1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duasnue Joyiny vd-HIN

s NIH Public Access
Y,

Author Manuscript

Published in final edited form as:
Obesity (Slver Spring). 2010 May ; 18(5): 918-925. doi:10.1038/0by.2009.499.

Obese Adolescents Show Impaired Meal Responses of the
Appetite-Regulating Hormones Ghrelin and PYY

Steven D. Mittelman, Katie Klier, Sharon Braun, Colleen Azen, Mitchell E. Geffner, and
Thomas A. Buchanan

Division of Endocrinology, Diabetes & Metabolism, Childrens Hospital Los Angeles (SDM, KK, SB,
MEG), Saban Research Institute (SDM, MEG), Department of Pediatrics, Keck School of Medicine,
University of Southern California (SDM, MEG), Department of Physiology & Biophysics, Keck
School of Medicine, University of Southern California (SDM, TAB), General Clinical Research
Center, University of Southern California (CA, TAB), and Division of Endocrinology and Diabetes,
Keck School of Medicine, University of Southern California (TAB)

Abstract

Ghrelin and peptide YY (PYY) stimulate hunger and satiety, respectively. The physiology of these
hormones during normal meal intake remains unclear. The present study was designed to compare
the responses of these two hormones to meal intake between lean and obese Hispanic adolescents.
Ten obese and seven lean Hispanic youth, aged 11-14 yr, consumed two mixed meals, one small
and one large, during which plasma measurements of active and total ghrelin and total PY'Y were
obtained. Obese subjects tended to consume more calories during the small meal than lean subjects,
although this did not reach statistical significance. Intake of the small meal significantly suppressed
active ghrelin and stimulated PY'Y levels in the lean subjects, and these changes were further
accentuated by the large meals. In obese subjects, the suppression of active ghrelin and stimulation
of PYY by caloric intake were blunted. Interestingly, a paradoxical stimulation of active ghrelin
levels was noted during the small meals in both lean and obese subjects. This stimulation was not
seen during the larger meals in lean subjects, but remained present in the obese subjects. Thus, meal-
related changes in active ghrelin and PY'Y are blunted in obese as compared to lean Hispanic subjects.
This blunting could contribute to the development or worsening of obesity.
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Introduction

Obesity is associated with alterations in levels of some appetite-regulating hormones, such as
ghrelin and peptide YY (PYY), and apparent resistance to others, such as leptin and insulin
(1). However, the precise roles of these hormones in energy balance remain unclear.

Ghrelin is secreted by endocrine cells in the gastrointestinal tract, primarily the fundus of the
stomach (2,3), and stimulates hunger by activating NPY/AgRP neurons in the arcuate nucleus
of the hypothalamus (4). It circulates in both acylated (active) and de-acylated forms; the former
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appears to be responsible for signaling hunger (5). Both active and total ghrelin levels increase
during fasting and are suppressed by intake of calories (6), particularly carbohydrates (7,8).
However, obese animals, including humans, have lower fasting levels of total and active ghrelin
than do their lean counterparts (9). Additionally, the sensitivity of both forms of ghrelin to
suppression by caloric intake appears to be blunted in obese adults (10,11). There are
conflicting data as to whether ghrelin is suppressed by meal intake in children (12-16).

PYY is secreted by neuroendocrine L-cells in the ileum, colon, and rectum, and appears to
signal satiety by suppressing NPY neurons in the arcuate nucleus (17,18). PY'Y increases with
caloric intake, particularly fat (19,20). Obese adults have lower fasting levels of PYY, and also
demonstrate a blunted response to caloric intake (21,22) compared to lean adults. Obese
children also have low fasting PY'Y, which is at least partially corrected by weight loss (23).

Elucidating the roles of these two hormones in the development of obesity in humans is
difficult. Most studies have been performed in adults, who likely have been obese for many
years, and, thus, alterations in these hormones may not be directly relevant to the developing
obese state. In addition, most studies measure the total rather than active (acylated) form of
ghrelin. Since the active form accounts for only ~10% of circulating levels and the ratio of
active to total ghrelin changes after calorie consumption (24), the relevance of post-prandial
total ghrelin levels is questionable. Finally, human studies have used either a meal of fixed
caloric size or an ad libitum meal, and, therefore, a dose response to caloric intake cannot be
derived.

The present study was designed to examine ghrelin and PY'Y responses to small and large
meals in lean and obese individuals. Our primary hypotheses were that obese adolescents would
have less suppression of ghrelin and less stimulation of PYYY in response to meal intake
compared to their lean counterparts. Adolescents were studied in order to investigate the roles
of these hormones in a state of obesity that may still be developing, and has not been chronically
present (i.e. not for decades). Studies were performed in Hispanic Americans, a group at
increased risk of obesity. Cafeteria meals of fixed nutrient composition were used to more
closely simulate free-living meals. Two different meal sizes were used, so that the changes in
hormones as a function of caloric intake could be observed. Finally, both active and total ghrelin
were measured, so that differential changes in these two isoforms could be evaluated.

Methods and Procedures

Subjects

Ten obese (BMI >95! percentile for age and gender) and seven control (BMI between 25
and 85! percentiles) Hispanic adolescents were recruited from the Childrens Hospital Los
Angeles (CHLA) Endocrinology Clinic and Emergency Department. We chose to study
Hispanic youth, as obesity and diabetes is prominent in this population, and it is not known
whether appetite hormones may respond differently in different ethnicities and races. Ethnicity
was based on self-report. Subjects were in pubertal Tanner stage Il, I11, or 1V, as documented
by a pediatric endocrinologist. Control subjects were excluded if they had acanthosis nigricans
or a first-degree relative with type 2 diabetes. Subjects were excluded from either group if they
had a random serum glucose >126 mg/dL, significant illness, or were taking medications. All
subjects provided informed assent and their parent/guardian provided informed consent for
their participation in the study. All research activities were approved by the CHLA Committee
on Clinical Investigations (Institutional Review Board).
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Experimental Design

Subjects’ heights were measured on a stadiometer accurate to 0.1 cm and the average of three
readings was used. Weight was recorded while subjects wore light clothing. Waist and hip
circumference were measured by a trained observer using a measuring tape. Body fat
percentage was measured via bioelectric impedance using a BIA 310e (Biodynamics, Seattle,
WA) with subjects lying supine. Subjects then chose their meal for the future meal tolerance
tests (MTTs) from a list of four choices: chicken salad sandwich, tuna salad sandwich,
hamburger, or grilled ham and cheese sandwich. All meals included milk and fruit cocktail,
and were designed to provide 50% of calories from carbohydrate, 30% from fat (10% saturated/
20% unsaturated), and 20% from protein.

Subjects participated in a small and a large MTT in random order. Meal tests occurred on
different days no less than 1 week and no more than 1 month apart, and started between 0800
and 0900. The small meal was designed to provide 25% of US Recommended Daily Allowance
(RDA) of caloric intake adjusted for height, but not weight [daily caloric intake = 15.9 kcal/
cm for boys and 14.0 kcal/cm for girls, (25)]. The large meal consisted of the same meal choice,
but subjects were presented with 62.5% of the US RDA caloric intake. Subjects were instructed
to refrain from consuming any foods or liquids after midnight the night before each MTT, with
the exception of sips of water in the morning. An intravenous (V) catheter was placed and
0.45% normal saline run at 5 cc/hr to keep the line patent throughout the experiment. Blood
samples were drawn through the 1V starting at least 30 min after placement, at t = -30, -1, 15,
30, 45, 60, 90, and 120 min relative to the introduction of the meal. Subjects were presented
with the meal at t = 0, and instructed to eat to satiation. Remaining food was removed at t =
30 min and weighed by a registered dietitian who calculated the amounts consumed. Blood
samples were drawn into chilled EDTA Vacutainers (BD, Franklin Lakes NJ). Tubes for total
and active ghrelin contained 500 units of aprotinin per mL of blood (Celliance, Toronto
Ontario, Canada). Tubes for PYY, insulin, and glucose contained 25 units aprotinin per mL
blood (1 pg/mL blood). Samples were maintained on ice, centrifuged, and plasma transferred
to —80° C within 30 min of collection. Plasma for ghrelin measurements was acidified with
100 pL 1N HCI per mL of plasma to inhibit degradation (26).

Measurements

Glucose was measured on a Y'SI 3000 (Yellow Springs Instruments, Yellow Springs, OH) and
insulin was measured using a radioimmunoassay from Linco, both performed in the USC
GCRC Laboratory. Total ghrelin, active ghrelin, and total PYY were measured using RIA kits
from Linco Research (now owned by Millipore, Billerica MA).

Calculations

Basal hormone levels were defined as the average of the t = —30 and t = —1 min samples.
Steady-state levels were defined as the average of the t = 90 and t = 120 min samples. Percent
suppression and stimulation was calculated from basal and steady-state values. HOMA|R, a
measure of insulin resistance, is defined as (fasting glucose in mM x fasting insulin in pU/
mL)/22.5 (27). All results are reported as mean + standard error. Anthropomorphic measures
and hormone levels (fasting, steady-state, and deltas) were compared between lean and obese
groups using t-tests for normally distributed variables and the Wilcoxon non-parametric test
for non-normally distributed variables. Univariate correlations were performed between the
changes in appetite hormones and BMI z-score, glucose AUC, insulin AUC, and incremental
glucose and insulin AUC, and Pearson correlation coefficients are reported. A mixed model
analysis was used to relate the appetite hormone levels to both body type (lean vs. obese), meal
stimulus (fasting, small, large), and the interaction between body type and meal type, assuming
either compound symmetry (i.e., a constant correlation between successive within-subject
measurements), an unstructured or an auto-regressive covariance pattern, whichever was
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optimal for each dependent variable. A random effects mixed model was used to derive and
compare slopes of ghrelin and PY'Y versus calories consumed. Statistical tests were 2-sided
and a p-value <0.05 was considered statistically significant. Subjects who completed only one
meal test were included in analyses as permitted by specific statistical methods. Statistical
analyses were performed using SAS (version 9) under the UNIX operating system.

Characteristics of the 7 obese and 10 lean subjects are presented in Table 1. There were
relatively more males in the obese group compared to the lean group, while the Tanner stage
tended to be higher on average in the lean group, but these were not significantly different.
Obese subjects had higher body fat percentage, fasting insulin and glucose levels, and
HOMAg.

Two of the obese subjects completed only one of the two meals (one small and the other large).
Due to assay problems, active ghrelin measurements were not obtained for one lean and two
obese subjects. All subjects consumed more calories during the large meal than the small meal
(Table 2, p<0.0001), and there were no significant differences in caloric intake between lean
and obese subjects (small meal p=0.13, large meal p=0.54).

Glucose & Insulin

Ghrelin

As expected, obese individuals had higher fasting and post-prandial glucose and insulin levels
(Figure 1, Table 3). One obese subject had impaired fasting glucose on the day of one meal
test (108 mg/dL), but not the other (98 mg/dL); this subject’s appetite hormone levels did not
differ from the rest of the group. Post-prandial glucose levels in the lean subjects returned to
within 4 mg/dL of baseline by 90 minutes after the start of the meal. Glucose levels in the obese
subjects still remained on average more than 10 mg/dL higher than their baseline at 120
minutes.

Fasting total ghrelin levels were similar between the lean and obese groups at the start of the
small and large meals (p=0.92, repeated measure ANOVA including levels from both meals,
Table 3). Total ghrelin levels did not decrease during or after the small meal, but did decline
after the large meal (p<0.005 vs. basal for each group, Figure 2 and Table 3). Mixed model
analysis showed a significant effect of meal type on total ghrelin level (i.e. total ghrelin was
suppressed more by a large meal, p<0.0001), but no effect of body type (p=0.97) or interaction
between body type and meal type (p=0.80).

Fasting levels of active ghrelin (Figure 2 and Table 3) tended to be lower in the obese than in
the lean subjects (p=0.05, including measures from both meals), and were slowly rising prior
to meal initiation. This rise continued or was accentuated slightly during the first 30 minutes
of the MTTs. Thereafter, active ghrelin fell in all groups. In the lean subjects, active ghrelin
levels in the steady-state period were suppressed well below their fasting levels by the small
meal (p=0.019) and further suppressed by the large meal (p=0.017). In contrast, active ghrelin
levels were modestly suppressed below fasting levels by the small meal in the obese subjects
(p=0.034) but not by the large meal (p=0.19). The change in active ghrelin levels (steady state
minus basal) after the large meal was correlated with BMI z-score (r = 0.67, p=0.013, Figure
S1), but not after the small meal (r = 0.46, p=0.12). This change in active ghrelin was not
associated with the incremental insulin AUC in univariate analysis for the small meal (r =0.41,
p=0.17), though the association was nearly significant for the large meal (r = 0.56, p=0.058).
Thus, subjects with highest BMI and insulin AUC had the smallest meal-related decreases in
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active ghrelin. The change in active ghrelin level was not correlated with % body fat or
HOMA\g. Overall, while active ghrelin levels started lower in the obese than the lean subjects,
the steady-state levels were similar in both groups. Mixed model analysis revealed a significant
effect of meal type to suppress active ghrelin levels, with large meals suppressing the hormone
level further than small meal (p<0.0001). There was also a significant interaction between body
and meal type on active ghrelin levels (p=0.0039, see Figure 4), such that this effect of
increasing meal size to suppress active ghrelin was less pronounced in the obese subjects.

A transient increase in active ghrelin levels was noted in lean and obese subjects, most notably
in response to the small meal. Within 15 min of starting the small meal, active ghrelin levels
increased significantly from basal in the obese (from 80.7+£16.0to 116.6+£24.9 pg/mL, p=0.037)
and lean subjects (from 123.3+25.7 to 148.7+27.8 pg/mL, p=0.012). The absolute increase in
active ghrelin levels was not different between groups (obese 32.8+12.2 vs. lean 25.4+6.6 pg/
mL, p=0.312). During the large meal, the active ghrelin levels increased significantly by 15
min in the obese group (from 81.5+13.6 to 111.3+17.5 pg/mL, p=0.005), but not in the lean
group (from 121.4+25.1 to 137.7+24.5 pg/mL, p=0.413).

Fasting PYY levels (Figure 3, Table 3) were similar in the lean and obese groups (p=0.77,
including measures from both meals). The absolute increase in PY'Y after the small meal was
larger in the lean subjects than in the obese subjects, though not significantly (p=0.074).
Interestingly, the PY'Y response to the large meal in the lean subjects was similar to the small
meal, with no further stimulation by the increased caloric intake (i.e. steady state PYY values
were no different between meals, p=0.801). On the other hand, the large meal led to higher
steady-state PY'Y levels in the obese subjects than did the small meal (p=0.011). Thus, the
absolute change in PYY levels after the large meal was not statistically different between the
groups (p=0.143). The increase in PYY induced by the small meal correlated inversely with
BMI z-score (r = —0.49, p=0.054, Figure S2) and the incremental insulin AUC (r = —0.56,
p=0.025), but not with % body fat or HOMAr (hot shown). The change in PYYY after the large
meal did not correlate with any of these variables. Mixed model analysis revealed no overall
effect of body type on PYY level (p=0.45), although there was a significant effect of meal type
(large meals resulting in higher PYY levels than small meals, p<0.0001) and a borderline
significant interaction between body and meal type (the effect of meals being more pronounced
in lean subjects, particularly with the small meal, p=0.068) on this hormone.

Response to Caloric Intake

Because the groups of subjects tended to consume different amounts of calories (obese subjects
ate more than lean subjects), we analyzed the change in hormone levels as a function of calories
consumed (Figure 4), with a random effects mixed model to estimate and compare linear slopes
between groups. The responses of total ghrelin levels to caloric intake were not different
between groups (not shown; slope=—16.6 for lean vs. —18.0 for obese, p=0.94). In contrast,
active ghrelin showed a steeper calorie-dependent suppression in the lean subjects compared
to the obese subjects (slope = —7.4 for lean vs. —1.3 pg/mL/100 kCal for obese, p<0.0001).
PYY levels were nearly maximally stimulated by the small meal in the lean subjects, while
there was a non-significant rightward shift in the PY'Y vs. calorie curve in the obese subjects
(slope = 8.0 for lean vs. 5.0 pg/mL/100 kCal for obese, p=0.11).

Discussion

In the present study, we show for the first time that obese Hispanic adolescents have
impairments in the ability of a mixed meal to suppress active ghrelin and stimulate PY'Y. These
impairments appear to be related to the degree of obesity and/or hyperinsulinemia, as the
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changes in these hormones in response to meals correlated to varying degrees with BMI z-
score and insulin AUC. As active ghrelin is believed to signal hunger and PY'Y satiety, these
alterations may contribute to the development and or worsening of obesity in this ethnic group.

There are several aspects to the present study which make it unique compared to prior studies
of effects of food intake on ghrelin and PY'Y. First, we studied adolescents, an approach chosen
to minimize any confounding effects of long-standing obesity. Second, we used solid mixed
meals, rather than liquid meals or oral glucose, to more closely approximate natural
physiological stimuli. Third, we measured not only total, but also active ghrelin levels, allowing
us to examine the effects of meals on the form of this hormone believed to be most strongly
involved in appetite regulation [reviewed in (28)]. Finally, we used two different-sized meals
to evaluate whether alterations in the hormone responses to fixed meals could be overcome
with a larger meal, which may more closely reflect what individuals are presented with on a
regular basis.

We observed that the responses of both active ghrelin and PY'Y to caloric intake were
significantly blunted in the obese adolescents. Both hormones changed less in response to the
small meal in the obese than in the lean subjects, despite the tendency for the obese subjects
to consume more calories. The increased caloric intake during the large meal in the obese
subjects did not correct the suppression of active ghrelin or stimulation of PYY toward that
observed in the lean subjects. Thus, differences in the responses of these hormones to meals
could not simply be overcome by increasing calories over the range consumed in this study.

While resistance of the active form of ghrelin to caloric intake has previously been
demonstrated in obese adults (29,30), the meal response of ghrelin in children and adolescents
is less clear. Some studies reported that normal-weight children had little suppression of ghrelin
levels by meal intake (31-34). Others found significant suppression of ghrelin by meals (35,
36). Stock et al reported a blunting of the suppression of total ghrelin in obese compared to
lean youth (37). Differences in meal size or type may help explain some of these conflicting
results. Studies which used standard-sized, smaller meals tended to find no suppression of
ghrelin in youth, while those that used ad libitum meals observed significant ghrelin
suppression. In the present study, we found that the small meal did not suppress total ghrelin
levels in either lean or obese subjects, while the large meal did. Additionally, studies in the
literature which utilized oral glucose loads or liquid meals generally reported suppression of
both total and active ghrelin levels in non-obese children, with variable suppression in obese
children (38-42). However, these liquid stimuli could expose the ghrelin-secreting cells in the
stomach to more rapid and dramatic increases in simple carbohydrates, which could suppress
ghrelin levels more rapidly than do mixed solid meals (43). Since there are no studies that
directly compare mixed and liquid meals in adolescents, the differential effects of these two
stimuli on appetite hormones remain to be determined.

An unexpected finding in the present study was the transient increase in active ghrelin levels
in the first 15 min after starting the meal. The active ghrelin was higher than basal in the 15-
min sample in 22 out of the 25 meal tests for which active ghrelin levels were measured. We
are not aware of any studies to date which reported acylated ghrelin levels within 15 min of
starting a mixed meal. Erdmann et al found that total ghrelin levels transiently increased in this
time period during meals consisting primarily of fat, protein, or vegetables, and transient
increases were also noted in the mixed meal given to all subjects 4 hr later (44). These authors
propose a gastric response to meal intake involving increased ghrelin secretion, a response
which is only suppressed once insulin secretion is stimulated by carbohydrate absorption.
Indeed, the insulin levels did not increase during most meals in our study until the 30-min time
points, and so our data are also consistent with this hypothesis.
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Our finding that PY'Y levels were resistant to stimulation by caloric intake in obese adolescents
is consistent with other studies which examined PY'Y response to meals in youth (45,46).
However, we further found that this resistance was not completely overcome by large meal
intake (Figure 3). The increase in PY'Y with the large meal was not significantly different
between the obese subjects (+38.5+9.3) and the lean subjects (+57.5+15.3, p=0.286), though
we only had sufficient power (0.8) to detect a difference greater than 44 pg/mL. Thus, the
precise role of PYY in satiety in youth is unclear. If PYY levels truly signal satiety in obese
children, then a shifted dose response could indicate that meal intake does not fully satiate
obese adolescents.

One caveat to the present study is that the subjects were studied as outpatients, and therefore
exercise and food intake on the days prior to the investigations were not controlled. This may
have added increased variability to the hormonal responses to meal intake in these subjects.
However, this also means that subjects were studied in as close to their usual state as possible,
and thus changes in appetite hormones should most closely resemble those that occur on a day-
to-day basis. It should also be noted that alterations in ghrelin and PY'Y responses to caloric
intake may or may not be causally related to obesity. Indeed, food intake is a complex process
involving numerous intrinsic and extrinsic factors. A significant portion of caloric intake in
youth may be due to consumption of sweetened beverages or food eaten in the absence of
hunger.

In conclusion, we find in the present study that active ghrelin and PY'Y levels are resistant to
caloric intake in obese Hispanic adolescents. While active ghrelin was suppressed in a dose-
dependent manner with caloric intake in lean subjects, this response was absent in the obese
youth. Further, active ghrelin levels demonstrate a transient increase during meal intake, the
relevance of which on hunger and caloric intake warrants further investigation.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Glucose and Insulin levels during the small (top) and large meals (bottom). Meals were given
at t=0, and food removed at t=30 min. Lean subjects = open squares with dashed line; obese

subjects = closed circles with solid line.
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Figure 2.

Total plasma ghrelin levels (left two panels) during the small (top) and large meals (bottom).
Only large meals suppressed total ghrelin levels significantly in either obese or lean subjects
(Yp<0.005), and mixed model analysis showed a significant effect of meal type on these levels
(p<0.001). However, there were no significant effects of obesity or interactions between
obesity and meal type (p=n.s.). Active (acylated) ghrelin levels (right two panels) were
suppressed in the lean subjects after intake of either meal (p<0.01 for both meal types), while
in the obese subjects, only the large meal suppressed these levels (p=n.s. for small, p<0.05 for
large). Symbols are defined in Figure 1
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Figure 3.
Total plasma PYY levels were increased in both lean and obese subjects during either meal
type (p<0.05 for all comparisons). Symbols are defined in Figure 1.
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Dose response of active ghrelin and total PYY (expressed as percentage of basal levels) vs.

calories consumed during small and large meals. Symbols are defined in Figure 1.
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Table 1
Subject characteristics
Obese Lean p

n (M/F) 10 (7/3) 7 (3/4) 0.352

Age (yr) 128+04 | 128+04 | 097

Height (cm) 160.4+26 | 156.9+39 | 022
Tanner Stage 29+3 3.7+3 0.142

BMI (kg/m2) 36325 | 197:06 [ nia
Waist:hip ratio 0.97+0.05 | 0.84+0.03 | 0.089
Body Fat (%) 38+2 22+2 <0.001
Fasting Insulin (nU/mL) 40+7 13+£2 0.006
Fasting Glucose (mg/dL) 91+2 85+2 0.053
HOMAR 9315 2704 0.002

a_.
Fisher exact test
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