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Abstract

Background: Ghrelin is a gut hormone with numerous physiological effects, including the
regulation of energy balance, insulin sensitivity, vascular health, and body composition. Acylated
(AG) and des-acylated (DAG) ghrelin constitute approximately 22 % and 78 % of total plasma
ghrelin (TG), respectively. Alterations in the TG concentration and the AG/DAG ratio may be
implicated in conditions involving energy imbalances and insulin resistant states (e.g., metabolic
syndrome or Type 2 diabetes mellitus). Exercise is a therapeutic option that can potentially
optimize ghrelin levels. Understanding the precise intensity and dose of exercise to optimize
ghrelin levels may lead to targeted interventions to restore metabolic regulation in obesity and
other clinical conditions.

Objective: To perform a systematic review and meta-analysis on the effects of acute exercise
on pre-prandial levels of TG, AG, and DAG in healthy adults and to determine if sample
demographics or exercise doses moderate such effects.

Methods: Electronic databases (PubMed, Medline, SPORTDiscus, Web of Science, and Google
Scholar) were searched with articles published through August 2020. The following criteria was
determined a priorifor article inclusion: (i) the study was a randomized controlled trial (RCT),(ii)
exercise was an acute bout, (iii) the exercise bout for the intervention group(s)/condition was
structured, (iv) the control group/condition received no exercise, (V) participants were adults age
18 or older, (vi) ghrelin was sampled through blood, (vii) there was at least one baseline measure
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and one post-exercise measure of ghrelin, (viii) there were at least 3 timepoints where ghrelin

was measured while participants were fasted to allow for pre-prandial total area-under-the-curve
(AUC;iqtq) calculation, (ix) participants were healthy with no overt disease, (x) interventions were
carried out without any environmental manipulations. Standardized mean difference (SMD) with
95 % confidence intervals were calculated using the restricted maximum likelihood estimation
Moderator analyses to determine whether the overall pooled effect was influenced by: sex, ghrelin
form, method of ghrelin analysis, age, body mass index, body fat percentage, fitness, intensity of
exercise bout, duration of exercise bout, energy expenditure, and length of AUCiy1y data.

Results: The analysis included 24 studies that consisted of 52 trials, n = 504 (age 27.0 (8.8)
years, BMI 24.7 (2.7) kg/m2) and measured AG (n = 38 trials), DAG (n = 7), and TG (n = 7).

The overall model indicated that exercise lowered ghrelin levels compared to control (no exercise);
(SMD=-0.44, p < 0.001), and exercise intensity exhibited an inverse relationship with ghrelin
levels (regression coefficient (R)=—0.016, p = 0.04). There was no significant difference by ghrelin
form (p = 0.18).

Discussion: Acute exercise significantly lowers plasma ghrelin levels, with higher intensity
exercise associated with greater ghrelin suppression. The majority of studies applied a moderate
intensity exercise bout and measured AG, with limited data on DAG. This exercise dose may

be clinically significant in individuals with metabolic dysregulation and energy imbalance as a
therapy to optimize AG levels. More work is needed to compare moderate and high intensity
exercise and the ghrelin response in clinical populations.
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1. Introduction

In 1999, Kojima et al. discovered the hormone ghrelin, via its role as an endogenous

ligand to the growth hormone secretagogue receptor 1a (GHSR1a) and the consequent
stimulation of growth hormone (GH) release [1]. The biological effects of ghrelin were

later found to be much more diverse, which include effects on energy balance, glucose
regulation, cardiovascular function, sleep, memory, and the immune system [2,3]. Primarily
secreted from the gastric fundus, ghrelin circulates in two major forms: acylated (AG) and
desacylated (DAG). The majority of ghrelin exists as DAG (~78 % of total ghrelin (TG)).
The less abundant form, AG (about 22 % of TG), exists via a post-translational modification
catalyzed by ghrelin o-acyltransferease (GOAT) [4]. AG is the form of ghrelin that binds to
GHSR1a.

The identification of AG and DAG and the relative amounts of each has stimulated recent
research examining the independent, synergistic and antagonistic roles of these peptides.
AG is the most studied and has multiple actions that promote energy storage, including
stimulation of appetite, inhibition of insulin release from the pancreas, and increased
adiposity via GHSR1a [5-7]. Although the DAG receptor is unknown and earlier reports
suggest it was inactive [2], recent work has shown that DAG can antagonize AG in a
variety of tissues; specifically by inducing a negative energy balance, reducing fat mass

Peptides. Author manuscript; available in PMC 2022 June 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Anderson et al.

Page 3

and promoting insulin sensitivity [5,7,8]. Conversely, limited data suggests a potential allied
effect of ghrelin on the vasculature, with both displaying potent vasodilatory properties,
perhaps via different pathways, suggesting there may be an optimal level of each [9].

Human circulating ghrelin concentrations are altered in numerous clinical conditions [3].
Although TG has been shown to be decreased in obese compared to lean individuals; data
on the individual forms is equivocal [10]. Specifically, levels of AG have been shown to
be decreased in diabetes mellitus (T2DM) [11], and are either increased or unchanged

in obesity [11-13]. DAG may be decreased in obesity, which may contribute to the low
TG seen in this population [11]. Importantly, the change in the ghrelin profile may also

be implicated in increased insulin resistance and elevated fat mass seen in metabolic
disease [11,14]. The physiological effects of ghrelin, coupled with discrepancies in blood
concentrations and balance in clinical populations, demonstrates the need for targeted
approaches that may effectively optimize these peptides for metabolic and vascular health.
Exercise provides a unique therapeutic approach in the treatment of dysregulated ghrelin,
obesity, metabolic syndrome, prediabetes, and T2DM [15-17]. Studies examining exercise
and ghrelin release are mostly equivocal or only document TG and/or a single (e.g. AG)
form of ghrelin [18-35]. The quantification of these peptides in response to exercise

is critical to understanding the role of exercise on ghrelin release and ghrelin’s exercise-
induced influence on overall glucose regulation and energy balance.

Two previous meta-analyses have investigated the effects of acute exercise on total area-
under the curve (AUCqqq1) ghrelin data. In both, exercise was found to suppress AG
(standardized mean difference (SMD): —0.20 and —0.34) [36,37]. It is important to note
that both of these meta-analyses contained only studies that measured AG, and included
pre-prandial and post-prandial exercise and ghrelin data. Due to the functional differences
in AG and DAG, separate analyses of each form are critical, along with measuring both
forms in individual studies. Additionally, as macronutrient content and meal timing impacts
both ghrelin levels and fuel utilization during exercise, it is important to pool results where
ghrelin is measured in the same feeding state [38—41]. Currently, studies of AG, DAG and
TG and their response to exercise is understudied and no clear consensus has emerged from
the data; studies have used a variety of exercise prescriptions in their protocols. Therefore,
we sought to add to the existing literature by differentiating by form in our analysis,

and only including pre-prandial data. Further, including exercise dose and demographical
variables in this analysis has allowed us to determine if there is an optimal exercise dose to
elicit a response to levels of this hormone. Our results will help provide targets for future
studies that will advance the literature surrounding not only how exercise alters ghrelin,

but the physiological variables that regulate this response. Understanding how the two
forms of ghrelin respond to exercise can help guide future therapies and develop exercise
prescriptions tailored to optimize ghrelin levels in distinct clinical populations.

1.1. Objective

Our objective was to perform a systematic review and meta-analysis on the effects of
exercise on pre-prandial levels of TG, AG, and DAG in healthy adults. We also sought
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to determine significant moderators of the ghrelin response such as sample demographics
and/or exercise dose.

2. Methods

This meta-analysis and systematic review was performed in accordance with PRISMA
(Preferred Reporting Items for Systematic Reviews and Meta-Analyses) guidelines [42].
This review was not registered.

2.1. Literature search

Electronic databases (PubMed, Medline, SPORTDiscus, Web of Science, and Google
Scholar) were searched by two authors, KA and GZ, with articles published through August
2020 included. The search used the following terms: ((((adult) AND (physical activity OR
exercise)) AND ghrelin AND human) NOT (child OR children OR adolescent OR rat OR
mouse OR animal))). Reference lists of all relevant studies along with reviews and book
chapters were also examined. Articles were limited to randomized controlled trials (RCT) in
the English language.

2.2. Article selection

For the purpose of this meta-analysis, the term “article’ is used synonymously with ‘study’,
and ‘trial’ is the unit included in the meta-analysis. Articles often contained multiple eligible
trials that comprised an intervention group and a comparable control.

First, the titles and abstracts of the articles were screened for eligibility. The following
criteria were determined a priori for article inclusion: (i) The study was a RCT,(ii) exercise
was an acute bout, (iii) the exercise bout for the intervention group/conditions(s) was
structured, (iv) the control group/condition received no exercise, (v) participants were
adults age 18 or older, (vi) ghrelin was sampled through blood, (vii) there was at least

one baseline measure and one post-exercise measure of ghrelin, (viii) there were at least

3 timepoints where ghrelin was measured while participants were fasted to allow for
pre-prandial AUC;qt5 calculation, (ix) participants were healthy with no overt disease, (X)
interventions were carried out without any environmental manipulations. Two authors (KA,
GZ) independently completed the study selection.

2.3. Data extraction and bias assessment

For studies that met the inclusion criteria, the following data was extracted and tabulated:

(i): author, publication year; (ii) continuous variables: sample size, age, ghrelin values, BMI,
body fat percentage (BF%), fitness (peak oxygen uptake (VOzpeak)), intensity of exercise
bout (% VO2peak), duration of exercise bout, exercise energy expenditure (EE), length of
AUC time; (iii) categorical variables: sex, ghrelin form (AG, DAG, or TG), and method of
ghrelin analysis. Ghrelin values were either entered as pre-prandial AUC data if reported,

or each time point was extracted from relevant figures using ImageJ software [43] to

allow for manual AUCqqy calculation using the linear trapezoidal method. Extraction was
done independently by two authors (KA, GZ) who demonstrated an interclass correlation
coefficient of 1.0. If pre-prandial ghrelin time points were not able to be accurately extracted
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or not reported, the study author was contacted. In the case where authors did not respond

to follow up, and standard deviations were not able to be extracted, standard deviations were
imputed using the reported baseline values. All values for ghrelin were recorded as pg/mL or
converted to such if necessary.

Study quality was assessed using the Cochrane risk-of-bias tool for randomized trials (RoB
2) which includes the following domains: randomization, deviations from interventions,
missing outcome data, measurement of outcome data, and results [44]. In each domain are
signaling questions, where the risk of bias calculated from each domain is generated from an
algorithm. Each study is scored as either “low risk™, “high risk” or “some concern” of bias
based on the answers to the signaling questions [22]. Two authors (KA, GZ) independently
answered the signaling questions.

2.4. Statistical analysis

The meta-analysis was performed using R Software Version 4.0.2, and the “metafor” and
“ggplot2” packages version 2.4 and 3.3, respectively [45,46]. Significance levels for all
hypothesis tests were set a prioriat p=0.05. Descriptive data are presented as Mean
(Standard Deviation) unless otherwise noted.

A three-level, random effects model with restricted maximum likelihood estimation was
chosen to account for any dependence of effect sizes of each trial within the same study;,

as studies contributed multiple data points [47]. This model accounts for sampling variance
of the extracted effect sizes at the level of the subject (level 1), variance of the effect sizes
within the same study (level 2), and variance of the extracted effect sizes between studies
(level 3). The standardized mean difference (SMD) of the ghrelin AUC;qta between the
exercise and control groups of each trial were inputted into the model to determine the
pooled effect. Due to the different relative amounts AG and DAG circulate in the body, the
use of SMD was considered appropriate. The SMDs of all analyses are expressed as Hedges
g, and are interpreted as follows: <0.2, 0.2, 0.5, and 0.8 are considered to represent trivial,
small, moderate, and large effect sizes, respectively [48].

Subsequent to running overall effect meta-analysis we examined the robustness of the
pooled results via publication bias and statistical heterogeneity. Sensitivity analysis was
performed utilizing Cook’s distance to determine potential influential studies, along with
excluding one study at a time, and rerunning the pooled analysis to determine the robustness
of the pooled effect. We conducted a second sensitivity analysis where any trial that
measured TG was excluded. Due to evidence showing AG and DAG opposing each other

in certain tissues, and AG levels being elevated in obesity and T2DM, we investigated the
directionality of the two forms in another three-level, REML model. We inverted the sign of
each AG SMD, and signs for DAG SMDs were not changed. Positive values would indicate
that exercise had a “favorable effect” and negative values would indicate that exercise had a
“unfavorable effect”. Publication bias was adjudicated through visual inspection of Begg’s
funnel plot. Last, statistical heterogeneity of the overall model was assessed with Cochrane’s
Q. The 2 statistic was used to assess the amount of heterogeneity at each level of the

model, with the following interpretation: Values <25 % indicates low risk of heterogeneity,
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25-75 % indicates moderate risk of heterogeneity, and >75 % indicates considerable risk of
heterogeneity [49].

Separate moderator analyses to determine which nominal variables moderated the overall
pooled effect were performed with the following subgroups: sex, ghrelin form, and

method of ghrelin analysis. Meta-regressions were also used to determine if the following
continuous variables impacted the pooled effect size: age, BMI, BF%, fitness, intensity of
exercise bout (only studies that reported % VOopeak Were used for this meta-regression),
duration of exercise bout, EE, AUC;qtq length. The regression coefficient (R) is reported
along with 95 % confidence intervals (CI). We completed moderator analyses with the
original model, which included TG, AG, and DAG, and also the model where TG trials were
excluded.

3. Results

3.1. Literature search

The PRISMA flow diagram outlining this process is presented in Fig. 1. The initial search
identified 1693 articles found via database searches, with an additional 11 articles identified
through reference list searching. After title and abstract screening, 1635 articles were
excluded, leading to a full text review of 69 eligible articles. After full text review, 24
articles met all inclusion criteria, which contained 52 acceptable trials. The majority of
samples contained a young adult population (27.0 (8.8) years), only males (n = 41; only
females n = 9; both n = 2) and measured AG (n =38; DAG: n=7; TG: n=7). The full
characteristics of included trials are in Table 1.

3.2. Risk of Bias

Overall, studies were deemed to have a low risk of bias (Electronic Supplementary Material
(ESM) Appendix S1). Due to the nature of study designs, which compared exercise to

a resting control, it is impossible for participants and researchers to be blinded to the
treatment assignment. However, due to the analysis methods of the plasma samples (e.g.,
batch analysis with ELISAS) for ghrelin, the absence of blinding was not deemed high risk
to bias results.

3.3. Pooled effect

The overall model indicated that exercise had a significant, small to approaching moderate,
suppressive effect on ghrelin levels (SMD=-0.44, 95 % confidence interval (Cl): —0.65

to —0.23, p<0.001, Fig. 2). The overall model had significant heterogeneity (Cochrane’s
Q =78.9, df =51, p < 0.001) with further analysis revealing no within-study (level 2)
heterogeneity (/2 = 0 %, p = 1.0), and moderate between-study (level 3) heterogeneity (/2 =
41.27 %, p< 0.01).

3.4. Cook’s distance and publication bias

Cook’s distance identified one study as an influential study (ESM Appendix S2). When
this study was removed from the pooled analysis, the effect of exercise on ghrelin levels
remained significant but the SMD became weaker (SMD= -0.33, p < 0.01), and the

Peptides. Author manuscript; available in PMC 2022 June 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Anderson et al.

Page 7

heterogeneity nonsignificant. It is unclear why this study had such an effect on the model,
beyond the trials having the strongest effect sizes and the study being published most
recently. All other studies removed during the sensitivity analysis had no substantial
effect on the overall model. Visual inspection of the funnel plot revealed asymmetry
(ESM Appendix S4). The plot shows that several studies with large effect sizes drive the
asymmetry, with one of those studies detected as the influential study by Cook’s Distance
[50].

3.5. Subgroup analyses

Moderator data is listed in Table 2. The subgroup analyses revealed nonsignificant
moderation by sex (p = 0.37), ghrelin form (p = 0.18), and ghrelin analysis method (p

= 0.13). Concerning meta-regressions, exercise intensity was found to be a significant
moderator with an inverse relationship with ghrelin levels (3=—0.016, p = 0.04, Fig. 3). In
addition, exercise intensity explained a portion of the heterogeneity in the overall model,
decreasing the variance of effect sizes between studies (level 2, 12 = 35.6 %, p < 0.01). When
the influential study was removed from this meta-regression, the relationship remained
significant (3=—-0.017, p = 0.01) [50]. All other meta-regressions were nonsignificant: age (p
=0.18), BMI (p = 0.69), BF% (p = 0.60), fitness (p = 0.33), EE (p = 0.14), AUCiqta1 length
(p = 0.15), and exercise duration (p = 0.77).

3.6. Sensitivity analyses

In the model with only AG and DAG trials, exercise had a significant, moderate effect

on ghrelin levels (SMD = 0.36, 95 % CI: 0.17 to 0.54, p < 0.001, ESM Appendix S3).
When the influential study was removed from this model, the significance remained (SMD
=0.35,95 % CI1 0.19 to 0.51, p < 0.001). The moderator analysis using this model revealed
ghrelin form as the only significant moderator (DAG SMD:-0.25, AG SMD =0.46, p =
0.003). However, when the influential study was removed from this model, ghrelin form is
no longer a significant subgroup (DAG SMD: 0.05, AG SMD = 0.37, p = 0.14) while the
meta-regression with exercise intensity became significant (B = 0.015, p = 0.03).

4. Discussion

4.1. Overall

The purpose of this systematic review and meta-analysis was to examine changes in pre-
prandial ghrelin levels in response to an acute bout of exercise in adults, and establish if
these effects are moderated by sample demographic characteristics and/or exercise dose.
Dysregulated ghrelin occurs in several clinical conditions, including metabolic syndrome
and T2DM. An understanding of how exercise may modify ghrelin levels is critical to guide
potential future therapies. The results of this analysis suggest that overall exercise suppresses
plasma ghrelin levels, and this effect is moderated by exercise intensity; with higher exercise
intensities lowering ghrelin to a greater extent. Although there was no statistical difference
in the effect of exercise by ghrelin form, it is important to note that the majority of studies
measured only AG and as such the data to examine TG, AG, and DAG separately is limited.
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Potential mechanisms to explain the suppression of ghrelin in response to exercise are not
fully elucidated. However, several hypotheses have been proposed. It is likely that there

is considerable overlap and/or redundancy between these potential mechanisms and their
contributions may differ between ghrelin forms. One mechanism is that ghrelin levels in
humans are known to decrease after intravenous and oral intake of FFA [51,52]. Given
that long-chain FFA have been shown to increase post-exercise [53], this may provide a
potential explanation for a reduction in ghrelin following exercise. The ghrelin system has
other key components that may contribute to the exercise response; however, they remain
understudied. Liver-enriched antimicrobial peptide 2 (LEAP2), has been shown to be a
GHSR-1a antagonist, blocking the action of AG upon binding [54]. Data further suggests
that LEAP2 has the ability to attenuate ghrelin induced food intake and GH secretion in
mice, and is sensitive to changes in body weight and feeding status, specifically being
suppressed by fasting [55], In addition, during chronic calorie restriction in mice expressing
LEAP2, ghrelin levels increased less compared to the control group [56], which may
indicate LEAP2 but can also inhibit the secretion of ghrelin. Future work should identify
how LEAP2 responds to exercise to further illuminate the ghrelin pathway; specifically,

if this hormone is involved in the exercise induced suppression of ghrelin levels we have
reported. To our knowledge no study has yet to investigate LEAP2 and its response to
exercise. Collectively, current data highlights that there is likely an interaction of multiple
hormones that regulate this response.

To address the issue of exercise intensity and ghrelin concentration, it is likely that changes
in blood flow distribution and increases in lactate production offer more insight. With
increasing exercise intensity, blood flow to the digestive system is progressively reduced, as
it is distributed to the working tissues [57]. Since ghrelin is released from the stomach, it is
logical that it may be suppressed during and after an exercise bout [58, 59]. This concept

is supported by data following gut ischemic injuries and gut hypoxia, in which ghrelin
levels are also decreased [60]. Similarly, as skeletal metabolism increases, oxygen demand
by working tissues can outstrip supply leading to a greater contribution for anaerobic
metabolism and the generation of lactate and hydrogen ions [61]. It is possible that this
increase coincides with reduced gut blood flow, but there may be an additional direct effect
of lactate. The gastric mucosal cells in the stomach, produce ghrelin contain G-protein
receptor 81 (GPR81). Lactate can bind GPR81 and inhibit ghrelin release from the gastric
mucosa [62].

4.2. Comparison with other studies

The results of this meta-analysis suggest that exercise suppresses ghrelin levels, in
agreement with previously published work [36,37,63]. The pooled effect of exercise on
ghrelin levels was small to approaching moderate; the strength of this effect (SMD= -0.44)
was stronger than those seen in prior analyses (SMD -0.20 and —0.34) [36,37]. Without
the identified influential study [50], our reported effect size (SMD= -0.33) was similar

to one of the previous analyses [37]. A possible explanation for the difference in strength
of effect sizes between studies is the inclusion of only pre-prandial data. In addition,
although we did not report a moderating effect of ghrelin form, as subgroup analyses are
observational in nature, it is still possible that our inclusion of TG, AG, and DAG in one
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model influenced our results. Lastly, the model chosen could have added to the difference
in effect sizes between studies. While previous literature utilized random effect models, we
chose a three-level nested model. Certain trials in our analysis had separate samples for
their control and exercise conditions, while others employed a crossover design. Because
the non-independence of data points in our analysis breached the assumptions of typical
meta-analysis models, the use of the three-level model was appropriate. Importantly, we
extend the literature by reporting exercise intensity as a significant moderator, a result that
was not reported by the previous analyses.

4.3. Moderator interpretation

Due to the wide variety of study sample and exercise characteristics, along with
heterogeneity being present, exploration through moderator analyses were warranted.
Because a majority of these analyses were not significant and likely underpowered, we can
only speculate on their interpretation. Hypothesis testing revealed no significant moderation
by age, sex, ghrelin form, BMI, BF%, fitness, exercise duration, EE, AUCq, length, or
ghrelin analysis method. It is known that AG levels exhibit a decline in older adults.
However, data on how exercise affects the different ghrelin forms across adult age groups is
scarce [64]. The trials included in this analysis largely sampled adults younger than 30 years
old, where only two studies sampled an average age above that [30,65]. Due to ghrelin’s
beneficial role in inflammation, bone mass, and sarcopenia, future studies targeting ghrelin
through exercise in middle aged and older adults is needed [66—68].

In addition, the majority of studies in our analysis comprised of males, which suggests that
sex as a moderator was underpowered. Limited data has shown that males and females
exhibit a sexual dimorphism concerning plasma ghrelin levels, highlighting the importance
of exploring sex as a variable in response to exercise interventions [11,65]. We report that
the effect of exercise on ghrelin levels were stronger in males (SMD= -0.50) than females
(SMD=-0.32), although not reaching statistical significance. These studies varied widely
in exercise dose and sample characteristics such as BMI, which adds difficulty in drawing
conclusions.

Data suggest that weight status and obesity can influence ghrelin levels [33], yet

how exercise specifically alters responses in lean versus overweight/obese individuals is
uncertain. The average BMI in this analysis was 24.7 (2.7) kg/m?2, which indicates a need
for more studies to sample individuals with BMIs above normal weight; only seven studies
in this analysis did so [25,30-32,65,69,70]. The meta-analysis by Douglas et al. found BMI
to be a significant moderator; when lean individuals were included in the model, the effect
size of the pooled data decreased [37]. We did not observe BMI as a significant moderator,
consistent with the meta-analysis by Schubert et al. [36]. We also did not find BF% to
significantly moderate ghrelin levels, however many studies did not measure this variable,
and those that did most often utilized skinfolds [20,21,28,29,34,35,69,71], an unreliable
measure compared to computerized topography, hydrostatic weighing, and dual energy x-ray
absorptiometry scans [72,73]. Skin folds do not differentiate between the types of adipose
tissue, and prior data indicates TG levels are associated with visceral but not subcutaneous
fat [74] the need to further examine adipose tissue type and ghrelin is warranted. Animal
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models suggesting AG acts to increase fat mass, while DAG has been shown promote the
opposite, also necessitates the measurement of both forms individually when looking at
body composition [75,76].

Most studies (71 %) in this analysis only measured AG. It is interesting to note the effect
sizes of each ghrelin form, which did not reach statistical significance (SMD: TG —-0.23,
AG -0.52, DAG -0.15, Fig. 2). We did not feel it was appropriate to report weighted effect
sizes, due to the biological ratio of AG:DAG and the relative amounts of each. However, we
did calculate a percent difference between the exercise and control AUCqq5 data, where we
report AG decreased by 22.8 % on average, DAG decreased by 0.04 %, and TG decreased
by 1.2 % compared to the control condition (Table 1). The difference between effect sizes
and percent differences of AG and DAG underpins the importance of measuring the forms
individually. As DAG is prevalent in higher amounts compared to AG, it is unsurprising
that the effect size of TG may be more closely aligned with this form. As the biological
functions of the two forms can oppose each other, a decrease in AG levels can have a
different implication than a decrease in DAG. This is further illustrated in obesity, where
AG levels have been found to be increased and DAG levels are decreased compared to lean
individuals [11,14]. Therefore, a beneficial effect of exercise in this population would be

a decrease in AG and an increase in DAG. To address the disparate directionality of AG

and DAG, we conducted a sensitivity analysis by running another model with just AG and
DAG trials, where the direction of AG SMDs was inverted (ESM Appendix S3). This model
strengthened the robustness of our results, indicating that exercise has a favorable effect on
ghrelin levels (SMD = 0.36).

Overall, most studies that solely measured AG reported a decrease following exercise.
GOAT has been found to be downregulated in certain conditions such as during a positive
energy balance and feedback from ghrelin itself [78,79], whether exercise can also induce
this effect is an attractive, albeit unstudied, theory that may help explain how exercise
induces a suppression of this form. Only three studies measured DAG and reported a
decrease [50,65] or no change [70]; whether DAG has a blunted response to exercise
compared to AG is unknown. Lastly, TG responses have varied widely, with studies
reporting no change [20], a decrease [33,80], or an increase post-exercise [24]. Although we
did not find ghrelin analysis method a significant moderator, if blood samples are not treated
with a protease inhibitor, AG will degrade and the individual forms cannot be measured
accurately [4]. In addition, acidification of the sample before storing aids in stability when
frozen [4]. Studies in this analysis reported a variety of blood collection methods, therefore
we were unable to add this variable as a moderator and cannot rule out the possibility of
collection methods affecting results. Even with the inconsistency in prior data, it is clear that
each form of ghrelin may not respond similarly when given an identical exercise dose within
studies.

The variety of exercise doses utilized between studies adds to the difficulty in establishing

a consensus on ghrelin and exercise data. We report no moderation by exercise duration,

a result that is corroborated by the two previous meta analyses [36,37]. Conversely, we
report that exercise intensity significantly moderated ghrelin’s relationship with exercise; the
higher the intensity, the stronger the suppression of ghrelin. This was a finding that was
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not significant in the previous meta-analyses [36,37]. Possible explanations include fewer
number of studies in their reviews, including post-prandial data, or only focusing on AG in
their models. Ghrelin has been shown to stimulate fatty acid oxidation in skeletal muscle
[81], and as high-intensity exercise is typically fueled by muscle and liver glycogen over
lipids [82], our finding that ghrelin is suppressed more during higher intensities suggests it
may aid in energy utilization during exercise. In addition, as previously discussed, lactate
and FFA are increasingly produced during high intensity exercise may inhibit ghrelin release
[62]. However, more work is needed to understand how intensity alters the ghrelin pathway.
The majority of studies utilized a moderate intensity exercise bout and report that ghrelin
suppression is achievable at this level. Therefore, more studies that compare high and
moderate intensity exercise are needed to demonstrate whether high intensity leads to larger
suppression of ghrelin. As intensity was the only significant moderator that reduced but did
not eliminate the heterogeneity within our data, there are likely other factors we did not
explore and/or that are not reported in the literature that contribute to the relationship.

Both ghrelin and exercise have been shown to be involved in energy balance, with prior
work focused on determining if alterations in ghrelin from exercise are due to energy
expenditure and intake. We report that energy expenditure is not a significant moderator
of exercise-induced ghrelin suppression, in line with the meta-analysis by Schubert et al.
[36] Other results indicate the ghrelin is not associated with subsequent relative [83] or ad
libitum energy intake post-exercise [25,28]. Although we only included pre-prandial data
in our analysis, the majority of studies calculated AUC for the entire visit, which often
included both pre- and post-prandial time points. Even with a RCT design, macronutrient
content and timing of meals can influence ghrelin levels [38], exercise performance [84],
and post-exercise physiological processes [85] which can confound interpretations. Future
studies that are designed with exercise and meals should consider calculating separate
pre-prandial and post-prandial AUC calculations to help differentiate diet- and/or exercise-
induced effects. Overall, data suggests that exercise energy expenditure does not mediate
changes to plasma ghrelin, rather this hormone may be more sensitive to meal-induced
changes to energy balance [86].

4.4. Implications

Our findings strengthen previous conclusions about the suppressive effect of exercise on
ghrelin levels. The rationale for this response is likely multifaceted and complicated by
ghrelin form. Decreased AG has been associated with reduced insulin levels, sustained
glucose levels, and reduced hunger in lean and obese subjects, suggesting AG may be

a mediator of the improvement to insulin sensitivity and suppression of hunger seen in
response to exercise [22,23,71,86,87]. Although we did not report a significant moderator
effect by ghrelin form, it does highlight the need for more studies examining exercise and
its effect on DAG, as the majority of studies measured just AG. Additionally, exercise mode
is an understudied facet of the literature that we were underpowered to assess; the majority
of studies in our analysis applied an aerobic exercise bout. Due to the opposing effects

of AG and DAG on appetite, insulin sensitivity, and energy balance, pinpointing the best
exercise prescription to restore or maintain the balance of the two is critical. AG has been
found to be elevated in obesity and T2DM [11], and the results of this analysis suggest
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exercise may be an attractive modality to decrease, and therefore normalize, levels in these
populations. Importantly, ghrelin levels have found to be disrupted in conditions beyond
those that primarily exhibit energy imbalance and/or insulin resistance; such as heart failure,
Parkinson’s disease, multiple sclerosis, and chronic obstructive pulmonary disease [2,3].
Therefore, future work that continues to develop precise exercise doses to target different
components of the ghrelin pathway specific to condition is warranted.

The novel finding of this analysis is that exercise intensity was a significant moderator; the
higher the exercise intensity, the more ghrelin is suppressed. This has important implications
for individualized medicine; optimizing the ghrelin response during exercise can have
further downstream effects on insulin sensitivity, appetite, and vascular function [2,10].
However, more work needs to be completed to understand if high intensity exercise is the
best prescription for different clinical populations, as we only included studies that sampled
healthy adults. Lastly, more exercise training studies that employ a chronic high intensity
stimulus is warranted to understand if the suppressive effects of exercise on ghrelin levels
can be maintained over time.

4.5. Limitations

This analysis has several limitations. First, we limited our inclusion to studies published

in the English language. In addition, the results of this review are restricted to healthy
populations, as we excluded major diseases, and are not necessarily comparable to exercise
training studies. We recognize that including multiple trials from one study may contribute
to analytical issues such as “double counting,” [88] however we feel our choice in applying
a nested model helped reduce this effect. It should also be noted that half of the included
trials in this analysis occurred from the same laboratory group [18-21,28,29,34,50,65],
however we did account for between study variance in our model. Finally, it is possible
that many of our moderators were underpowered to detect significant effects, therefore our
moderator analyses remain speculative in nature.

4.6. Conclusions

The results of this meta-analysis suggest high intensity exercise may be superior to low

and moderate intensities when it pertains to ghrelin suppression, although there is a paucity
of data in overweight/obese, female, and older adults. Future work should be concentrated
on developing precise exercise prescriptions to best target both AG and DAG during acute
exercise, which can later be applied to chronic training interventions. As many facets

of ghrelin function remain ambiguous, research should also focus on establishing clear
pathways for AG and DAG effects, which can help illuminate how exercise can be applied to
lead to clinically meaningful changes to endogenous ghrelin levels.
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Moderator Analysis Data.
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Table 2

Moderator Variable pvalue Comparison
Age 0.18 Meta-regression (B = —0.017, 95% Cl= -0.008 to 0.043)
Male (ES= —0.50, 95% CI=—0.60 to 0.22)
Sex 0.37 Female (ES=-0.32, 95% CI=-0.72 to 0.09)
TG (ES=-0.23, 95% Cl=-0.78 to 0.63)
Ghretn Form 018 Dad(Es- 2015, 3% Ci- -0.62100.3)
BMI 0.69 Meta-regression (B = —0.013, 95% Cl= -0.076 to 0.051)
BF% 0.60 Meta-regression (B = —0.014, 95% Cl= -0.067 to 0.039)
Fitness 0.33 Meta-regression (8 = —0.008, 95% Cl= —0.024 to 0.008)
Exercise Intensity (% VOopea)  0.04 Meta-regression (B = —0.016, 95% Cl=-0.032 to —0.001)
Exercise Duration 0.77 Meta-regression (f = —0.001, 95% CI=—0.01 to 0.007)
EE 0.14 Meta-regression (f = —0.0001, 95% CI=—0.0002 to 0.00003)
AUCq length 0.15 Meta-regression (f = —0.21, 95% Cl=-0.50 to 0.08)
ELISA (ES=-0.56, 95% CI=—0.98 to 0.12)
Ghrelin Analysis Method 0.13 RIA (ES = 0.04, 95% Cl= -0.73 to 1.08)

XMAP (ES= -0.13, 95% Cl= —0.62 to 0.37)
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