobic exercise-induced GH response and
how these changes influence VAT and cardiometabolic health
more broadly.

SOMATOTROPIC AXIS

The somatotropic axis is a primary regulator of metabolism
and consists of GH and insulin-like growth factors (IGF-I and
-II), and their associated carrier proteins and receptors, which
are further regulated by nutritional status and hormones such
as ghrelin and insulin (Renaville et al., 2002; Savastano
et al., 2014). GH is secreted at the anterior pituitary
gland in a pulsatile manner and is primarily regulated by
hypothalamic neuropeptides GH-releasing hormone (GHRH)
and somatostatin, which stimulate and inhibit GH secretion,
respectively (Vijayakumar et al., 2011). GH affects multiple
systems within the body and is the primary secretagogue of IGF-I,
which itself is a regulator of GH secretion (Ohlsson et al., 2009).

GH is a potent anabolic hormone that plays a significant
role in lipid metabolism at various sites including the liver,
skeletal muscle, and adipose tissue (Dehkhoda et al., 2018).
During periods of fasting or stress, GH promotes the use of lipids
as the primary fuel source in order to preserve carbohydrates
and protein stores (Lewitt, 2017). In the liver, lipid uptake
and production are increased through the phosphorylation of
sterol regulatory element-binding proteins (SREBP-1a) and by
increased lipoprotein lipase (LPL) expression (Vijayakumar et al.,
2011). In addition to this, GH also indirectly increases fatty acid
oxidation and activates the adenosine monophosphate-activated
protein kinase (AMPK) pathway (Vijayakumar et al., 2011).

While GH is a powerful regulator of lipid metabolism, its
role varies depending on the target site. For example, although
GH has lipogenic effects within the liver, the opposite occurs
in adipose tissue, particularly VAT, where GH elicits lipolytic
effects through the suppression of LPL activity (Stanley and
Grinspoon, 2015). During exercise or fasting, GH stimulates the
release of free fatty acids (FFAs) into circulation where they are
transported to various organs, including myocytes where they
may be repackaged as triglycerides or undergo β-oxidation in
the mitochondria. While it is recognized that GH also elicits
various effects on glucose and protein metabolism, exercise-
induced alterations in physiologic GH appear to primarily affect
lipid metabolism (Kanaley et al., 2004).

OBESITY

The bidirectional relationship between central obesity and
impaired GH secretion has been widely reported despite being
scantily understood (Stanley and Grinspoon, 2015; Lewitt, 2017).

Increased ectopic fat, such as VAT and intrahepatic triglyceride,
contributes to insulin resistance and may affect the feedback
control system of the somatotropic axis, resulting in a cascade
of metabolic impairments (Savastano et al., 2014). Interestingly,
physiologic increases in GH secretion through fasting or exercise
contribute to increases in circulating FFAs; however, these do
not lead to metabolic impairments due to various mechanisms,
such as concurrent increases in skeletal muscle fatty acid uptake
and oxidation (Huang et al., 2020). Interestingly, a study by
Stokes et al. (2008) showed that FFA levels may also regulate
GH via a negative feedback control, as nicotinic acid-mediated
suppression of lipolysis, and consequently reduced circulating
FFAs, led to a significantly greater GH response. This findingmay
help further explain why individuals with obesity and reduced
CRF, who on average have elevated levels of FFAs (König et al.,
2003; Boden, 2008), exhibit impaired GH secretion and action,
as their ability to uptake and oxidize FFAs is reduced (Kim et al.,
2000).

The obesity phenotype shares considerable overlapping risk
factors with adult GH deficiency such as increased serum
low-density lipoprotein cholesterol (Cordido et al., 2010) and
inflammation (Utz et al., 2008), thereby making it difficult to
decouple the cause from the effect. However, it is likely that
impaired GH secretion is an acquired transient defect that
occurs prior to the onset of obesity, as previous reports showed
that following 2 weeks of overeating, GH levels were decreased
while body weight remained unchanged (Cornford et al., 2011).
Importantly, not all adult GH deficiency is caused by obesity-
inducing behaviors, as adults with hypothalamic or pituitary
diseases also exhibit suppressed GH production and increased
central adiposity. A known therapy for improving many of
the aforementioned risk factors is energy restriction via diet
modification. In fact, a previous study involving 18 adults with
obesity and 18 age- and sex-matched controls showed that defects
in GH secretion were ameliorated to near-normal function
following significant diet-induced weight loss (Rasmussen et al.,
1995). Other lifestyle interventions such as exercise have been
shown to alter physiologic GH response; however, as mentioned
previously, this response has been shown to be blunted in people
with obesity, including childhood obesity (Oliver et al., 2012).
These data suggest that obesity-inducing behaviors and obesity
itself both contribute to altered GH release and function beyond
normal age-related declines.

AEROBIC EXERCISE

Regular aerobic exercise enhances the body’s ability to transport
and oxidize FFAs during exercise at varying work rates (Van
Tienen et al., 2012). This is also true for individuals with impaired
fatty acid oxidation, such as those with obesity (Kim et al., 2000)
and diabetes (Ghanassia et al., 2006; Van Tienen et al., 2012), and
it has been suggested that these improvements may be mediated
through exercise-induced increases in mitochondrial and fatty
acid transporter content, carnitine shuttle activity (Melanson
et al., 2009), and cardiorespiratory fitness (Kujala et al., 2019).
In fact, low CRF may be a greater predictor of metabolic
dysfunction than VAT (Kim et al., 2014), and as such, improving
CRF has emerged as a therapeutic target for individuals with
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obesity-related disease, which may also serve to reverse GH-
related impairments.

As mentioned earlier, GH promotes lipolysis within adipose
tissue and increases mitochondrial oxidative capacity (Short
et al., 2008). Although obesity blunts exercise-induced GH
response, CRF, which in part reflects muscle oxidative capacity,
appears to be a greater determinant of exercise-induced GH
secretion than obesity (Holt et al., 2001). Therefore, at least
in theory, improving CRF in the absence of weight loss
should still yield beneficial effects of GH secretion. However,
despite exercise and GH eliciting similar effects on adipose
tissue and lipid metabolism, it is unclear whether exercise-
induced improvements in central adiposity are mediated by
concurrent changes in physiologic GH response or if the
improvements in central adiposity and GH response are
simply independent by-products of exercise adherence. As GH
responses to acute and chronic exercise are affected by a
variety of factors such CRF, exercise volume, and exercise
intensity (Frystyk, 2010), further research is required to
determine optimal exercise prescriptions for the amelioration of
somatotropic dysfunction.

Acute aerobic exercise has been shown to increase GH
levels, and these changes have been shown to be strongly
associated with exercise intensity and volume, a function of
exercise duration and frequency (Pritzlaff et al., 1999). In fact,
current available evidence suggests that exercise-induced GH
responses may only be elicited at or above specific exercise
volume and intensity parameters. For example, Felsing et al.
(1992) showed that in order to increase circulating GH,
healthy adult men needed to exercise for a minimum of
10min above lactate threshold. Similarly, Gilbert et al. (2008)
showed that healthy adult men performing 30min of aerobic
exercise at 70% VO2peak elicited greater GH response than
when performing a single bout of 30-s sprint on a cycle
ergometer. While the majority of research has been undertaken
in men, a study by Sauro and Kanaley (2003) also showed
that exercising at 75% VO2peak for a minimum of 10min is
sufficient to increase GH response in healthy young women.
These findings highlight that while exercise intensity does appear
to influence GH levels acutely, sufficient exercise volumemay also
be required.

Currently, it is unclear whether regular aerobic exercise can
increase the GH-response to acute exercise. A study by Sasaki
et al. (2014) reported that following 4 weeks of high-intensity
interval training (HIIT) or moderate-intensity continuous
training (MICT), the magnitude of GH response to exercise
did not increase from pre-intervention measures in sedentary
but otherwise healthy men for both interventions. Furthermore,
neither HIIT nor MICT improved whole-body fat mass, liver
fat, and intramyocellular lipid content. Further findings from
a recent randomized controlled trial involving young women
with obesity showed that when compared to energy-matched
MICT, HIIT or supramaximal aerobic exercise led to greater VAT
reduction but not greater changes from pre-intervention levels
in serum GH measured immediately or 4 h after exercise (Zhang
et al., 2021). In fact, all groups showed elevated GH responses
to exercise; however, only the higher-intensity interventions

decreased VAT, suggesting that other factors likely contributed
to these improvements in this cohort.

While there are limited data pertaining to the effects of
regular exercise on chronic changes in 24-h GH release and
function, a study involving untrained eumenorrheic women
showed that regular aerobic exercise above lactate threshold led
to a two-fold increase in 24-h GH secretion (Weltman et al.,
1992). A recent study involving young and middle-aged men
showed that regular concurrent resistance and aerobic exercise
led to significantly increased GH levels at rest (Sellami et al.,
2017); however, whether these changes influence 24-h GH release
remains unknown. Another limitation of the GH and exercise
literature is that most studies are undertaken in younger to
middle-aged adults. Consequently, it is unclear whether these
findings translate to older adults or those with more severe
metabolic abnormalities. A recent review involving three studies
showed that regular exercise resulted in negligible effects on GH
in older adults (Sellami et al., 2019). As the studies included in the
review were limited to small samples and did not include stand-
alone aerobic exercise interventions, further research is required
to determine whether exercise-induced changes in physiologic
GH improve age- and obesity-related disease in elderly cohorts.
Furthermore, there is limited data pertaining to the effects of
chronic exercise on basal GH or 24-h GH release; therefore, we
are unable to comment on whether any such changes would
increase total energy expenditure or fat oxidation rates.

Although the precise mechanisms driving exercise-induced
improvements in cardiometabolic outcomes remain a matter
of scientific debate, given the congruent metabolic effects of
exercise, particularly aerobic exercise, and GH, it could follow
that the behavior itself and ensuing endocrine and metabolic
changes both improve cardiometabolic health, with the latter
providing somewhat of an additive, but perhaps not essential,
effect (Figure 1). Like GH, exercise exerts potent lipolytic effects,
particularly on VAT (Tsiloulis and Watt, 2015). Furthermore,
exercise has been shown to elicit significant improvements in
ectopic fat in the absence of weight loss (Sabag et al., 2017, 2020),
thus indicating that these improvements are mediated through
mechanisms other than simple energy expenditure. As exercise-
induced GH response occurs in an intensity-dependent manner,
and appears to be mediated by CRF, this may explain why HIIT
can lead to similar improvements in waist circumference and
VAT than in higher-volumeMICT despite requiring less time and
expending less energy (Keating et al., 2015). While the current
evidence remains circumstantial, future research exploring the
relative contribution of somatotropic change in exercise-related
metabolic improvements could have far-reaching implications,
including advancing current exercise prescription practices for
the management of cardiometabolic health.

CONCLUSION

Based on the current available literature, it appears that exercise-
induced reductions in VAT are mediated by multiple factors,
which may include acute and chronic exercise-induced change
in GH levels. This could be due to the similar lipolytic effects of
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FIGURE 1 | Proposed mechanistic pathway for aerobic exercise induced changes in growth hormone release and ensuing reductions in visceral adipose tissue. Red

arrows represent negative effects; green arrows represent positive effects; unbroken red lines represent inhibitory effects; broken green lines represent potential

positive pathways of exercise-induced improvements in cardiometabolic health. Obesity and aging contribute to increased visceral adipose tissue, reduced

cardiorespiratory fitness, and impaired growth hormone release. Low cardiorespiratory fitness further contributes to impaired growth hormone release as does visceral

adipose tissue. Regular aerobic exercise reduces visceral adipose tissue, increases growth hormone release, and increases cardiorespiratory fitness. Regular aerobic

exercise may also indirectly improve visceral adipose tissue through increases in cardiorespiratory fitness, which lead to improved growth hormone response and

ensuing interactions in visceral adipocytes. Acute aerobic exercise elicits growth hormone release, which increases lipolysis of visceral adipose tissue.

both GH and exercise on VAT. Furthermore, because CRF plays a
significant role in GH response, partaking in regular exercise may
ameliorate age-related reductions in GH response and action.

As exercise has been shown to ameliorate obesity-related
CRF and other cardiometabolic impairments, exercise should
be incorporated into routine care for the treatment of adult-
onset GH deficiency and associated metabolic perturbations.
Importantly, increasing CRF and weight loss concurrently
through exercise and dietary modification may yield greater
restoration of GH function than either intervention on its

own; however, there is limited evidence to confirm this.
Consequently, further research is required to elucidate the

relationship between somatotropic changes and exercise-induced
cardiometabolic improvements.
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