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ABSTRACT

Background: Acute exercise alters appetite-regulating hormones like peptide tyrosine tyrosine (PYY), glucagon-like peptide-1 (GLP-1), and
ghrelin, suppressing appetite and reducing food intake. The effect of exercise on hunger and satiety has been shown to vary by body
composition, sex, and habitual physical activity, but the influence of aging is less understood.

Objectives: We aimed to examine age-related differences in the effect of acute exercise on appetite-regulating hormones.

Methods: Participants from 2 age cohorts (younger adults, 19-29 y, n = 39; older adults, 65-75 y, n = 29) completed 2 45-min study
conditions on separate days in randomized order: 1) an exercise bout (60% VOzpeak) on a bicycle ergometer (Exercise), and 2) a seated rest
period (Rest). Plasma concentrations of PYY 3-36 (PYY3-36), GLP-1, and acylated ghrelin, as well as subjective perceptions of hunger,
fullness, thirst, and nausea (via visual analog scales), were measured before a standardized snack (fasted) and before and after a subsequent
exercise/rest condition.

Results: Exercise induced a greater increase in PYY3-36 relative to Rest in younger adults compared to older adults (difference: 26.6 pg/mL;
95% confidence interval (CI): 3.4, 49.8 pg/mL; P = 0.025). GLP-1 concentrations were consistently greater in older adults independent of
the study condition (Exercise/Rest; all P < 0.001), but the GLP-1 response to exercise did not differ by age group (P = 0.456). Similarly,
exercise responses in acylated ghrelin (P = 0.114) and subjective appetite perceptions (all P > 0.288) did not differ between younger adults
and older adults.

Conclusions: The present study showed age-related differences in the appetite-regulating hormone response to 45 min of nonfasted,
moderate-intensity exercise in PYY3-36 but not GLP-1 or acylated ghrelin. The age-related variations did not translate into differences in
subjective hunger or fullness.
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Introduction the orexigenic (appetite-stimulating) hormone ghrelin, are
important modulators of food intake [2]. Studies also suggest
that circulating concentrations of these appetite-regulating hor-
mones are acutely altered by exercise, resulting in suppressed
appetite and temporarily reduced food intake postexercise [3-7].
However, these exercise-induced changes in appetite-regulating

Appetite and ingestive behavior are physiologically regulated
by a complex interplay between central neural networks and
peripheral sensory signals [1]. Gastrointestinal hormones, such
as the anorexigenic (appetite-suppressing) hormones peptide
tyrosine tyrosine (PYY) and glucagon-like peptide 1 (GLP-1), and hormones can be modulated by a variety of factors, such as

Abbreviations: CV, coefficient of variation; Exercise, exercise condition (60% VOzpeak) on a bicycle ergometer; GLP-1, glucagon-like peptide-1; PYY, peptide tyrosine
tyrosine; Rest, control condition (seated rest period); RPE, ratings of perceived exertion.
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exercise mode, duration, and intensity [3,8,9], as well as indi-
vidual characteristics, including body composition, nutritional
status, sex, and habitual physical activity [3,10,11].

Healthy aging is associated with (often unintentional) re-
ductions in appetite and energy intake, which affect 15-30% of
independently living older adults and even more in hospital and
nursing home settings [12], and the reduced appetite and energy
intake are independent risk factors for frailty, disability, and
morbidity and mortality [13]. It has further been shown that
circulating concentrations of PYY and other hormones with
anorectic effects (e.g., insulin, leptin, cholecystokinin) are
increased in older adults [14]. Although exercise is commonly
recommended for older adults [15], our understanding of the
relationship between exercise and appetite in older adults is
limited due to the general paucity of aging-specific data and
inconsistent findings [3,16,17]. Our recent meta-analysis re-
ported reductions in fasting leptin and glucose in adults aged
60+ [17] following prolonged exercise, suggesting improved
satiety sensitivity. However, the age-dependent effects on
exercise-induced changes in PYY, GLP-1, or acylated ghrelin
remain to date unknown [17]. Examining how exercise-induced
changes in appetite-regulating hormones might be altered in
older adults will help better understand how exercise impacts
hunger and satiety in aging populations with potential implica-
tions for longer-term weight maintenance and longevity.

The aim of the current study was to investigate age-related
differences in appetite-regulating hormones (PYY, GLP-1, and
acylated ghrelin) following acute aerobic exercise. Given the
age-related declines in appetite regulation [14,18,19], we hy-
pothesized that exercise-induced hormonal responses would be
partially blunted in older adults.

Methods

Study design

The present study is a subproject of a larger project that sys-
tematically assessed the impact of exercise on food choices. The
general methodology and results from other subprojects have
been reported elsewhere [20,21]. Briefly, participants completed
2 45 min study conditions in randomly assigned order (block
randomization, block size of 4) on 2 separate days >5 d apart: 1)
an exercise bout on a bicycle ergometer (LC6; Monark) at an
intensity of 60% of the individual peak oxygen uptake (VOzpeak)
(Exercise) and 2) a seated rest period (Rest).

Experimental study conditions

Each study condition visit was scheduled 30-60 min after the
habitual wake-up time (between 06:30 and 10:00, identical time
at each visit), and participants arrived following an overnight
(>8 h) fast. Participants were further instructed to refrain from
alcohol, caffeine, and strenuous physical activity during the 24 h
before their visits. Participants completed a 24 h diet recall on
their first visit, and they were instructed to replicate the diet as
closely as possible on the day before their second study condition
visit. At each study condition visit, participants received a small,
standardized breakfast [commercially available cereal bar (240
kcal; 39 g of carbohydrates, 8 g of fat, 8 g of protein) and 8 oz
(237 mL) of bottled water] upon arrival to the laboratory, and
they were instructed to rest for 30 min in a seated position before
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completing each study condition. During Exercise, the cycling
resistance was set to the workload (W) corresponding to 60%
VOzpeak, as determined via an incremental exercise test during a
preliminary screening visit [20]. Heart rate and ratings of
perceived exertion were monitored by trained laboratory
personnel at regular intervals (every 5 min). During Rest, par-
ticipants sat quietly in a chair for 45 min while being allowed to
listen to music or watch preapproved television programs that
contained no images of or references to food. Upon completion of
each condition, participants rested for another 30 min after
completing each study condition (Figure 1). Throughout both
visits, participants were allowed to listen to music or watch
preapproved television programs, free of food cues. The Uni-
versity of Nebraska-Lincoln’s institutional review board
approved the study, and written informed consent was obtained
from all participants before enrolment. All study procedures
were conducted in accordance with the Declaration of Helsinki.

Participants

Volunteers for this study were recruited from our university
and its surrounding communities via fliers and word-of-mouth
advertising. Eligible participants were males and females with
a BMI (in kg/m?) of 18.5-29.9, weight stability (<2.5 kg weight
change during the past 6 mo), and who exercised >1 bout/wk.
Pregnancy, smoking, current or past eating disorders, or any
medical condition or medication use that could affect appetite or
present any contraindications to exercise were exclusion criteria.
For females not using hormonal contraceptives, exercise sessions
were scheduled during the early-to-mid follicular phase [22,23]
to limit the effects of the menstrual cycle on exercise-induced
changes in appetite-regulating hormones [24]. To compare
younger with older adults, we recruited participants from 2
distinct age ranges: 1) 19-29 y and 2) 65-75 y. Participants in
the older age range had no evidence of dementia or
non-normative decline [25].

Appetite-regulating hormones
Plasma concentrations of PYY3-36, total GLP-1 (1-37a), and
acylated ghrelin were measured at 3-time points at each study
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FIGURE 1. Schematic overview of study design, illustrating the time
points of blood collection. BL, baseline.
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condition visit (Figure 1): 1) immediately after arrival to the
laboratory [fasted, before consuming the standardized breakfast;
baseline (BL)], 2) after completing the initial 30 min rest period
(i.e., immediately before the 45 min study condition; pre), and 3)
immediately after completing the study condition (post). Whole-
blood samples were collected from participants in a seated po-
sition via venipuncture in 10 mL EDTA tubes (K3 EDTA). A
protease inhibitor (100 yL aprotinin; Sigma Aldrich) was added
to PYY3-36 and acylated ghrelin samples. Immediately after
collection, the EDTA tubes were placed on ice for 15 min and
then centrifuged at 1800 x g; 10 min; +4°C. Subsequently,
plasma fractions were divided into aliquots and stored at —80°C
until analysis. ELISAs were used to measure concentrations (in
duplicate) of PYY3-36 [Invitrogen (catalog # EH387RB); Ther-
moFisher Scientific; interassay coefficient of variation (CV): 6%;
intra-assay CV: 7%], total GLP-1 [Invitrogen (catalog #
EH221RB); ThermoFisher Scientific; interassay CV: <12%; intra-
assay CV: <10%], and acylated ghrelin [Invitrogen (catalog #
BMS2192); ThermoFisher Scientific; interassay CV: 8.5%; intra-
assay CV: 6%].

Subjective appetite measures

Before each exercise session (pre) and immediately after
(post), participants rated their subjective perceptions of hunger,
fullness, thirst, and nausea on a visual analog scale from 0 (not at
all) to 10 (very) via online Qualtrics panels administered by
trained study personnel.

Statistical analyses

The distribution of variables was verified by visual inspection
of histograms and quantile-quantile plots of the residuals. Data
are presented as the mean and SE of the mean. Differences in
hormone concentrations and subjective appetite between
younger adults and older adults and between conditions (Exercise
compared with Rest) at each time point were analyzed by anal-
ysis of variance. Given our main aim was to investigate differ-
ences in appetite-regulating hormones and appetite between age
groups following acute aerobic exercise, the isolated effect of
exercise on appetite-regulating hormones and subjective per-
ceptions of hunger, fullness, thirst, and nausea was quantified as
the difference between the pre-post change during Exercise
adjusted for the pre-post change during Rest:

(POStExercise - PreExercise) - (POSlRest - PreResl)

Because older adults had a significantly higher body fat
compared to younger adults (Table 1) and greater body fat is
associated with lower concentrations of PYY and GLP-1 [26,27],
we also assayed our analyses with body fat (kilogram and per-
centage) as covariates. Because neither body fat mass (all P >
0.460) nor percent body fat (all P > 0.536) were significant, and
the adjusted results did not differ meaningfully from the original
models, we report the models without covariate adjustment. All
analyses were performed in SPSS version 29, and significance
was accepted as P < 0.05 (2-sided).

Results

BL characteristics of younger adults [mean age 22.0 (SD = 2.6)
y, mean BMI 23.7 (SD = 2.4), 77% White, 59% female] and older
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adults [mean age 68.5 (SD = 3.0) y, mean BMI 26.0 (SD = 3.1),
97% White, 55% female] are presented in Table 1. Compared to
younger adults, older adults had a higher body weight, BMI, and
body fat and lower aerobic fitness (all P < 0.016). All other de-
mographic and anthropometric characteristics, as well as fasting
concentrations of appetite-regulating hormones, did not differ
between younger adults and older adults (P > 0.080; Table 1).
Although energy expenditure during Exercise was significantly
lower in older adults (P < 0.001), average relative heart rate and
perceived exertion during the exercise session were similar in
older and younger adults (Table 1).

Changes in PYY3-36 during Exercise and Rest in
younger adults and older adults

During Exercise, PYY3-36 did not differ between younger
adults and older adults at any time point (all P > 0.770;
Figure 2A). During Rest, PYY3-36 did not differ by age group at

TABLE 1
Participant characteristics.
Younger Older adults
adults (n=29)
(n=39)
Sex, n (%)
Female 23 (59.0) 16 (55.2)
Race/ethnicity, n (%)
White 30 (76.9) 28 (96.6)
African American 6 (15.4) 0 (0.0)
Asian 2(5.1) 1(3.49)
Other 1(2.6) 0 (0.0)
Mean (SD) Mean (SD)
Anthropometrics
Age,y 22.0 (2.6) 68.5 (3.0)
Weight, kg 68.5 (9.7) 75.0 (12.1)
BMI, kg/m? 23.7 (2.4) 26.0 (3.1)
Total body fat, % 14.1 (6.3) 24.7 (3.6)
Fat mass, kg 9.8 (5.0) 18.7 (4.8)
Fat-free mass, kg 58.6 (8.6) 56.3 (8.3)
Vozpeak, mL/kg/min 37.6 (6.5) 24.2 (6.4)
Appetite-regulating hormones (baseline)*
Fasting PYY3-36, pg/mL 110.8 (47.0) 112.4 (58.5)
Fasting GLP-1, pmol/L 10.9 (5.2) 13.2 (5.6)

Fasting acylated ghrelin, pg/mL>
Exercise session

868.5 (388.0) 1073.1 (577.2)

Energy expenditure (exercise 344 (92) 252 (72)
session), kcal

Average heart rate, bpm 141 (16) 120 (11)
Average relative heart rate, % of 73 (8) 75 (7)
maximum

Average RPE 12.7 (1.7) 13.3 (1.8)

Data are mean (SD) unless stated otherwise. Weight, BMI, body fat
(kilogram and percentage), VOzpeak, energy expenditure, and average
heart rate (bpm) differed by age (all P < 0.016); all other character-
istics did not differ between younger adults and older adults (all P >
0.080).

Abbreviations: bpm, beats per min; GLP-1, glucagon-like peptide-1;
PYY3-36, peptide tyrosine 3-36; RPE, ratings of perceived exertion;
SD, standard deviation; VOzpeak, peak oxygen uptake.

! Hormone concentrations are reported as means between pre-
exercise and pre-rest. Fasting concentrations before the 2 study con-
ditions did not differ in younger adults (all P > 0.100) or older adults
(all P > 0.150).

2 Data available for 37/39 of younger adults and 29/29 of older
adults.
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pre (P = 0.189) but was higher in older adults compared to Changes in GLP-1 during Exercise and Rest in

younger adults at post [+38.0 pg/mL; 95% confidence interval younger adults and older adults

(CD: 10.9, 65.2 pg/mL; P = 0.007; Figure 2A]. The isolated ex- During Exercise, GLP-1 was higher in older adults relative to
ercise effect in PYY3-36 (pre-to-post change during Exercise  younger adults at pre (+7.4 pmol/L; 95% CI: 3.3, 11.4 pmol/L; P
relative to Rest) was greater in younger adults compared to older < 0.001; Figure 2C) and post (+6.2 pmol/L; 95% CI: 3.4, 9.0
adults (+26.6 pg/mL; 95% CI: 3.4, 49.8 pg/mL; P = 0.025;  pmol/L; P < 0.001; Figure 2C). Similarly, during Rest, GLP-1 was
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FIGURE 2. Concentrations of PYY3-36 (A), GLP-1 (C), and ghrelin (E) before (pre) and after (post) the study condition (Exercise compared with
Rest) in younger adults and older adults. Panels (B), (D), and (F) show the change in PYY3-36 (B), GLP-1 (D), and ghrelin (F) from pre-to-post
(isolated exercise effect) during Exercise relative to Rest in younger and older adults. Values are means + SE of the mean. Differences in hor-
mone concentrations between younger adults and older adults and between conditions (Exercise compared with Rest) at each time point were
analyzed by analysis of variance. *Significant difference between younger and older adults during Exercise (P < 0.05). #Significant difference
between younger and older adults during Rest (P < 0.05). {Significant difference in the pre-post change during Exercise relative to Rest between
younger and older adults (P < 0.05). Exercise, exercise condition (60% V O2peak) on a bicycle ergometer; GLP-1, glucagon-like peptide-1;
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pmol/L; 95% CI: 5.9, 17.6 pmol/L; P < 0.001) and post (+8.7
pmol/L; 95% CIL: 6.0, 11.4 pmol/L; P < 0.001; Figure 2C).
However, pre-to-post changes in GLP-1 during Exercise relative
to Rest (isolated exercise effect) did not differ between younger
adults and older adults (—1.9 pmol/L; 95% CI: —7.1, 3.2 pmol/L;
P = 0.456; Figure 2D).

Changes in acylated ghrelin during Exercise and Rest
in younger adults and older adults

During Exercise, acylated ghrelin was increased in older adults
relative to younger adults at pre (+263.1 pg/mL; 95% CI: 41.9,
484.4 pg/mL; P = 0.021; Figure 2E) and post (+279.5 pg/mL;
95% CI: 66.5, 492.4 pg/mL; P < 0.001; Figure 2E). During Rest,
acylated ghrelin did not differ between younger adults and older
adults at any time point (all P > 0.064). Pre-to-post changes in
acylated ghrelin during Exercise relative to Rest (isolated exercise
effect) did not differ between younger adults and older adults
(-103.1 pg/mL; 95% CI: —231.7, 25.6 pg/mL; P = 0.114;
Figure 2F).

Changes in subjective appetite measures during

Exercise and Rest in younger adults and older adults
Hunger and fullness did not differ between younger adults

and older adults at any time point during Exercise or Rest (all P >
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0.086; Figure 3A and B). Subjective thirst was lower in older
adults compared to younger adults at pre during Rest (—1.3
points; 95% CI: —2.4, —0.3 points; P = 0.016; Figure 3C) but did
not differ by age group at post or any time point during Exercise
(all P > 0.082). Subjective nausea was lower in older adults
compared to younger adults at pre during Exercise (—0.8 points;
95% CI: —1.6, —0.2 points; P = 0.024; Figure 3D) but did not
differ by age group at post or any time point during Rest (all P >
0.139). Pre-to-post changes in all subjective appetite measures
during Exercise relative to Rest (isolated exercise effect) did not
differ between younger adults and older adults (all P > 0.288).

Discussion

The present study aimed to assess age-related differences in
appetite-regulating hormone changes after acute aerobic exer-
cise following a small pre-exercise breakfast. To our knowledge,
this is the first study to do so.

The observed effects of exercise-induced changes in appetite-
regulating hormones partially support our original hypothesis.
We expected blunted PYY3-36, GLP-1, and acylated ghrelin re-
sponses in older adults due to known age-related declines in
ghrelin and increases in PYY and GLP-1 [14,18,19]. In line with
this, PYY3-36 continuously increased from pre-to-post during
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FIGURE 3. Subjective perceptions of hunger (A), fullness (B), thirst (C), and nausea (D) before (pre) and after (post) the study condition (Exercise
compared with Rest) in younger adults and older adults. Items were rated on a visual analog scale (VAS) from 0 (not at all) to 10 (very). Values are
means + SE of the mean. Differences in subjective ratings between younger adults and older adults and between conditions (Exercise compared
with Rest) at each time point were analyzed by analysis of variance. *Significant difference between younger and older adults during Exercise (P <
0.05). #Significant difference between younger and older adults during Rest (P < 0.05). Exercise, exercise condition (60% V O2peak) on a bicycle
ergometer; Rest, control condition (seated rest period); SE, standard error.
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Exercise and Rest in older adults. In contrast, in younger adults,
PYY3-36 only increased during Exercise but remained virtually
unchanged during Rest. As a result, exercise-induced changes
(isolated exercise effect) in PYY3-36 were significantly blunted
in older adults compared to younger adults. Although the
mechanisms driving exercise-induced elevations in PYY are not
well understood, increases in catecholamines during exercise can
stimulate PYY release from L cells [28]. Kohrt et al. [29]
demonstrated that older adults exhibit an attenuated catechol-
amine response to acute exercise; thus, a lower exercise-induced
catecholamine response may explain the blunted PYY response
to exercise in older adults within this study. However, as cate-
cholamine concentrations were not assessed in our study, this
remains speculative and warrants further investigation. Further,
the breakfast snack that preceded each study condition (>100%
greater increase in PYY3-36 in older adults compared with
younger adults after the pre-exercise snack; data not shown) may
have overshadowed a potential exercise effect on PYY3-36
during Exercise in older adults. Generally, greater postprandial
PYY concentrations in older adults compared to younger adults
[14] and a longer time to reach the peak in these concentrations
in older adults (60-79 y) compared to younger adults (20-39 y)
[30] have been reported before, potentially explaining the lack
of exercise effect seen in our study. Future studies might want to
consider a longer time frame (e.g., >1 h) between a preceding
meal and the exercise bout when aiming to examine
exercise-induced changes in PYY3-36 concentrations in older
adults. Moreover, there was a high level of variability in
PYY3-36 concentrations in older adults (31-61% CV), which
differs from previous reports [19] and potentially affected the
present results; hence, this requires additional study.

For GLP-1, we found higher concentrations in older adults
compared to younger adults at both time points. Because this
effect occurred independent of the study condition (Exercise/
Rest), with a similar change from pre-to-post, the isolated exer-
cise effect did not differ by age group. Although not reported, it is
noteworthy that similar to PYY3-36, the pre-exercise breakfast
snack had a substantially larger effect on GLP-1 concentrations in
older adults (+-102% at pre relative to BL) compared to younger
adults (+-58%), which, again similar to PYY3-36, likely persisted
throughout the exercise session and superimposed any exercise
effect. These results are at odds with a meta-analysis showing no
differences in postprandial GLP-1 between older and younger
adults [14]. However, substantial heterogeneity has been noted
[14], and trends for higher postprandial concentrations, partic-
ularly beyond 30 min, have been described [31]. Possible rea-
sons for these discrepancies could include differences in age
range, body composition characteristics, and GLP-1 measure-
ment methods [3]. Additionally, the greater GLP-1 values at BL
in older adults, albeit not statistically significant, may have
influenced the present results.

Acylated ghrelin concentrations differed by age group at
both time points during Exercise, with consistently greater
values in older adults. However, the isolated exercise effect did
not differ by age group. Interestingly, fasted (BL) values in
acylated ghrelin were also greater in older adults compared to
younger adults, albeit not statistically significant. Although this
differs from previous findings describing age-related reductions
in fasting and postprandial acylated ghrelin concentrations [14,
18,191, recent data support higher fasting concentrations of
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acylated ghrelin in older adults, particularly in those with low
appetite and food intake [31]. Further, when accounting for the
greater BL concentrations in older adults, changes in acylated
ghrelin following the standardized breakfast (pre) and Exercise
(post) were comparable between younger adults and older
adults, with a continuous decrease throughout the study period
and no effect of Exercise compared with Rest, which aligns with
the literature [14].

We found no differences in subjective hunger and fullness
between younger adults and older adults at any time point dur-
ing Exercise or Rest, indicating that the overall higher GLP-1
concentrations and the blunted exercise response in PYY3-36
in older adults did not translate into altered satiety. When
looking at the isolated exercise effect, we likewise did not
observe any age-related differences for either of the subjective
appetite measures. Collectively, these results suggest that age
does not influence exercise-induced changes in these outcomes
for our specific exercise condition (45 min, nonfasted bike
ergometer exercise at 60% VOzpeak). As reported before [32], a
lack of alignment between exercise-induced changes in appetite
hormones and subjective appetite is not uncommon, highlighting
the complex nature of appetite regulation, which involves inte-
grating a wide range of neuroendocrine and psychological fac-
tors. Nevertheless, our findings have important implications. The
absence of compensatory appetite changes in older adults sug-
gests that exercise could help create a negative energy balance,
potentially counteracting the excess fat accumulation often seen
in age-related sarcopenic obesity.

The present study aimed to assess age-related differences in
the effect of acute exercise on appetite-regulating hormones.
However, certain sample differences and limitations may have
accounted for some variation and influenced the findings.

First, older adults had a substantially higher BMI [26.0
compared with 23.7 and body fat (24.7% compared with
14.1%)] compared to younger adults. Although both BMI
(23.0-29.9 for adults aged 60-79 y [33]) and percent body fat
[34] were in the healthy weight range in both age groups, it has
been reported that greater body fat reduces PYY and GLP-1
concentrations [26,27]. In our study, fasting PYY3-36 did not
differ between age groups. It is possible that an age-related in-
crease in PYY3-36 concentrations counterbalanced the
PYY3-36-lowering effect of the higher body fat in older adults.
Importantly, however, when included as a covariate in our
models, body fat did not alter results meaningfully. Additionally,
the lack of an age effect in appetite-regulating hormones may
reflect the overall good health status of our participants. Many
participants (and particularly those in the older cohort) reported
engaging in daily physical activity, carefully monitoring their
diet, and managing health conditions (e.g., hypertension)
through medication and routine check-ups. The absent age effect
may, therefore, suggest that maintaining an active lifestyle and a
healthy diet can help regulate appetite hormones into older
adulthood. Future studies should examine whether similar re-
sults occur across different BMI levels, health conditions, and
activity levels, considering individualized hormone regulation
and varying exercise responses.

Second, older adults had a lower VOspea (24 mL/kg/min)
compared to younger adults (38 mL/kg/min) and consequently
expended less energy (252 kcal compared with 344 kcal) during
the exercise session, which might have affected hormone
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concentrations. However, all participants exercised at the same
relative intensity (60% VOzpear) duration (45 min), both of which
factors can modulate hormone concentrations. The average heart
rate (75% compared with 73%) and ratings of perceived exertion
(13.3 compared with 12.7) confirmed that the exercise intensity —
relative to the participants’ individual fitness — was similar across
age groups and in a moderate range [35]. Because simultaneously
controlling all 3 factors (intensity, duration, and energy expen-
diture) is impossible, our study maximized standardization
through a randomized crossover design and a standardized
pre-exercise snack. Responses in appetite-regulating hormones
have been reported to be fairly inconsistent at moderate exercise
intensities, although tending to be generally greater during
higher-intensity exercise [32], potentially explained by
intensity-related greater sympathetic activity that has also been
shown to stimulate PYY secretion [28]. It is, therefore, possible
that a higher exercise intensity in our study would have elicited
greater hormone responses per se as well as in potential
age-related differences in these outcomes [36]. Additionally, in-
dividual exercise ability may have played a role in our study.
Although 60% VOzpeak is considered moderate intensity, this
might represent a very different physiological demand for each
participant. Some individuals may have found it more chal-
lenging, leading to greater stress responses, which could have
influenced hormone secretion. Future studies should consider
stratifying participants based on fitness levels to better assess how
relative intensity influences appetite regulation.

Third, the present study evaluated the acute appetite re-
sponses to a single exercise session. Previous research has shown
that the acute exercise-induced changes in acylated ghrelin and
PYY remain consistent with identical exercise stimuli performed
repeatedly [37], suggesting stability of the effects over time.
However, it remains unclear if this stability extends to
age-related differences in appetite-regulating hormones over
time, especially as individuals adapt to exercise training. Previ-
ous research indicates that exercise-induced mechanisms of
hunger and satiety (including changes in fasting glucose and
serum leptin) and compensation differentially affect adults aged
60+ y [17]. Still, more research on chronic exercise-induced
effects on PYY, GLP-1, and acylated ghrelin in older adults is
needed, investigating the intra-individual and interindividual
variability that may be increasingly present with increased age
[14]. Given the nutrient sensitivity of GLP-1 and PYY, future
research should examine exercise-induced changes in
appetite-regulating hormones under fasted conditions to better
isolate exercise-specific effects. Although a limitation of the
current study is the use of a nonfasted protocol, this approach
was chosen to reflect real-world behavior and minimize the risk
of hypoglycemia in older adults.

Fourth, time of day could be a factor influencing the present
results. All exercise sessions took place in the morning, meaning
that potential diurnal variations in appetite hormone responses
were not assessed. Previous studies have shown that appetite
regulation can fluctuate throughout the day [38-40], which
could mean that hormone responses to exercise differ in the
morning compared with evening sessions. Future research should
investigate whether exercise timing plays a role in appetite hor-
mone regulation, particularly in older adults. Another key
consideration is the pre-exercise meal. Participants were pro-
vided with a standardized snack, which, for many, deviated from
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their usual breakfast routine or food preferences. Since food
cravings and eating habits vary widely, the pre-exercise meal
could have influenced postexercise appetite responses differently
across individuals. Further, although participants followed a
controlled fasting period before the study visits, real-life eating
patterns often involve variable fasting durations. Although our
fasting protocol was necessary to standardize hormone activation
conditions, it does not reflect everyday meal timing and should be
considered in future research.

Finally, it may be necessary to extend the postexercise obser-
vation period, as it is not uncommon for divergent responses to
appear between groups or conditions 30 min or even 60 min
postexercise and for exercise to affect gut hormone responses to
subsequent food intake [41]. In our study, the primary objective
was to assess the effect of Exercise compared with Rest on hypo-
thetical postexercise food choices and acute postexercise energy
intake (reported previously [20,21]), and a longer postexercise
period before food consumption would have affected these results.

In conclusion, the present showed age-related differences in
appetite-regulating hormone responses to acute exercise.
PYY3-36 increased with exercise only in younger adults, whereas
in older adults, increases occurred regardless of condition,
blunting the exercise effect. GLP-1 concentrations were overall
greater in older adults but unaffected by exercise. These hormonal
changes did not translate into changes in subjective hunger or
increased fullness, however, suggesting that exercise may help
prevent fat mass accumulation in both young and older
individuals.

Author contributions

The authors’ responsibilities were as follows — KK, JRS, JBB,
JAF: acquired funding; KK, JRS: designed the study; SEB, JAF,
JBB, HJH, KK: collected data; CH: conducted statistical analyses,
drafted the manuscript, and created tables and figures; KK, JLD,
JBB, HJH, SEB, JAF, JRS: provided critical manuscript revision
for important intellectual content; and all authors: read and
approved the final manuscript.

Conflict of interest

KK, JRS, JBB, and JAF report financial support was provided
by University of Nebraska Food for Health Collaboration Initia-
tive. The other authors report no conflicts of interest.

Funding

This research was funded by the University of Nebraska Food
for Health Collaboration Initiative and the Great Plains IDeA
Clinical and Translational Research Network.

Data availability
The data supporting this study’s findings are available from
the corresponding author upon reasonable request.

References

[1] V. Augustine, S.K. Gokce, Y. Oka, Peripheral and central nutrient
sensing underlying appetite regulation, Trends Neurosci 41 (8) (2018)
526-539, https://doi.org/10.1016/j.tins.2018.05.003.

[2] K. Suzuki, C.N. Jayasena, S.R. Bloom, The gut hormones in appetite
regulation, J Obes (2011) 528401, https://doi.org/10.1155/2011/
528401.


https://doi.org/10.1016/j.tins.2018.05.003
https://doi.org/10.1155/2011/528401
https://doi.org/10.1155/2011/528401

C. Hochsmann et al.

[31

[4]

[51

(6]

(71

[8]

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

J. Dorling, D.R. Broom, S.F. Burns, D.J. Clayton, K. Deighton, L.J. James,
et al., Acute and chronic effects of exercise on appetite, energy intake,
and appetite-related hormones: the modulating effect of adiposity, sex,
and habitual physical activity, Nutrients 10 (9) (2018) 1140, https://
doi.org/10.3390/nu10091140.

M.M. Schubert, S. Sabapathy, M. Leveritt, B. Desbrow, Acute exercise
and hormones related to appetite regulation: A meta-analysis, Sports
Med 44 (3) (2014) 387-403, https://doi.org/10.1007/s40279-013-
0120-3.

J.A. Douglas, K. Deighton, J.M. Atkinson, V. Sari-Sarraf, D.J. Stensel,
G. Atkinson, Acute exercise and appetite-regulating hormones in
overweight and obese individuals: A meta-analysis, J Obes (2016)
2643625, https://doi.org/10.1155/2016/2643625.

J.A. King, L.K. Wasse, D.J. Stensel, M.A. Nimmo, Exercise and ghrelin. A
narrative overview of research, Appetite 68 (2013) 83-91, https://
doi.org/10.1016/j.appet.2013.04.018.

N. Ouerghi, M. Feki, N.L. Bragazzi, B. Knechtle, L. Hill, P.T. Nikolaidis,
et al., Ghrelin response to acute and chronic exercise: insights

and implications from a systematic review of the literature, Sports Med
51 (11) (2021) 2389-2410, https://doi.org/10.1007/s40279-021-
01518-6.

M. Hu, J. Nie, O.K. Lei, Q. Shi, Z. Kong, Acute effect of high-intensity
interval training versus moderate-intensity continuous training on
appetite perception: A systematic review and meta-analysis, Appetite
182 (2023) 106427, https://doi.org/10.1016/j.appet.2022.106427.
T.J. Hazell, H. Islam, L.K. Townsend, M.S. Schmale, J.L. Copeland,
Effects of exercise intensity on plasma concentrations of appetite-
regulating hormones: potential mechanisms, Appetite 98 (2016) 80-88,
https://doi.org/10.1016/j.appet.2015.12.016.

L. Caruso, E. Zauli, M. Vaccarezza, Physical exercise and appetite
regulation: new insights, Biomolecules 13 (8) (2023) 1170, https://
doi.org/10.3390/biom13081170.

H. Zouhal, M. Sellami, A. Saeidi, M. Slimani, A. Abbassi-Daloii,

A. Khodamoradi, et al., Effect of physical exercise and training on
gastrointestinal hormones in populations with different weight statuses,
Nutr, Rev 77 (7) (2019) 455-477, https://doi.org/10.1093/nutrit/
nuz005.

V. Malafarina, F. Uriz-Otano, L. Gil-Guerrero, R. Iniesta, The anorexia of
ageing: physiopathology, prevalence, associated comorbidity and
mortality. A systematic review, Maturitas 74 (4) (2013) 293-302,
https://doi.org/10.1016/j.maturitas.2013.01.016.

K. Tsutsumimoto, T. Doi, H. Makizako, R. Hotta, S. Nakakubo,

K. Makino, et al., Aging-related anorexia and its association with
disability and frailty, J Cachexia. Sarcopenia. Muscle. 9 (5) (2018)
834-843, https://doi.org/10.1002/jcsm.12330.

K.O. Johnson, O.M. Shannon, J. Matu, A. Holliday, T. Ispoglou,

K. Deighton, Differences in circulating appetite-related hormone
concentrations between younger and older adults: a systematic review
and meta-analysis, Aging Clin. Exp. Res. 32 (7) (2020) 1233-1244,
https://doi.org/10.1007/s40520-019-01292-6.

C. Nikitas, D. Kikidis, A. Bibas, M. Pavlou, Z. Zachou, D.E. Bamiou,
Recommendations for physical activity in the elderly population: A
scoping review of guidelines, J Frailty Sarcopenia. Falls. 7 (1) (2022)
18-28, https://doi.org/10.22540/JFSF-07-018.

E.L. Van Walleghen, J.S. Orr, C.L. Gentile, K.P. Davy, B.M. Davy,
Habitual physical activity differentially affects acute and

short-term energy intake regulation in young and older adults, Int. J
Obes. (Lond.). 31 (8) (2007) 1277-1285, https://doi.org/10.1038/
5j.1j0.0803579.

S. Hubner, J.B. Boron, K. Koehler, The effects of exercise on appetite in
older adults: A systematic review and meta-analysis, Front Nutr 8
(2021) 734267, https://doi.org/10.3389/fnut.2021.734267.

A.L. Pilgrim, S.M. Robinson, A.A. Sayer, H.C. Roberts, An overview of
appetite decline in older people, Nurs. Older People. 27 (5) (2015)
29-35, https://doi.org/10.7748/nop.27.5.29.e697.

R. Nass, L.S. Farhy, J. Liu, S.S. Pezzoli, M.L. Johnson, B.D. Gaylinn, et
al., Age-dependent decline in acyl-ghrelin concentrations and reduced
association of acyl-ghrelin and growth hormone in healthy older adults,
J Clin. Endocrinol. Metab. 99 (2) (2014) 602-608, https://doi.org/
10.1210/jc.2013-3158.

K. Koehler, S.E. Beckford, E. Thayer, A.R. Martin, J.B. Boron,

J.R. Stevens, Exercise shifts hypothetical food choices toward greater
amounts and more immediate consumption, Nutrients 13 (2) (2021)
347, https://doi.org/10.3390/nu13020347.

C. Hochsmann, S.E. Beckford, J.A. French, J.B. Boron, J.R. Stevens,

K. Koehler, Biological and behavioral predictors of relative energy

[22]

(23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

(371

[38]

Current Developments in Nutrition 9 (2025) 107491

intake after acute exercise, Appetite 184 (2023) 106520, https://
doi.org/10.1016/j.appet.2023.106520.

AM. Gorczyca, L.A. Sjaarda, E.M. Mitchell, N.J. Perkins, K.C. Schliep,
J. Wactawski-Wende, et al., Changes in macronutrient, micronutrient,
and food group intakes throughout the menstrual cycle in healthy,
premenopausal women, Eur. J Nutr 55 (3) (2016) 1181-1188, https://
doi.org/10.1007/s00394-015-0931-0.

S.T. Sims, A.K. Heather, Myths and methodologies: reducing scientific
design ambiguity in studies comparing sexes and/or menstrual cycle
phases, Exp. Physiol. 103 (10) (2018) 1309-1317, https://doi.org/
10.1113/EP086797.

S.C. Moniz, S.F. McCarthy, A.A. Broad, P.J. Medeiros, T.J. Hazell, The
exercise-induced suppression of acylated ghrelin is blunted in the luteal
phase of the menstrual cycle compared to the follicular phase following
vigorous-intensity exercise, Appetite 182 (2023) 106425, https://
doi.org/10.1016/j.appet.2022.106425.

L.E. Hebert, J. Weuve, P.A. Scherr, D.A. Evans, Alzheimer disease in the
United States (2010-2050) estimated using the 2010 census, Neurology
80 (19) (2013) 1778-1783, https://doi.org/10.1212/
WNL.0b013e31828726f5.

R.L. Batterham, M.A. Cohen, S.M. Ellis, C.W. Le Roux, D.J. Withers,
G.S. Frost, et al., Inhibition of food intake in obese subjects by peptide
YY3-36, N Engl, J Med 349 (10) (2003) 941-948, https://doi.org/
10.1056/NEJMo0a030204.

M.C. Simon, K. Strassburger, B. Nowotny, F. Zivehe, H. Kolb, P. Stehle,
et al., Decreased secretion of GLP-1 and GLP-2 after oral glucose in
obese versus lean healthy human subjects, Exp. Clin. Endocrinol.
Diabetes 122 (3) (2014) 095, https://doi.org/10.1055/s-0034-
1372112.

S. Brechet, P. Plaisancié, V. Dumoulin, J.A. Chayvialle, J.C. Cuber,

J. Claustre, Involvement of betal- and beta2- but not beta3-adrenoceptor
activation in adrenergic PYY secretion from the isolated colon,

J Endocrinol 168 (1) (2001) 177-183, https://doi.org/10.1677/
j0e.0.1680177.

W.M. Kohrt, R.J. Spina, A.A. Ehsani, P.E. Cryer, J.O. Holloszy, Effects of
age, adiposity, and fitness level on plasma catecholamine responses to
standing and exercise, J Appl. Physiol. 75 (4) (1993) 1828-1835,
https://doi.org/10.1152/jappl.1993.75.4.1828, 1985.

M. Hickson, C. Moss, W.S. Dhillo, J. Bottin, G. Frost, Increased peptide
YY blood concentrations, not decreased acyl-ghrelin, are associated
with reduced hunger and food intake in healthy older women:
preliminary evidence, Appetite 105 (2016) 320-327, https://doi.org/
10.1016/j.appet.2016.06.002.

A. Dagbasi, J. Warner, V. Catterall, K. Smith, D.R. Crabtree, B. Carroll,
et al., Augmented gut hormone response to feeding in older adults
exhibiting low appetite, Appetite 201 (2024) 107415, https://doi.org/
10.1016/j.appet.2024.107415.

K. Deighton, E. Karra, R.L. Batterham, D.J. Stensel, Appetite, energy
intake, and PYY3-36 responses to energy-matched continuous exercise
and submaximal high-intensity exercise, Appl. Physiol. Nutr. Metab. 38
(9) (2013) 947-952, https://doi.org/10.1139/apnm-2012-0484.

K.N. Porter Starr, C.W. Bales, Excessive body weight in older adults,
Clin. Geriatr. Med. 31 (3) (2015) 311-326, https://doi.org/10.1016/
j-cger.2015.04.001.

J.A. Batsis, D.T. Villareal, Sarcopenic obesity in older adults: aetiology,
epidemiology and treatment strategies, Nat. Rev. Endocrinol. 14 (9)
(2018) 513-537, https://doi.org/10.1038/5s41574-018-0062-9.

C.E. Garber, B. Blissmer, M.R. Deschenes, B.A. Franklin, M.J. Lamonte,
L.M. Lee, et al., American College of Sports Medicine position stand.
Quantity and quality of exercise for developing and maintaining
cardiorespiratory, musculoskeletal, and neuromotor fitness in
apparently healthy adults: guidance for prescribing exercise, Med. Sci.
Sports Exerc. 43 (7) (2011) 1334-1359, https://doi.org/10.1249/
MSS.0b013e318213fefb.

S.F. McCarthy, J.A. Tucker, T.J. Hazell, Exercise-induced

appetite suppression: an update on potential mechanisms, Physiol. Rep.
12 (16) (2024) €70022, https://doi.org/10.14814/phy2.70022.

F.R. Goltz, A.E. Thackray, J.A. King, J.L. Dorling, G. Atkinson,

D.J. Stensel, Interindividual responses of appetite to acute exercise:
A replicated crossover study, Med. Sci. Sports Exerc. 50 (4) (2018)
758-768, https://doi.org/10.1249/MSS.0000000000001504.

F.A. Scheer, C.J. Morris, S.A. Shea, The internal circadian

clock increases hunger and appetite in the evening

independent of food intake and other behaviors, Obesity,

Silver Spring) 21 (3) (2013) 421-423, https://doi.org/10.1002/
oby.20351.


https://doi.org/10.3390/nu10091140
https://doi.org/10.3390/nu10091140
https://doi.org/10.1007/s40279-013-0120-3
https://doi.org/10.1007/s40279-013-0120-3
https://doi.org/10.1155/2016/2643625
https://doi.org/10.1016/j.appet.2013.04.018
https://doi.org/10.1016/j.appet.2013.04.018
https://doi.org/10.1007/s40279-021-01518-6
https://doi.org/10.1007/s40279-021-01518-6
https://doi.org/10.1016/j.appet.2022.106427
https://doi.org/10.1016/j.appet.2015.12.016
https://doi.org/10.3390/biom13081170
https://doi.org/10.3390/biom13081170
https://doi.org/10.1093/nutrit/nuz005
https://doi.org/10.1093/nutrit/nuz005
https://doi.org/10.1016/j.maturitas.2013.01.016
https://doi.org/10.1002/jcsm.12330
https://doi.org/10.1007/s40520-019-01292-6
https://doi.org/10.22540/JFSF-07-018
https://doi.org/10.1038/sj.ijo.0803579
https://doi.org/10.1038/sj.ijo.0803579
https://doi.org/10.3389/fnut.2021.734267
https://doi.org/10.7748/nop.27.5.29.e697
https://doi.org/10.1210/jc.2013-3158
https://doi.org/10.1210/jc.2013-3158
https://doi.org/10.3390/nu13020347
https://doi.org/10.1016/j.appet.2023.106520
https://doi.org/10.1016/j.appet.2023.106520
https://doi.org/10.1007/s00394-015-0931-0
https://doi.org/10.1007/s00394-015-0931-0
https://doi.org/10.1113/EP086797
https://doi.org/10.1113/EP086797
https://doi.org/10.1016/j.appet.2022.106425
https://doi.org/10.1016/j.appet.2022.106425
https://doi.org/10.1212/WNL.0b013e31828726f5
https://doi.org/10.1212/WNL.0b013e31828726f5
https://doi.org/10.1056/NEJMoa030204
https://doi.org/10.1056/NEJMoa030204
https://doi.org/10.1055/s-0034-1372112
https://doi.org/10.1055/s-0034-1372112
https://doi.org/10.1677/joe.0.1680177
https://doi.org/10.1677/joe.0.1680177
https://doi.org/10.1152/jappl.1993.75.4.1828
https://doi.org/10.1016/j.appet.2016.06.002
https://doi.org/10.1016/j.appet.2016.06.002
https://doi.org/10.1016/j.appet.2024.107415
https://doi.org/10.1016/j.appet.2024.107415
https://doi.org/10.1139/apnm-2012-0484
https://doi.org/10.1016/j.cger.2015.04.001
https://doi.org/10.1016/j.cger.2015.04.001
https://doi.org/10.1038/s41574-018-0062-9
https://doi.org/10.1249/MSS.0b013e318213fefb
https://doi.org/10.1249/MSS.0b013e318213fefb
https://doi.org/10.14814/phy2.70022
https://doi.org/10.1249/MSS.0000000000001504
https://doi.org/10.1002/oby.20351
https://doi.org/10.1002/oby.20351

C. Hochsmann et al.

[39]

[40]

J.S. Galindo Munoz, D. Jiménez Rodriguez, J.J. Hernandez
Morante, Diurnal rhythms of plasma GLP-1 levels in normal and
overweight/obese subjects: lack of effect of weight loss, J Physiol.
Biochem. 71 (1) (2015) 17-28, https://doi.org/10.1007/s13105-
014-0375-7.

B.R. Hill, M.J. De Souza, N.I. Williams, Characterization of the diurnal
rhythm of peptide YY and its association with energy balance
parameters in normal-weight premenopausal women, Am. J Physiol.

[41]

Current Developments in Nutrition 9 (2025) 107491

Endocrinol. Metab. 301 (2) (2011) E409-E415, https://doi.org/
10.1152/ajpendo.00171.2011.

J.L. Dorling, D.L. Clayton, J. Jones, W.G. Carter, A.E. Thackray,

J.A. King, et al., A randomized crossover trial assessing the effects of
acute exercise on appetite, circulating ghrelin concentrations, and
butyrylcholinesterase activity in normal-weight males with variants of
the obesity-linked FTO rs9939609 polymorphism, Am. J Clin. Nutr. 110
(5) (2019) 1055-1066, https://doi.org/10.1093/ajcn/nqz188.


https://doi.org/10.1007/s13105-014-0375-7
https://doi.org/10.1007/s13105-014-0375-7
https://doi.org/10.1152/ajpendo.00171.2011
https://doi.org/10.1152/ajpendo.00171.2011
https://doi.org/10.1093/ajcn/nqz188

	Age-Related Differences in the Appetite-Regulating Hormone Response to Exercise
	Introduction
	Methods
	Study design
	Experimental study conditions
	Participants
	Appetite-regulating hormones
	Subjective appetite measures
	Statistical analyses

	Results
	Changes in PYY3–36 during Exercise and Rest in younger adults and older adults
	Changes in GLP-1 during Exercise and Rest in younger adults and older adults
	Changes in acylated ghrelin during Exercise and Rest in younger adults and older adults
	Changes in subjective appetite measures during Exercise and Rest in younger adults and older adults

	Discussion
	slink11
	slink12
	slink13
	slink14

	References


