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Abstract

Objective—Disruption of satiety signaling may lead to increased caloric intake and obesity.
Uroguanylin, the intestinal hormone, travels as a precursor to the central nervous system where it
activates guanylyl cyclase C (GUCY2C) and stimulates pro-satiety neurons. Rodent studies have
demonstrated that (1) GUCY2C-knockout mice over-eat and have increased weight gain vs. wild-
type mice; and (2) hyper-caloric obesity diminishes uroguanylin expression. We measured
circulating plasma pro-uroguanylin, along with other gastrointestinal peptides and inflammatory
markers, in human adolescents with and without obesity, as a pilot study. We hypothesized that
adolescents with obesity would have less circulating pro-uroguanylin than adolescents without
obesity have.

Methods—We recruited 24 adolescents (age 14-17) with and without obesity (BMI >95% or

BMI <95%) and measured plasma pro-uroguanylin at fasting and successive time points after a
meal. We measured three other satiety hormones and two inflammatory markers to characterize
overall satiety signaling and highlight any link between uroguanylin and inflammation.

Results—Female adolescents with obesity had lower circulating pro-uroguanylin levels than
female adolescents without obesity; we observed no difference in males. Other measured
gastrointestinal peptides varied in their differences between cohorts. Inflammatory markers were
higher in female participants with obesity.

Conclusions—In adolescents with and without obesity, we can measure circulating pro-
uroguanylin levels. In female adolescents without obesity, levels are particularly higher. Pro-

Corresponding Author Contact Information, Matthew D. Di Guglielmo, MD PhD; Division of Gastroenterology and Nutrition,
Nemours/Alfred 1. duPont Hospital for Children; 1600 Rockland Road, Wilmington, DE 19803, T: 302-651-5928 F: 302-651-5838
Matthew.DiGuglielmo@nemours.org.

Conflicts of Interest

The authors declare no conflicts of interest or financial disclosures.

Author contributions

MD, ZH, AA, and KVG conceived experiments, analyzed data, and interpreted the results. DT carried out the experiments, interpreted
the data, and interpreted the results. MD generated figures with assistance from the study statistician. All authors were involved in
writing the manuscript and had final approval of the submitted version.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Di Guglielmo et al. Page 2

uroguanylin secretion patterns differ from other circulating gastrointestinal peptides. In female
adolescents with obesity, inflammation correlates with decreased pro-uroguanylin levels.
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Introduction

Early nutrition and feeding behaviors influence eating patterns (food intake regulation).~7
One measurable8 index of food intake regulation is satiety responsiveness® but the
mechanisms of satiety control remain incompletely identified. The gastrointestinal tract
secretes small peptides that act centrally on the nervous system to affect the development
and maintenance of food intake regulation in animal and human studies.10 Peptide tyrosine-
tyrosine (PYY) has pro-satiety secretory patterns in pediatric patients with obesity, including
a different response depending on meal content.11-15 Glucagon-like-peptide 1 (GLP-1) is
implicated in obesity pathogenesis and type-2 diabetes.16: 17 Meal consumption in pediatric
patients with and without obesity affects ghrelin, an orexigenic hormone.12: 14. 15 Opesity is
a health care crisis'8 19 and the lack of effective treatments highlights the importance of
prevention.29-24 Understanding gastrointestinal signaling pathways may provide targets for
intervention in order to prevent obesity.

Uroguanylin has a critical role in weight gain and satiety.25-27 Secreted basolaterally from
enterochromaffin-like cells in the duodenum, uroguanylin binds guanylyl cyclase 2C
(GUCY2C), a membrane-bound protein expressed primarily in the mucosa of the
mammalian intestinal tract. GUCY2C activation produces intracellular cyclic guanosine-3',
5’-monophosphate (cGMP). GUCY2C knockout mice exhibited overeating and developed
obesity highlighting an extra-intestinal role for the uroguanylin-GUCY2C-cGMP pathway.
28-30 Uroguanylin enters the circulation as an 86 amino acid form, pro-uroguanylin.3!
Cleavage in the hypothalamus to active uroguanylin (16 amino acids) stimulates local
GUCY2C. In wild-type mice, parenteral administration of the GUCY2C activating
enterotoxin, STa, suppressed appetite.28 In obesity, uroguanylin expression is suppressed or
lost,32 altering satiety; thus the uroguanylin-GUCY2C system is at the intersection of
obesity pathogenesis and sequelae.33-3°

Our objective was to measure pro-uroguanylin in pediatric patients with and without obesity.
Leveraging /n vivo rodent studies, 28 we hypothesized that pro-uroguanylin levels would
increase after a meal and have a lower baseline in obesity. We measured fasting levels and
post-meal levels in adolescents with and without obesity. We measured PYY, GLP-1, and
ghrelin in the same participants as well as Interleukin-6 (IL-6) and C-reactive protein (CRP).
36,37 | -6 secretion from adipocytes and immune system cells acutely increases C-reactive
protein, a hepatic protein that activates the complement system for cell degradation. We
expected to see an inverse correlation between obesity’s pro-uroguanylin levels and
inflammatory marker levels. We predicted that pro-uroguanylin and other hormone and
inflammatory marker data in adolescents would help demonstrate a link between
gastrointestinal hormones, systemic signaling, and obesity phenotype. Data on pro-
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uroguanylin in adolescents would suggest that obesity-triggered satiety suppression begins
early in life and would support the hypothesis that gut environment alterations in obesity can
influence subsequent morbidity.

Methods

Study Subjects

The Nemours Institutional Review Board approved the study (No. 657386). We recruited
volunteers from outpatient clinics. Participants were ages 14-17 years, with or without
obesity. The CDC defines obesity as BMI for age percentile (BMIFA) greater than the 95t
percentile (>95%). Participants had BMIFA >95% or <95%, without any gastrointestinal
tract infection, any condition affecting the bowel mucosa integrity, or any condition
precluding fasting. Research staff recorded anthropometric data (BMIFA38: 39 and BMI z-
score?0 [for very high BMI participants, z-score was calculated using www.peditools.org]);
medical history; allergies; medications; grams of food consumed; and pregnancy status.
Females in the study were post-menarche and not pregnant; the sexual maturity rating of all
participants was four or five. We collected subjective data on hunger and fasting from all
participants before the protocol began; we tracked subjective fullness during the protocol
using a 5-point Likert scale.

Study Protocol

After confirming a minimum 8-hour fast and reviewing consent/assent, we obtained
participants’ vital signs and applied topical anesthetic to antecubital fossae and dorsal hands.
After 30 minutes, via an intravenous catheter (1), we collected an initial blood sample (t;).
We provided participants a standardized,*! calorically dense meal; we recorded elapsed time
of consumption. Research nurses weighed meals and packaging before and after
consumption on a Valor™ 7000 scale (USDA Accepted, Model V71P3T; OHAUS,
Parsippany, NJ) to determine the weight of consumed food (grams) and nurses collected
blood draws at 0, 15, 30, 45, 60, 75, and 90 min intervals after consumption.28 We collected
samples for pro-uroguanylin and other gut hormone assays into BD-P800™ vials via 12-
inch tubing (Becton, Dickinson and Company, Franklin Lakes, NJ) to preserve hormone
integrity. Samples for inflammatory marker assays were collected into EDTA-treated
collection vials (Becton, Dickinson and Company, Franklin Lakes, NJ) at t;, tg, t15, and tgg.
Repeat vital signs were obtained prior to discharge.

Meal and Caloric Intake

The study site’s food service vendor prepared meals delivered the morning of the protocol.
Each participant was challenged with an estimated 1/3 of their total energy expenditure
(TEE) per day. We estimated the TEE for participants by using 50% height-for-age and
either 50% weight-for-age or 95% weight-for-age*! (Table, Supplemental Digital Content
1). Meals were standardized to three options (Table, Supplemental Digital Content 2) with
two different meals for males, and an isocaloric meal for females, using nutritional
information provided by the vendor. Participants chose one of three isocaloric beverages. To
determine calories consumed, the post-meal weight of food was divided by the pre-meal
weight of food and the ratio was used to estimate caloric intake (ratio x total calories
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offered, column 5, Table, Supplemental Digital Content 3). After all participants had
completed the study, we calculated participants’ actual 1/3 TEE (column 6, Table,
Supplemental Digital Content 3) for comparison to estimated caloric intake (column 7).

Sample Processing and Assay Methods

Statistics

All blood samples were immediately inverted several times for protease inhibition then
placed on ice. Samples were centrifuged at ~1300 RCF at four degrees Celsius for 10
minutes. Supernatant plasma was removed to a fresh, pre-cooled labeled tube for aliquotting
to cryovials and storage at —80 degrees Celsius. Human pro-uroguanylin levels in freshly
thawed plasma, assayed in duplicate, were measured by ELISA using a quantitative
sandwich enzyme immunoassay kit from BioVendor (Brno, Czech Republic). Briefly,
standards and samples are added to microplate wells coated with polyclonal antihuman pro-
uroguanylin antibody. After incubation (60 minutes) and washing, a biotin-labeled
polyclonal anti-human pro-uroguanylin antibody is added to the wells (60 minutes) followed
by another washing step then by incubation (30 minutes) with streptavidin-HRP conjugate
and final washing step. The addition of the substrate 3,3",5,5’-tetramethylbenzidine (TMB)
allows the enzyme activity proportional to the concentration of pro-uroguanylin to be
measured spectrophotometrically.

Total human GLP-1 and human IL-6 levels were determined using ELISA kits from EMD-
Millipore (St. Charles, MO). Human PY'Y and total human ghrelin level in plasma samples
were measured by ELISA using kits from EMD Millipore (Darmstadt, Germany). C-reactive
protein (CRP) level in plasma samples was measured by ELISA using Human CRP kit
(EMD Millipore, Darmstadt, Germany). Absorbance readings were measured in a tunable
BIOTEK Epoch microplate reader; concentrations were calculated from standard curves and
reported in pg/mL except for CRP (pg/mL) and GLP-1 (pM). GLP-1 concentrations were
converted to pg/mL (pM x 3.2976 = pg/mL). Samples were batched for assays within 6
months of collection.

The proposed study was a pilot study, with no direct precedent in the literature for
comparison of pro-uroguanylin levels between different weight cohorts of pediatric
participants. Human plasma sampling of pro-uroguanylin was completed by Valentino et al.
only in a control population of normal BMI adults.28 Rodent circulation pro-uroguanylin
levels were only measured in wild-type mice. As proof of concept, we based our a priori
power calculations on rodent studies comparing weight gain in mice with and without the
GUCY2C receptor.28 We estimated that with 11-13 participants in each cohort, a significant
difference in pro-uroguanylin concentration between cohorts could be detected at 5%
significance level with 90% power and an effect size of d= 1.3964.

Descriptive statistics were used to summarize the distribution of participants” demographic
and clinical variables. Pearson’s correlation was used to determine any effect of age on
baseline hormone concentration. Chi-square test was used to examine differences in
subjective categorical values between cohorts. A linear mixed effects model with random
intercepts was fitted to quantify the association between sex and each of the gastrointestinal
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hormones and inflammatory markers and to account for multiple variables between
participants, including assay times and trends. The model was implemented using the /me4
package and R Statistical Software (Foundation for Statistical Computing, Vienna, Austria).

Twenty-four participants completed the protocol: 13 in the <95% BMIFA cohort and 11 in
the >95% BMIFA cohort. Table 1 shows anthropometric differences and similarities between
cohorts overall and when segregated by sex. All participants had similar sensation of hunger
upon waking and at start of the protocol (Table, Supplemental Digital Content 4). At the end
of the protocol, the <95% BMIFA cohort had 12 of 13 participants who were full at or
before the end of the meal while the >95% BMIFA cohort had 9 of 11 participants who were
full. The participants in the >95% BMIFA cohort were more likely to eat their whole meal
and still be hungry; the <95% BMIFA participants were more likely not to finish the meal
due to being full more quickly (Table, Supplemental Digital Content 4). For females and
males, post-protocol calculated 1/3 TEE differed between cohorts (females, p<0.04; males,
p<0.01) and weight of food consumed (g) differed for males (p<0.02, Table, Supplemental
Digital Content 3). The ratio of consumed to calculated calories for either sex, in each
cohort, was not statistically significant. One female participant who did not complete the
meal was included in the analysis and another female participant did not eat the cheese due
to lactose intolerance.

Adolescents in the >95% BMIFA cohort had lower pro-uroguanylin levels compared to
<95% BMIFA adolescents (Table 2, p<0.05). When stratified by sex, we observed that the
difference was driven by female adolescents in the >95% BMIFA cohort (Figure 1, Table 2,
p<0.006). All participants’ pro-uroguanylin levels rose after the meal at comparable rates
(Figure 1). Adolescents with >95% BMIFA had lower levels of PYY than <95% BMIFA
adolescents (Table 2, p<0.05), but we did not observe a difference when stratified by sex
(Figure 2A, Table 2). The rise in PY'Y over time for all groups was not as notable as it was
for pro-uroguanylin. Total ghrelin levels trended down after the meal for all participants, but
less consistently so in females with >95% BMIFA (Figure 2B, Table 2, p<0.04). GLP-1
levels were not different between cohorts overall or when stratified by sex and did not rise
uniformly after the meal (Figure 2C, Table 2). In males, most participants had a similar trend
of GLP-1, but a broader spread of concentrations in the >95% BMIFA group. Hormone
concentrations at baseline did not correlate with age: pro-uroguanylin, r=-1.05; PYY, r=
-0.012; ghrelin, r=0.002; and GLP-1, r=0.004. Concentrations of circulating pro-
uroguanylin were 5-fold to 10-fold higher than PYY, GLP-1, or ghrelin. Concentrations of
IL-6 differed between cohorts (p<0.02, Table 2) and the difference was driven by female
participants (p<0.03, Table 2). Concentrations of CRP were higher in the >95% BMIFA
group (p<0.004, Table 2) but were not significantly different for males or females in each
cohort.

A subsequent analysis of the gastrointestinal peptides and inflammatory markers, controlling
for race and ethnicity, demonstrated that non-Hispanic, Caucasian females without obesity
had almost 750 pg/mL greater concentrations of pro-uroguanylin than non-Hispanic,
Caucasian females with obesity (Table 2, shaded columns, p<0.004; Figure, Supplemental
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Digital Content 1). Table 2 and Figure, Supplemental Digital Content 2, show comparative
concentration data for the other gastrointestinal peptides and inflammatory markers.

Discussion

This pilot study presents the first data on pro-uroguanylin in adolescents. We measure serum
pro-uroguanylin pre- and post-meal in adolescents of dichotomous BMI alongside other
known satiety peptides and inflammatory markers. Pro-uroguanylin trends down, initially,
after divergent baseline fasting levels then rebounds with meal ingestion. In female
adolescents with obesity, compared to female peers without obesity, pro-uroguanylin
concentration differences over time are statistically significant.

In our study, the >95% BMIFA group, compared with <95% BMIFA controls, has no
statistically significant higher proportional food intake or hunger scores (Table,
Supplemental Digital Content 4), despite lower pro-uroguanylin levels. However, we
observe a trend to a more rapid sense of fullness in the <95% BMIFA group, and the drive to
eat more in the >95% BMFA cohort. These data suggest a smaller direct feedback effect of
consuming a calorically dense meal on satiety peptides. A participant’s overall subjective
sense of hunger or fullness may be affected less after a meal, reflecting transit through the
intestine, entero-endocrine sensing, and secretion to the circulation. We postulate that high
BMIFA female adolescents have a disruption in the pro-uroguanylin-GUCY2C-cGMP
signaling pathway affecting regulation of satiety baseline over time. The role of sex
hormones in secretion of pro-uroguanylin in female adolescents with obesity remains
unclear.

For the other measured gastrointestinal hormones, we observe unanticipated results. The
distal small bowel secretes peptide YY (PYY) in response to nutrients in the intestinal
lumen. PYY then travels via the circulation to interact with neuropeptide Y receptors in the
arcuate nucleus of the hypothalamus.11- 13 Levels peak after 15 minutes and plateau by 90
minutes as noted in animal studies!; in human studies 1-2 hours is noted as peak rise.11
This time-course pattern is not observed in our participants (Figure 2A). We do observe
greater concentrations of PYY in the plasma of <95% BMIFA females than in >95% BMIFA
females mirroring the pro-uroguanylin observation, but it is not statistically significant,
likely due to different study populations (age), different food challenge caloric densities, and
shorter time courses of plasma collection. Ghrelin, an orexigenic hormone secreted by the
stomach, decreases over time in most of our participants as expected after a meal challenge.
Females with >95% BMIFA as compared to females with <95% BMIFA have higher
measured ghrelin (Figure 2B, Table 2, p<0.04), suggesting a pro-appetite drive despite the
meal challenge. Our cohort does not report significantly higher hunger ratings; these data
conflict with other published data on ghrelin in children.12 14 Glucagon-like peptide 1
(GLP-1) is derived from the pro-glucagon gene, acts to lower blood sugar, inhibit glucagon
release, and increase satiety in the central nervous system. In our cohorts, GLP-1 appears to
decrease after a caloric challenge, and then increase with time, but we observe no significant
difference between cohorts (Figure 2C, Table 2). Our data appear to agree with published
literature on GLP-1 in children.12. 16 |L-6 and CRP levels are higher in the high BMIFA
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groups (Table 2), reflecting the inflammatory nature of obesity.36: 37 42 Pre-protocol glucose
and insulin levels are similar among all participants.

Our study is limited by small cohort size and lack of racial heterogeneity, the latter an
unplanned consequence of recruitment. The time commitment required on the part of the
participants and their caregivers may have played a role in limiting recruitment. We believe
the observations to be valid, and they warrant reproduction with a larger sample size and
with a more diverse population. Reviewing the literature on other gut hormone studies in
children or adolescents, we note cohort sizes and demographics similar to ours.12: 14-16 Qyr
data suggest that interruption of pro-uroguanylin signaling may contribute to the
pathogenesis of obesity in children, but the findings were noted only in female participants;
a larger sample size may be needed to detect differences in male participants. Varying
amounts of macronutrient consumption and lack of individualized calorie targets for each
participant prevent us from ascertaining the effect of a proportional calorie load in a given
individual on pro-uroguanylin. We attempt to account for this by using the linear mixed
effects model, which also allowed adjustment for sex and age and post-hoc adjustment of p-
values for multiple tests. Peak and trough levels may have been missed due to long
consumption times between sampling and an abbreviated time course. We were unable to
control for social desirability bias in our subjective surveys of hunger and fullness for all
participants (Table, Supplemental Digital Content 4).

Satiety signaling drives food intake self-regulation, develops in early childhood, and
contributes to obesity when disrupted.3 4 6. 7.9 Environmental factors, genetic traits,
epigenetic influences, intestinal microbiota, and gastrointestinal hormones, including pro-
uroguanylin, regulate and direct food intake (appetite and satiety). Prior studies on

gastrointestinal hormones imply that obesity alters or suppresses these neuropeptide satiety
signals.lz' 27, 43-45

We sought to obtain data in adolescents on a novel satiety hormone, pro-uroguanylin. While
the mechanisms of any one hormone-receptor signaling pathway may be insufficient for
understanding food-intake self-regulation, in mice the absence of the uroguanylin-GUCY2C
pathway was enough to alter appetite and affect weight gain.28 The pathway is an example
of a gut-brain endocrine axis that integrates calorie consumption, secretion of a peptide (pro-
uroguanylin), hypothalamic receptor signaling (GUCY2C-cGMP), and a pro-satiety
neuropeptide (pro-opiomelanocortin, POMC).28 POMC is elevated in wild-type mice when
an analog to uroguanylin is administered intravenously.28 A more recent study reports lower
plasma pro-uroguanylin levels in adults with obesity,2> and another demonstrates that
obesity disrupts the expression of ligands for GUCY2C in mice.3* Moreover, uroguanylin
suppression and loss was observed in a high-calorie, 'obesogenic' diet, due to increased
endoplasmic reticulum (ER) stress.32 Other studies have demonstrated the critical role of ER
stress in obesity.46: 47 Additional studies suggest a role for uroguanylin in satiety regulation
and the development of obesity.26: 27 Qur data suggest that uroguanylin may play a role in
adolescent satiety, and may be disrupted by obesity.

The challenge of pediatric obesity is primarily in prevention, as treatment options require
significant efforts of patient, family, and clinician but often have limited success. Infusion of
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pro-uroguanylin in rodents followed by a high-calorie diet demonstrated satiation effect.
28,32 pro-uroguanylin hormone replacement is under study for other gastrointestinal
disorders*® and colorectal cancer,*? but the clinical ambition to use pro-uroguanylin for
appetite and satiety augmentation in a therapeutic manner is appealing. Pro-uroguanylin may
not serve as an acute response to a meal. The hormone may serve a more chronic regulatory
feedback function: continued caloric intake exposure leads to decreased expression and
decreased thermostatic control of appetite. Future experiments with larger, more diverse
cohorts will validate our observations and help to clarify this hypothesis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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What is known

. Uroguanylin is a gastrointestinal hormone that activates guanylyl cyclase C
(GUCY2C) in the small intestine to drive fluid homeostasis.

. Gastrointestinal hormones like peptide-Y'YY and ghrelin are part of a gut-brain
hormonal signaling axis regulating appetite.

. Uroguanylin is secreted from the gastrointestinal tract into the bloodstream as
pro-uroguanylin to signal GUCY2C in the brain and affect satiety.

What is new
. We measured circulating pro-uroguanylin in adolescents with and without
obesity.
. Pro-uroguanylin levels differ between adolescents of different body-mass-

index, particularly female adolescents.

. Satiety regulation in adolescents may involve a cGMP-mediated mechanism.
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Figure 1.
Pro-uroguanylin concentrations pre- and post-meal in adolescents. Plasma concentrations of

pro-uroguanylin for each participant at each time point were plotted individually, after
sorting by group (>95% BMIFA, n=11; <95% BMIFA, n = 13) and by sex. Pro-uroguanylin
concentration is reported in pg/mL vs. elapsed time in minutes. Body mass index for age
percentile, BMIFA.
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Figure 2.
Gastrointestinal hormone concentrations pre- and post-meal in adolescents. Plasma

concentrations of each participant at each time point were plotted individually, after sorting
by group (>95% BMIFA; <95% BMIFA) and by sex. A. Peptide YY is reported in pg/mL
vs. elapsed time in minutes. B. Ghrelin is reported in pg/mL vs. elapsed time in minutes. C.
GLP-1 is reported in pg/mL vs. elapsed time in minutes. Body mass index for age percentile,
BMIFA.
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