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Abstract

Peptide YY (PYY) and ghrelin exhibit a reciprocal association and antagonistic physiological
effects in the peripheral circulation. Research has yet to clarify the effect of weight loss on the 24h
profile of PYY or its association to 24h ghrelin. We sought to determine if diet- and exercise-
induced weight loss affects the 24h profile of PY'Y and its association with 24h ghrelin in normal
weight, premenopausal women. Participants (n=13) were assessed at baseline (BL) and after a 3-
month diet and exercise intervention (Post). Blood samples obtained 10 min for 24h were
assayed for total PY'Y and total ghrelin g60 min from 0800-1000h and 2000-0800h and q20 min
from 1000-2000h. The ghrelin/PYYY ratio was used as an index of hormonal exposure. Statistical
analyses included paired t-tests and linear mixed effects modeling. Body weight (-1.85+0.67Kkg;
p=0.02), and body fat (-2.53+0.83%; p=0.01) decreased from BL to post. Ghrelin AUC
(5252+2177pg/ml/24hr; p=0.03), 24h mean (216+90pg/ml; p=0.03) and peak (300+£134pg/mi;
p=0.047) increased from BL to post. No change occurred in PYY AUC (88.2+163.7pg/ml;
p=0.60), 24h mean (4.8+6.9pg/ml; p=0.50) or peak (3.6+6.4pg/ml; p=0.58). The 24h association
between PYY and ghrelin at baseline (p=0.04) was weakened at post (p=0.14); however, the
ghrelin/PYY lunch ratio increased (p=0.01) indicating the potential for ghrelin predominance over
PYY in the circulation. PYY and ghrelin are reciprocally associated during a period of weight
stability, but not following weight loss. An “uncoupling” may have occurred, particularly at lunch,
due to factors that modulate ghrelin in response to weight loss.

Keywords
peptide Y'Y ghrelin; weight loss; premenopausal women

© 2013 Elsevier Inc. All rights reserved.

Corresponding author: Nancy I. Williams, ScD, 276 Recreation Hall, Penn State University, University Park, PA 16802, Phone:
814-865-9014, Fax: 814-865-1275, niwl@psu.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

Disclosure: The authors have nothing to disclose. All authors have approved the final submitted manuscript.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Hill et al. Page 2

1. Introduction

The gut-brain axis is a complex and interwoven cascade of enteroendocrine hunger and
satiety hormones signaling to and from the brain. It is believed that signaling occurs when
hormones secreted from the gastrointestinal (GI) system in response to a meal enter the
circulation and either cross the blood-brain-barrier to bind to receptors in the hypothalamic
arcuate nucleus [29] and/or signal to that same hypothalamic region through receptors on
vagal afferent neurons [14]. Several hormones are involved in the intricate regulation of
hunger and satiety; however, research suggests that two hormones in particular, ghrelin and
peptide YY (PYY), may be involved not only in the modulation of energy intake, but in the
modulation of one another, possibly through opposing actions in the hypothalamus [31] as
well as within the peripheral circulation [3, 19].

Ghrelin was originally discovered as a growth hormone secretagogue [22]; however, its
ability to stimulate energy intake was later discovered [42] and is the only known
peripherally secreted orexigenic hormone. Ghrelin is elevated in the fasting state, peaks
prior to meal initiation and decreases subsequent to food intake [11, 26]. In response to
weight loss, ghrelin increases in both normal weight [24] and obese individuals [12] and is
believed to play a role in both acute and chronic energy balance.

PYY is one of many satiety hormones that contribute to the modulation of acute energy
balance. Its circulatory pattern is characterized by low fasting concentrations and peak
circulating concentrations one to two hours postprandially. PYY has been shown to be
involved in the modulation of chronic energy balance in several elegantly performed studies
in animals [3-5, 23, 34]. Peripheral injection of PY'Y into male Wistar rats has led to
inhibition of food intake and reduced weight gain [4]. Peripheral infusion of PYY to
concentrations similar to that observed in the postprandial state in non-obese individuals has
elicited decreases in acute energy intake and suppressed subjective ratings of appetite at an
ad libitum meal two hours subsequent to infusion [4]. In short, these studies suggest that
PYY plays the role of a postprandial satiety hormone that influences acute energy balance in
humans. However, the role that PY'Y plays in chronic energy balance in animals has not
been demonstrated in humans as weight loss has resulted in increases [21], decreases [16,
38] and even no change [33] in circulating concentrations of PY'Y. One study demonstrated
that the concentrations of fasting and postprandial PY'Y remained low in overweight and
obese individuals during a year-long period of weight regain that was preceded by
participation in a 10-week weight loss intervention [38]. Thus, it remains unclear as to how
fluctuations in body weight will impact circulating PYYY. To date, studies involving weight
loss have observed resultant changes in either fasting or single-meal responses in PYY, but
no study has determined the impact of chronic weight loss on the 24-hour profile of
circulating PYY.

PYY and ghrelin modulate energy balance through integration within the hypothalamic
arcuate nucleus [32]. Evidence to support this was provided by Riedeger et al. [31] in male
Wistar rats where injection of PY'Y into arcuate explants inhibited the activation of ghrelin-
sensitive neurons. However, ghrelin and PY'Y receptors are expressed on a number of tissues
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in the periphery that include the adrenal gland [15] and adipose tissue [8]. As well, it has
been demonstrated that ghrelin and PY'Y oppose the actions of one another on the Gl tract:
PYY slows GI motility and suppresses gastric acid secretion [30], whereas ghrelin
stimulates those same actions [27]. Chelikani et al. [10] demonstrated that intravenous
infusion of ghrelin attenuated the effects of PY'Y infusion on gastric acid secretion and Gl
motility. Therefore, by focusing on hypothalamic regulation of these hormones we may limit
our understanding of their reciprocal actions in the periphery.

Studies that have demonstrated an association between ghrelin and PY'Y in the circulation
have mainly demonstrated this association following one meal [3, 10]. We have previously
reported that the 24-hour profiles of circulating ghrelin and PY'Y are inversely associated
over an entire 24-hours during a period of energy balance and weight stability [19].
Additionally, we previously reported that the 24-hour profile of ghrelin is elevated
subsequent to diet- and exercise-induced weight loss in normal weight, premenopausal
women. However, no study has determined if the association between the 24-hour profiles
of ghrelin and PY'Y assessed during a period of weight stability remains subsequent to diet-
and exercise-induced weight loss. Thus, the purpose of this study was two-fold: 1) to
determine if diet- and exercise-induced weight loss would alter the 24-hour profile of total
circulating PY'Y and 2) to determine if the association between the 24-hour circulating
concentrations of PYY and ghrelin observed during a period of weight stability would be
altered subsequent to a period of diet- and exercise-induced weight loss in normal weight,
premenopausal women. We hypothesized that 1) the 24-hour profile of total circulating PYY
would decrease subsequent to diet- and exercise-induced weight loss; 2) the 24-hour profile
of total circulating ghrelin would increase subsequent to diet- and exercise-induced weight
loss; and 3) the inverse association between ghrelin and PY'Y observed at baseline will
remain significant subsequent to diet- and exercise-induced weight loss in normal weight,
premenopausal women.

2. Participants and Methods

2.1. Experimental Design and Participants

This study is a secondary analysis of data from participants that completed a larger,
prospective study designed to assess changes in endocrine and reproductive function in
response to a 3-month, controlled feeding and exercise intervention. The intervention was
implemented in sedentary women, who were between the ages of 18 and 30 yrs, to emulate
the exercise and restrictive eating patterns in which many young women engage. The
original study design was as follows: During a four-week baseline period, participants were
randomly assigned to one of four experimental groups: a control group that did not exercise
and consumed an amount of calories estimated to maintain body weight; a control group that
exercised, but received extra calories as food to remain in energy balance; or one of four
energy deficit groups that exercised and were prescribed reduced energy intake. Each group
was defined by a particular prescription for the quantity of calories provided as food and the
quantity of calories expended as exercise. Following screening and the baseline monitoring
period, participants completed the 3 month diet and exercise intervention.
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Participants (n=13) included in the present study represent a subset of the participants in the
larger study who had completed 24-hour blood sampling and in whom those blood samples
were analyzed for both ghrelin and PY'YY. All participants included in the present study had
been randomly assigned to one of the five exercising groups in the larger study who were
prescribed changes in food calories and exercised. On average, the thirteen participants in
the current study achieved a negative energy balance of — 29.6 + 9.6% less than their
baseline energy needs. Of these thirteen participants, six were originally assigned to the
exercising control group of the larger study. This exercising control group was prescribed a
30% increase in calories for dietary intake, and a 30% increase in exercise energy
expenditure calories. Despite this prescription these six participants lost weight. Three of the
thirteen participants in the current study were originally randomized to an energy deficit
group that was prescribed a 15% reduction in dietary energy intake and a 15% increase in
exercise energy expenditure, hence an overall daily energy deficit of — 30% when compared
to baseline. Four of the thirteen participants in the current study were originally randomized
to an energy deficit group that was prescribed a 30% reduction in dietary intake and a 30%
increase in exercise energy expenditure, hence an overall daily energy deficit of — 60%
when compared to baseline. When all thirteen subjects in the current study were compared
based on their original groupings, weight loss between the original groups was not
significantly different (p = 0.53) and no differences were observed in the hormone profile
characteristics for PYY (p > 0.05), ghrelin (p > 0.05) or fasting leptin (p = 0.71). Because
we previously reported that no changes occurred in the concentrations of 24-hour circulating
total ghrelin after a 3 month diet and exercise intervention [24], a weight stable control
group was not included in the present study.

2.2. Screening

Participants were non-smoking, healthy, non-exercising (< 1 hour/week purposeful exercise)
women, who were between the ages of 18 and 30 years and had a BMI between 18 and 25
kg/mZ2. Exclusion criteria included any evidence of disordered eating or history of an eating
disorder, loss/gain of a significant amount of weight (+ 2.3 kg) in the past year, or use of
hormonal contraceptives or medication that may alter metabolic hormones. Each participant
signed an informed consent letter approved by the Biomedical Institutional Review Board of
The Pennsylvania State University.

Participants completed questionnaires to provide information regarding demographics,
medical history, menstrual history, physical activity and eating attitudes. A fasting blood
sample was obtained by a General Clinical Research Center (GCRC) nurse between 0600
and 1000 hours for analysis of a complete blood count and basic chemistry panel and to rule
out abnormal pituitary function or metabolic diseases. Each participant’s psychological
stability and the absence/risk of eating disorders were established in an interview conducted
by a clinical psychologist. Participants met with a GCRC registered dietician to ensure the
absence of aberrant dietary habits and suitability for a controlled feeding study.

2.3. Body Composition and Aerobic Fitness

Body weight was measured wearing shorts and a tee-shirt (without shoes) and recorded to he
nearest 0.1kg. Hydrostatic weighing after correcting for residual lung volume was utilized to
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measure body density which was used to calculate body composition using the Brozek
equation [7]. Maximal aerobic capacity (ml/kg/min) was determined using indirect
calorimetry at baseline and post according to previously published methods [25].

2.4. Energy Balance Parameters

2.4.1. Resting Metabolic Rate—Resting metabolic rate (RMR) was measured using a
ventilated hood system between 0600 — 1000 hours following an overnight fast. Participants
lay in the supine position for 20 — 30 minutes to acclimate to the room temperature and
testing procedures; the hood was placed over the participant’s head for 30 minutes. Expired
air was measured every minute for carbon dioxide and oxygen concentration using a carbon
dioxide analyzer (URAS4, Hartmann & Braun, Frankfurt, Germany) and a paramagnetic
oxygen analyzer (Magnos 4G, Hartmann & Braun). The values for minutes in which steady
state was achieved were averaged to calculate RMR (kcal/day), determined using the Weir
equation [41], and RQ.

2.4.2. Physical Activity Expenditure—To assess the energy cost of all physical activity
energy expenditure (kcal) above resting, participants wore a tri-axial activity monitor (AM)
(RT3 accelerometer, Stayhealthy, Monrovia, CA) 24 hours/day for a 7-day period. The AM,
which was worn on the left hip, was not worn during showering/bathing. Participants
recorded AM logs which identified all the activities and periods of time when the monitor
was not worn (i.e., sleeping and showering). No participants engaged in regular exercise at
baseline and therefore, did not accumulate energy expenditure from exercise. Thus, to
determine total 24-hour energy expenditure (kcal/24hr) at baseline, RMR and the average
daily energy expenditure from AM were summed.

2.4.3. Determination of Baseline Energy Needs—Caloric intake required to maintain
weight for each participant (baseline energy needs) was determined based on the calculation
of 24-hour energy expenditure described above. During the baseline period, GCRC
metabolic kitchen staff prepared and provided study participants with a prescribed diet for a
7-day calibration period. During this period, participants were weighed daily and + 100 kcal
adjustments were made if a participant’s body weight fluctuated by more than + 1 kg. The 7-
day diet, which was comprised of 55% carbohydrates, 30% fat, and 15% protein, provided
the total amount of calories each participant required to maintain her baseline weight (1800
+ 64 kcal).

2.4.4. Dietary Intake and Exercise Training During the Intervention—After the
baseline calibration period, participants were provided fewer calories and began exercise
training supervised by research staff. The diet was comprised of 55% carbohydrate, 30% fat,
and 15% protein [25]. All study meals were prepared and provided by registered dieticians
in the GCRC metabolic kitchen. Participants were instructed to eat all of the food and only
the food provided to them. Any food that was not eaten was re-weighed and the calorie
amount was recorded for later subtraction from the prescribed intake total. Food eaten, but
not prescribed by the study was highly discouraged. Any food consumed outside of that
which the study prescribed was recorded on a log sheet. Calories and macronutrient content
were calculated using Nutritionist Pro (First Data Bank, Indianapolis, IN).
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Participants performed aerobic exercise five times per week at 70 — 80% of maximum heart
rate as determined from tests of maximal aerobic capacity. The total amount of calories
expended during each exercise session was measured using the OwnCal feature on the Polar
S610 heart rate monitor (Polar Electro Oy, Kempele, Finland).

Daily and weekly averages of 24-hour energy intake were closely monitored throughout the
study to ensure participant compliance. As well, body weight and 24-hour energy
expenditure were repeatedly measured during the intervention. Minor adjustments were
made in caloric intake and exercise energy expenditure to meet the prescribed energy deficit.
The energy deficit created through diet and exercise averaged — 29.9 + 9.6% less than
baseline energy needs.

2.5. Twenty-four-hour Repeated Blood Sampling

All participants underwent the 24-hour assessment in the follicular phase (days 2 — 7) at
least one week after the baseline calibration period and subsequent to the 3-month diet and
exercise intervention. Participants were instructed to abstain from exercise or caffeine
ingestion 24 hours prior to the testing day and to fast as of 2000 hours the night prior.
Participants arrived at the GCRC at 0730 hours on the day of testing. For the 24-hour blood
draw, they remained in a supine position with their upper body slightly elevated and an
intravenous catheter was inserted in a forearm vein. Blood samples were obtained every 10
minutes for 24 hours (total = 144 samples). A total of 488 mL (33 tablespoons) of blood was
drawn over the 24-hour period. Each sample was allowed to clot at room temperature and
subsequently spun in a centrifuge for 15 minutes at 2500 rpm. Serum aliquots were
transferred to storage tubes and stored in a — 80° Celsius freezer until analysis.

All meals during the 24-hour blood sampling protocol were prepared in the GCRC
metabolic kitchen. Food items were measured to the nearest gram to achieve the prescribed
calorie level. The diet was comprised of 55% carbohydrates, 30% fat, and 15% protein and
consisted of three meals and a snack prepared at 0900 hours (breakfast), 1200 hours (lunch),
1800 hours (dinner) and 2100 hours (snack). Dinner consisted of 504 + 0.4 kcal and the
remainder of kcal provided was distributed between breakfast (412 + 28 kcal), lunch (472 +
24 kcal) and the snack (64 + 3 kcal). Participants knew when meals were to be served and
were required to eat all/only the food provided. To account for reductions in energy
expenditure due to inactivity associated with bed rest, the caloric prescription for the 24-
hour blood sampling period provided participants with 85% of their calculated baseline
energy needs. All meals provided at the baseline and post 24-hour repeated blood sampling
analyses were identical and reflective of what participants typically consumed. Meals
consisted of foods like English muffins, orange juice, turkey lunchmeat sandwiches, grapes,
and pork stir-fry.

2.6. Total Ghrelin

Total ghrelin was measured in duplicate in each serum sample from the 24-hour repeated
blood draws. Specifically, total ghrelin was measured hourly from 0800 to 1000 hours,
every 20 minutes from 1000 to 2000 hours, and hourly from 2000 to 0800 hours using a
radioimmunoassay kit (Millipore, Billerica, MA). Assay sensitivity was 100 pg/mL. The
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intra- and inter-assay coefficients of variation for the high control were 2.7% and 16.7%,
respectively; the intra- and inter-assay coefficients of variation for the low control were
1.2% and 14.7%, respectively. All samples from a given participant were analyzed within
the same assay.

2.7. Total PYY

Total PYYY was measured in duplicate in each serum sample from the 24-hour repeated
blood draw. Specifically, total PY'Y was measured hourly from 0800 to 1000 hours, every
20 minutes from 1000 to 2000 hours, and hourly from 2000 to 0800 hours using a
radioimmunoassay (Millipore, Billerica, MA). The sensitivity of the assay was 10 pg/ml and
the intra- and inter-assay coefficients of variation were 2.9 and 7.1%, respectively. All
samples from a given participant were analyzed within the same assay.

2.8. Fasting Blood Draw

2.9. Leptin

Fasting morning blood samples were collected during the early follicular phase (menstrual
cycle days 1-7) of the baseline and at post between 0700 and 1000 hours at the GCRC after
participants lay supine for at least 15 minutes. Participants abstained from exercise for at
least 12 hours before blood sampling. Each sample was allowed to clot at room temperature
for 1 hour and subsequently spun in a centrifuge for 15 minutes at 2500 rpm. Serum aliquots
were transferred to storage tubes and stored in a — 80° Celsius freezer until analysis.

For descriptive purposes, leptin was measured in duplicate in fasting serum samples from
each participant at baseline and at post using a radioimmunoassay kit for total leptin (Linco
Research, St. Charles, MI). The interassay and intraassay coefficients of variation for the
high controls were 3.6% and 3.4 %, respectively; the interassay and intraassay coefficients
of variation for the low control were 6.2% and 8.3%, respectively. The sensitivity of this
assay was 0.5 ng/ml. All samples from a given subject were analyzed in duplicate, and in the
same assay.

2.10. Data Analysis

2.10.1. Ghrelin and PYY Analysis—Fasting ghrelin concentrations represented the
smallest of the ghrelin concentrations measured between the hours of 0400 and 0700 hours
to avoid any influence of meals or meal timing. Fasting PYY concentrations were denoted as
the smallest PY'Y concentration observed between the first morning blood draw (typically
0800 hours) and 0900 hours just prior to the breakfast meal administration. The 24-hour
means for both ghrelin and PY'Y were calculated as the average of the 44 concentrations
(pg/ml) measured during the 24-hour analysis. Area under the curve (AUC) was calculated
using the trapezoidal rule. Meal peaks were defined as the largest concentration (pg/ml) that
were measured prior (ghrelin) or subsequent to (PYY) meal administration. Meal nadirs
were defined as the smallest concentration (pg/ml) that were measured prior (PYY) or
subsequent to (ghrelin) meal administration.

To determine when changes occurred in the association between ghrelin and PY'Y across 24-
hours and from baseline to post in response to the intervention, we used the ghrelin-to-PYY
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ratio (ghrelin/PYY) at each time point (44 points per participant) as an index of the relative
exposure of the body to each peptide. We reasoned that if, for example, the ratio increases
across the day, or over time with an intervention, it could be interpreted in a number of
ways: 1) increases in the ghrelin concentration occurred simultaneously with increases in the
PYY concentration that were of a lesser magnitude than the increases observed in ghrelin, 2)
increases in the ghrelin concentration occurred simultaneously with decreases in the PYY
concentration, 3) for a given PY'Y concentration, the ghrelin concentration was increasing,
or 4) for a given ghrelin concentration, the PY'Y concentration was decreasing.
Corresponding, but opposite explanations could be used for decreases in the ratio. Increases
in the ghrelin/PY'Y ratio may thus suggest that the influence of ghrelin on physiological
processes may be greater than that of PY'Y and the opposite may hold if the ratio were to
decrease.

We also sought to demonstrate at which specific events (i.e., meal related or nocturnal
events) the exposure to ghrelin and PY'Y changed. To accomplish this, we calculated the
mean of the 44, 24-hour ghrelin/PYY ratios (24-hour Ghrelin/PYY ratio) as well as the
mean ghrelin/PYY ratio for all meals (breakfast, lunch and dinner) and the nocturnal event
for each of the thirteen participants at baseline and at post. The mean of each meal or
nocturnal event ghrelin/PYYY ratio was calculated by averaging the ratios corresponding to
the time the meal was served or lights out (nocturnal event) to the time point prior to the
time that marked the start of the next event. For example, the breakfast mean ghrelin/PYY
ratio was calculated by averaging the ratios corresponding to the start time of 0800 hours to
an end time of 1140 hours (prior to the lunch meal). The lunch mean ghrelin/PYY ratio was
calculated by averaging the ratios corresponding to a start time of 1200 hours to an end time
of 1740 hours (prior to the dinner meal). The dinner mean ghrelin/PYY ratio was calculated
by averaging the ratios corresponding to a start time of 1800 hours to an end time of 2200
hours (prior to lights out). Ratios corresponding to the snack were included within the dinner
mean ghrelin/PYY ratio calculation because there was no statistically significant increase or
decrease in the concentrations of PY'Y or ghrelin, respectively, in response to the snack meal
from 2100 hours to 2300 hours (p > 0.05). Lastly, the nocturnal mean ghrelin/PY ratio was
calculated by averaging the ratios corresponding to a start time of 2300 hours (lights out) to
an end time of 0800 hours (the last data point collected the following morning).

2.11. Statistical Analysis

Preliminary analyses were used to identify outliers, missing data and other data problems.
Only extreme data points were considered for exclusion. Casewise diagnostics were run
using simple linear regression pairwise residual analysis on the 44 time points of the 24-hour
profiles of ghrelin and PY'Y. Outliers that were detected encompassed both ghrelin and PYY
concentrations at the denoted time point and were removed from further analysis. Eight
(four baseline and four post) of the 572 values (13 participants with 44 values) met the
criterion used to identify an outlying value and were excluded from statistical analyses.
Paired t-tests were used to determine if statistically significant mean differences were
observed from baseline to post with respect to individual ghrelin and PYY parameters (i.e.,
AUC, 24-hour means, pre- and postprandial peaks, etc.) as well as the mean 24-hour, meal-
related and nocturnal ghrelin/PYY ratios.
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A linear mixed effects (random coefficients) model was fitted to participants’ responses to
determine if PY'Y concentrations were linearly related with ghrelin concentrations over the
24-hour period at baseline and at post. Ghrelin was considered the dependent variable and
was regressed on the independent variable, PYY, which was entered into the model as both a
fixed and random effect. Time was entered at a repeated measure. The baseline value was
treated as the first measurement. The random coefficients model allows regression
coefficients to vary across individuals. Consequently, each participant can have her own
regression model. Additionally, estimation of the regression coefficients is relatively
straightforward even when there are missing outcome values [6]. For all models, a
regression coefficient was considered to be statistically different from 0 if the p-value of the
corresponding test statistic was < 0.05. Data are reported as mean + SEM. All analyses were
performed using SPSS software (Version 18.0; Chicago, IL).

3. Results

3.1. Participants

Participants’ demographic characteristics at baseline are presented in Table 1. The thirteen
participants were non-exercising (< 1 hour purposeful exercise/week), normal weight
women ranging in age from 18 to 24 years. Participants had remained weight stable (+ 2.3
kg) within the six months prior to entry into the study. Average VO,max at baseline was 37.8
+ 1.4 ml/kg/min. This value is between the 501" and 55t percentile for women ages 20 — 29
(ACSM Guidelines 8™ Ed.) and likely consistent with a moderately active lifestyle. Ten
(77%) participants were Caucasian, two (15%) were African-American, and one was
Hispanic (8%).

3.2. Effect of the Intervention on Body Composition, Leptin and Aerobic Fithess

Table 1 also displays the change from baseline to post in body composition, leptin and
aerobic fitness. There was a statistically significant decrease in body weight (- 1.85 £ 0.67
kg), BMI (- 0.69 + 0.24 kg/m?2) and body fat (- 2.53 + 0.83%) from baseline to post.
However, the change in fat free mass was not statistically significant (0.02 + 0.46 kg). As
well, there was a statistically significant decrease in leptin from baseline to post (- 2.5+ 1.8
ng/ml) and there was a statistically significant increase in the participants’ aerobic fitness as
measure by VOymax (6.98 £ 1.63 ml/kg/min) from baseline to post.

3.3. Ghrelin

Figure 1A depicts the 24-hour profile of circulating total ghrelin at baseline and post. There
was a statistically significant increase in the circulating concentrations of ghrelin during the
study period. Table 2 demonstrates the change from baseline to post in several ways that are
often used to describe the concentrations of ghrelin in the body. Significant increases
occurred from baseline to post in fasting ghrelin, total AUC, 24-hour mean ghrelin and the
lunch, dinner and nocturnal peaks of ghrelin. The change from baseline to post in the ghrelin
preprandial breakfast peak or the ghrelin postprandial breakfast, lunch and dinner nadirs was
not statistically significant.
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Figure 1B depicts the 24-hour profile of circulating total PY'Y at baseline and post. The
change in circulating total PY'Y from baseline to post was not statistically significant. Table
2 demonstrates the change from baseline to post in several ways that are often used to
describe the concentrations of PY'Y in the body. No statistically significant change was
observed in fasting PYY, total AUC, 24-hour mean PYYY, the preprandial breakfast lunch,
dinner and nocturnal PY'Y nadirs or the breakfast lunch, and dinner postprandial PYY peaks.

3.5. The Association between Ghrelin and PYY

Figure 2 depicts the 24-hour profiles of total ghrelin and total PY'Y at baseline (A) and post
(B). We have previously reported the association at baseline between the 24-hour profiles of
total circulating ghrelin and total circulating PY'YY [19]. The results of the linear mixed
effects model demonstrated that total circulating PY'Y was a statistically significant
predictor of total circulating ghrelin over 24 hours at baseline during a period of energy
balance and weight stability (Ghrelin (pg/ml) = 1860.51 — 2.14*PYY; p = 0.04). Subsequent
to the 3-month diet and exercise intervention that elicited a significant decrease in body
weight of — 1.85 + 0.7 kg, the reciprocal association between PYY and ghrelin was no
longer detected (Ghrelin (pg/ml) = 1811.3 + 1.8*PYY; p = 0.14).

As stated, we used the ratio of ghrelin to PYY across a 24-hour period at baseline and at post
as an index of hormonal exposure. Figure 2C displays the ghrelin/PYYY ratios at each time
point in the 24-hour period at baseline and at post. Predominance in circulating
concentrations of ghrelin over PYY is exhibited by an increase in the ghrelin/PYY ratios at
post. A statistically significant increase in the lunch mean ghrelin/PYYY ratio was found.
There were trends toward statistically significant increases in the mean dinner, nocturnal
event and 24-hour ghrelin/PYYY ratios from baseline to post (Table 3).

4. Discussion

To our knowledge, this is the first report of changes in the 24-hour profile of circulating
concentrations of PY'Y in response to modest diet- and exercise-induced weight loss in
normal-weight, premenopausal women. As expected, the 24-hour profile of circulating
ghrelin increased in response to diet- and exercise-induced weight loss. However, contrary
to our hypothesis, no statistically significant change from baseline to post was observed in
any descriptive parameter of the 24-hour profile of circulating PY'Y. This is also the first
account of changes in the association between ghrelin and PY'Y over 24 hours subsequent to
diet- and exercise-induced weight loss in humans. Our findings demonstrate that the
reciprocal association between PY'Y and ghrelin, observed during a period of weight
stability, was weakened subsequent to diet- and exercise-induced weight loss. The
ghrelin/PYY ratio analyses revealed that the loss of the association between ghrelin and
PYY across the day occurred mostly at lunch. This change suggests that after modest weight
loss, the lunch time might be a time of day where the physiological drive to eat may
predominate relative to other times of the day, but more research is needed to support this
notion.
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Though studies have reported that PY'Y may inversely correlates with body weight, i.e. PYY
concentrations are suppressed in obese individuals [23] and elevated in anorexia nervosa
[28], findings with regard to how PYYY in the circulation changes in response to body weight
loss are not consistent, highlighting the complexity of factors modulating PY'Y secretion.
Several studies have reported varying results of fasting or changes in single meal-related
responses in postprandial PY'Y subsequent to weight loss [16, 21, 33, 38]. In the current
study, we demonstrated that no change occurred in the entire 24-hour profile of total
circulating PYYY in response to diet- and exercise-induced weight loss in previously
untrained normal weight, premenopausal women. Several conclusions might be drawn due
to varying results with regard to how circulating PY'Y may change in response to changes in
body weight. Circulating PY'Y may simply not respond to changes in body weight
comparable to what is observed with ghrelin where weight loss elicits increases in
circulating ghrelin [24]. Moreover, secretion of PYY may be less sensitive than ghrelin to
changes in body weight. Specifically, greater changes in body weight may be required to
elicit alterations in the circulating concentration of PYY. The average decrease in body
weight observed here, in normal weight women where no change in PY'YY was observed, was
small (i.e., 1.8 £ 0.7 kg body weight). Scheid et al. [33] demonstrated no change in fasting
PYY in response to 3.2 + 0.8 kg weight loss in normal weight, premenopausal women.
However, Sumithran et al. [38] observed a 13.5 + 0.5 kg decrease in body weight
concomitant with highly significant decreases in fasting and postprandial PY'Y that persisted
through an entire year even during a period of weight re-gain. Consequently, it may be that
there exists a threshold with respect to a loss of body weight, above which significant
decreases in PYY are observed. Alternatively, PYY may increase with favorable changes in
body composition with no concomitant change in body weight. Jones et al. [21]
demonstrated that circulating PY'Y increased in response to a 12 week exercise intervention
that lead to significant fat, but not body weight, loss. However, this study was performed in
children and thus results may not translate to an adult population. Future studies may focus
on whether a dose-response relationship exists between changes in body weight and changes
in the profile of circulating PY'Y to determine whether an association exists between chronic
body weight regulation and PY'Y. Moreover, studies are necessary to elucidate the
mechanisms underlying the impact of changes in energy balance on PYY.

There are few studies similar to the present study that have examined the association
between ghrelin and PYY in the peripheral circulation [3, 10]. Batterham et al. [3]
demonstrated that fasting concentrations of ghrelin decreased significantly and that the pre-
prandial rise in ghrelin was suppressed two hours subsequent to infusion of PYY in obese
and lean men and women. Although, it is noteworthy that these infusions resulted in
physiologically relevant doses of the PY'Y, infusions were only performed for 90 minutes
and measured responses in ghrelin to a single meal. The current study provides an extension
of prior studies by furthering the knowledge of the association between ghrelin and PYY
over an entire 24-hour period and taking into account fluctuations in the circulating
concentrations of these hormones during three meals, a snack and the nocturnal period. We
have previously demonstrated that PYY and ghrelin, both of which play a role in acute and
chronic energy balance, may be involved in the modulation of one another in a feedback
mechanistic manner in the peripheral circulation over an entire 24-hour period [19]. Our

Peptides. Author manuscript; available in PMC 2014 November 03.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Hill et al.

Page 12

present findings demonstrate that the inverse association between PY'Y and ghrelin was
weakened by a 3-month period of diet- and exercise-induced weight loss when circulating
concentrations of ghrelin increased and no change was observed in circulating PYY. It is
notable that increases in ghrelin were observed despite administration of exactly the same
calorie and macronutrient content of meals during the 24-hour analyses. Increases in
circulating ghrelin with no concomitant change in PY'Y may be a physiological adaptation to
weight loss and may be promoting weight regain; however, the mechanism by which ghrelin
increases in response to weight loss is currently unknown.

Weakening of the association between ghrelin and PYY may be a result of a counter-
regulatory mechanism responding to a decrease in body weight by uncoupling the
association between ghrelin and PY'Y and allowing for increases in ghrelin to occur to signal
to the body to regain weight. Moreover, there may be events in the profiles of circulating
ghrelin and PY'Y during which other factors that modulate ghrelin and/or PYY have
influenced their appearance in the circulation and resulted in the uncoupling observed
herein. To that end, our data demonstrated that a significant predominance of ghrelin
exposure occurred at lunch, i.e., significant increases in lunch mean ghrelin/PYY ratio, from
baseline to post. Increases observed in ghrelin across the day may predominate and
overcome the potential negative feedback of PYY on ghrelin. Consequently, ghrelin
predominance may stimulate an increase in energy intake on that day or during subsequent
days, ultimately resulting in the potential for weight regain.

Additionally, there was an unexpected increase in PY'Y between 1600 and 1800 hours in the
post profile of circulating PY'Y. These hours correspond to the time between the lunch and
dinner meals when no meal has been served. Although, the event or events that cause this
rise are not known, it is possible that other factors that may be involved in the modulation of
PYY such as vagal nerve stimulation where increases in circulating concentrations of PYY
are observed within the first fifteen minutes of food consumption and prior to nutrients
reaching the region of the gut from which PYY is secreted [37]. The observed increase in
PYY did not occur with any corresponding decrease in ghrelin. Thus, an uncoupling in
response to weight loss may allow for other factors to modulate changes in the circulating
profiles of PYY and ghrelin.

Strengths of this study are several-fold. First, a calibration period was incorporated at least
one week prior to the 24-hour blood sampling when participants were provided a eucaloric
diet to maintain weight stability. Consequently, participants were in a state of energy
balance during the testing periods of the 24-hour analyses which also provided a stable
comparison for the post analyses when individuals had lost weight. Participants were
provided the same dietary intake on 24-hour blood sampling days so that caloric as well as
macronutrient intake remained consistent between baseline and post. As a result, the
changes in circulating hormone concentrations can be attributed to the change in energy
balance and body weight as opposed to differing amounts of calories or volume of food.
Lastly, the measurement of circulating hormones for a 24-hour period allowed us to account
for changes in response to all three meals as well as any non-food related events that may
have occurred in the profiles of these hormones. For example, the nocturnal event of ghrelin
may respond to changes in sleep patterns [35, 36] and plays a role in the regulation of other
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hormones like cortisol and growth hormone [40]. Additionally, ghrelin is secreted from the
stomach [13] whereas PY'Y is mainly secreted from L cells in the ileum [1]. As exhibited in
animal models, ghrelin [22] and PY'Y [29] are able to cross the blood brain barrier and have
been shown to activate receptors on vagal afferent neurons to modulate the regulation of
energy balance in the hypothalamus from the periphery [2, 14, 43]. As well, ghrelin and
PYY receptors are expressed on a number of tissues in the periphery including the adrenal
gland [15], adipose tissue [8] and several others. Therefore, focusing on hypothalamic
regulation of ghrelin and PY'Y may limit the study of what these hormones may modulate,
including each other, within the periphery. Measurement of peripheral signals may be a
superior indication of total body regulation of the endocrine control of energy balance.

One limitation of this study is that the thirteen subjects included in this study were originally
randomized to different experimental groups and thus, experienced varying prescriptions to
change dietary intake calories and or exercise caloric expenditure. However, a statistical
analysis was performed to determine if hormonal outcomes from the study differed
depending on the original group to which these subjects were assigned and no differences in
weight loss and hormonal responses were found. Due to the varied prescriptions for diet and
exercise, further studies are required to address whether the observed changes in ghrelin and
PYY, and their relation to each other, are attributable to diet alone, exercise alone, or the
combination of diet and exercise. Another limitation is that we measured total PY'Y and
ghrelin and not the more biologically active forms, PYY3_35 [18] and acylated ghrelin [20].
However, it may be advantageous to capture both forms as studies have demonstrated that
PYY .35 as well as PYY3_3g inhibit energy intake and suppress subjective ratings of hunger
[9, 34] whereas acylated ghrelin and des-acyl ghrelin stimulate energy intake [17, 39].

4.1. Conclusions

In conclusion, 24-hour circulating concentrations of PY'Y may not respond to small, but
significant decreases in body weight that elicited significant increases in circulating ghrelin.
Increases in circulating concentrations of ghrelin in response to diet- and exercise-induced
weight loss and a weakened association between PY'Y and ghrelin over 24-hours,
particularly at lunch, may be creating a hormonal milieu that promotes weight regain.
However, there may be other endocrine factors that may be contributing to the loss of this
association all of which may culminate to a signal to regain weight that has been previously
lost. As such, it may be relevant to further explore the increased ratio of orexigenic to
anorexigenic peptides that may be promoting weight gain subsequent to a period of weight
loss.
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Figure 1.
A. 24-hour profiles of total circulating ghrelin (pg/ml) at baseline and post. B. 24-hour

Profiles of total circulating PYY (pg/ml) at baseline and post. Data are reported as mean +
SEM.
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Figure 2.
A. Baseline 24-hour profiles of total PY'Y (pg/ml) and total ghrelin (pg/ml) illustrating the

results of the linear mixed effects modeling: Ghrelin (pg/ml) =1860.51 — 2.14*PYY; p =
0.04. Adapted from Hill et al. 2012 with permission. B. Post 24-hour profiles of total PYY
(pg/ml) and total ghrelin (pg/ml) illustrating the results of linear mixed effects modeling:
Ghrelin (pg/ml) = 1811.3 + 1.8*PYY; p = 0.14. C. 24-hour profile of the Ghrelin/PYY ratio
at baseline and post (note: solid lines above the profiles denote the concentrations included
in the calculation of the ghrelin/PYYY ratio meal or nocturnal mean). Data are reported as
mean + SEM; *p < 0.05
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Table 3

Ghrelin/PYY ratio parameters at baseline and post

Ghrelin/PYY
Variable

Baseline

(Mean + SEM)

Post
(Mean + SEM)  p-value

24-hour Ratio
Breakfast Ratio
Lunch Ratio
Dinner Ratio

Nocturnal Ratio

222+22
23.3+29

20.1+138
220+24
26.4+2.7

255+ 17
23.2+22

241+1.6
255+1.6
31.0+21

0.05
0.96

0.01%
0.07
0.08

*
p<0.05
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