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Impact statement
The aim of this study was to test if obesity

would alter the daily rhythm of gut pepti-

des or meal-induced levels in the middle of

the light or dark cycle. We found that even

when animals are eating the same amount

(in kcal) of food that the obese animals

have altered daily rhythms and meal-

induced gut peptide levels. In particular,

we are the first to show that obesity indu-

ces increases in peptide YY levels during

the light cycle and amylin remains high

throughout the light and dark cycle in

obese animals. These changes occurred

prior to a loss of glycemic control. Thus,

the rhythm of gut peptides could be used

as an early indicator of later and more

serious metabolic disturbances and may

be a target for early intervention.

Abstract
Alterations in gut hormone signaling are a likely contributing factor to the metabolic dis-

turbances associated with overweight/obesity as they coordinate the timing of feeding

behavior, absorption, and utilization of nutrients. These hormones are released in response

to food intake, or follow a circadian or anticipatory pattern of secretion that is independent

of nutrient stimulation. The aim of this study was to identify the degree to which high-fat

diet-induced obesity would alter the daily rhythm of gut peptide plasma levels (glucagon-

like peptide-1 [GLP-1], peptide YY [PYY], insulin or amylin [AMY]) or meal-induced levels in

the middle of the light or dark cycle. Male Sprague-Dawley rats were fed a high-fat diet

(OBESE) or chow (LEAN), implanted with jugular catheters, and blood samples were taken

every 2 h throughout the light/dark cycle while freely feeding or after an Ensure liquid meal.

We found that even when OBESE and LEAN animals ate the same kcals and have a similar

pattern of food intake, there is a difference in both the levels and rhythm of plasma gut

peptides. GLP-1 and PYY are higher during the light cycle in LEAN animals and AMY is

higher in the OBESE group throughout the light/dark cycle. There was also a differential response of plasma gut signals after the

Ensure meal, even though the composition and amount of intake of the meal were the same in both groups. These changes occur

prior to the high-fat diet induced loss of glycemic control and may be a target for early intervention.
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Introduction

Obesity affects �13% of the world’s population with an
additional 39% categorized as overweight.1 The negative
physiological impact of being overweight is seen in the
alterations of the function of many organs, including
changes in nutrient sensing and metabolic disturbances
that contribute to the persistence of hyperphagia, weight
gain, and the incidence of associated diseases (i.e. heart
disease, hypertension, stroke, diabetes, and cancer2–6).
Alterations in gut hormone signaling are likely a contribut-
ing factor to these obesity-related changes. Gut hormones
are released from the gastrointestinal tract and accessory
digestive organs to coordinate the timing of feeding behav-
ior as well as the absorption and utilization of nutrients in

the body. These hormones are typically released in
response to nutrients, while a few are known to follow a
circadian and/or anticipatory pattern of secretion that is
independent of nutrient stimulation.7–9 The plasma levels
of glucagon-like peptide 1 (GLP-1), an incretin hormone
released from L cells in the small intestine, are often
reduced in response to a meal in obesity.10–13 Moreover,
the rhythm of GLP-1 plasma levels in response to direct
intestinal delivery of nutrients during the dark cycle is
attenuated in obese rats.14 The anticipatory increase in
GLP-1 levels prior to mealtime is also blunted in obese
animals.9 There are similar nutrient and non-nutrient
induced changes in insulin levels,15–18 and many studies
have identified additional obesity-related changes in
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other gut peptides as they relate to nutrient stimulation8 or
circadian rhythms.19,20 Taken together, these obesity-
related changes in gut hormone levels and the timing
of the release may result in digested nutrients being shut-
tled inappropriately to cells of the body or in aberrant cel-
lular metabolism, both of which could be driving factors
for the negative physiological consequences of obesity.
Understanding the normal nutrient induced or circadian
rhythm of gut hormone release and how these are altered
by obesity may help identify ways to improve nutrient uti-
lization by altering the timing of meals or by delivering
exogenous hormone analogs in treating obese individuals.

In this study, we wanted to extend the previous findings
about the nutrient-induced and circadian rhythm of GLP-1
and insulin and test if there is a differential response of two
additional gut peptides, peptide YY (PYY) and amylin
(AMY), between obese and lean rats. It has been demon-
strated that PYY has a role in inhibiting food intake and
decreasing appetite,21 while AMY has been shown to be
involved in glycemia, adiposity, and appetite.22 Although
differences in the levels of these hormones have been iden-
tified between lean and obese individuals,23,24 a compari-
son of the daily rhythm of these hormones has not been
investigated. Thus, we tested (1) if there is a difference in
the rhythm of these gut peptides throughout the light/dark
cycle, while obese and lean rats are freely feeding and (2) if
there are differences in gut peptide responses to a novel
palatable meal given in the middle of the light or dark
cycle. For this, we fed Sprague-Dawley rats a chow or
high-fat diet to induce a lean (referred to as LEAN) or
obese (referred to as OBESE) phenotype and collected
blood samples throughout the light/dark cycle and in
response to a liquid Ensure meal in the middle of the
dark or light cycle.

Methods

Animals

Two replicates of male Sprague-Dawley rats (Charles
River) with an initial weight range of 275–300 g were
used (n¼ 32). The rats were individually housed and main-
tained in a 12:12 h light:dark schedule (lights on at 22:00 h).
Rats were acclimated to the housing conditions and fed ad
libitum either standard laboratory chow (Global Diet-2018,
Harlen Teklad; 3.3 kkcal/g 5% fat, 18% protein, 77% carbo-
hydrate) or a high-fat diet (Research Diets, D12492, 5.24
kcal/g, 60% fat, 20% protein, 20% carbohydrate). Body
weight was measured weekly. Tap water was always avail-
able during the experiment. All procedures were approved
by the Institutional Animal Care and Use Committee of the
Johns Hopkins University.

Jugular catheterizations

After there was a significant difference in body weight
between the rats on each diet (wk 5), jugular catheters
were implanted in all animals. Rats were anesthetized
with an intraperitoneal injection of a mixture of ketamine
(100 mg/kg) and xylazine (20 mg/kg) at a dose of 1 ml/kg.
The animals were shaved between the right ventral neck

region and cranial to the right scapula, superficial to the
right external jugular vein. The exposed skin was scrubbed
with iodine followed by 70% ethanol. A 2 cm ventral cer-
vical skin incision at the midline of the neck at the level of
the clavicle was made. Using dissection tools, the right
external jugular vein was separated so that a 5 mm section
of the vessel was isolated. 5-0 silk sutures (Ethicon;
Somerville, NJ) were loosely tied at both cranial and
caudal ends of the isolated vein to maximize exposure.
Using a micro-surgical scissor, an incision is made along
the right external jugular vein to pass the catheter (polyeth-
ylene tubing; PE-50 Fisher Scientific). The catheter was
passed into the vessel towards the heart and secured in
place with the silk sutures. The cannula was tunneled
under the skin and externalized through an incision made
at the top of the skull. The ventral cervical skin incision was
closed with 9 mm wound clips (Braintree Scientific, Inc;
Braintree, MA). The exposed end of the catheter on the
top of the skull was secured into place with dental acrylic
cement and anchored to the skull with microscrews.
Buprenorphine (0.3 mg/kg, s.c.) was used post-surgery
for pain control, and animals were given liquid Ensure
(Abbott; Abbott Park, Illinois) for 2 d post-surgery in addi-
tion to their chow. Patency of the catheters was maintained
by infusing and withdrawing heparinized sterile saline
solution two to three times per week. When blood was
not being drawn, catheters were filled with a heparinized
glycerol solution and the catheter capped with a cut,
blunted and crimpled syringe needle.

Feeding tests

After recovery from surgery, rats were transferred and
housed in AccuDiet food intake monitoring cages (13 in.
by 9 in.; Accuscan Instruments, Inc, Columbus, OH).
A powdered form of the standard laboratory chow
(Global Diet-2018C, Harlan Teklad: 3.3 kcal/g) or high-fat
diet (Research Diets, D12492P, 5.24 kcal/g) was available ad
libitum throughout the feeding tests unless otherwise
specified. The catheter was connected to Micro-Renathane
tubing with a cut and blunted syringe needle. The tubing
was run through an opening in the top of the cage. A light-
weight metal spring was placed over the tubing and cath-
eter so that it protected the tubing from twisting and
damage from the animal. The Micro-Renathane tubing
was secured to the ceiling of the test chamber using putty,
which allowed the rats to freely move within the chamber
at all times. Food intake was continuously monitored by the
AccuDiet system for 22 h (for 2 h the rats had no food access
so that experimenters could collect data and to prepare for
the next testing cycle).

Plasma hormone assays

During wks 8 and 9, 200 ml of blood was collected at each
time point (2 h intervals throughout the light/dark cycles)
from all animals. On a given day, blood would be collected
from only a subset of animals so that no animal gave blood
more than three times a day (0.6 ml total blood), and there
were two to three days in between blood collection for each
animal. At the beginning of wk 10, rats were exposed to
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5 ml of Ensure to prevent neophobia when given the test
meal. Subsets of rats were then given a meal of liquid
Ensure, 12 ml over 20 min, in the middle of the light
(16:00 h) or dark cycle (04:00 h) on varied days throughout
wk 10. All rats ate the entire 12 ml within the 20 min. Blood
was collected immediately after the Ensure meal (16:20 h or
04:20 h) and 2 h after the meal (18:00 h or 06:00 h). Blood
glucose levels were determined with a glucometer
(Freestyle Lite, Abbott; Chicago, IL) using a small sample
of the blood. All remaining blood was collected into EDTA-
coated tubes with the addition of a DPP-IV inhibitor
(DPP4-010; EMD Millipore; Billerica, MA), protease inhib-
itor cocktail (P8340; Sigma-Aldrich, St. Louis, MO) and
Pefabloc SC (PEFBSC-RO Roche; Sigma-Aldrich) per man-
ufacturers’ instructions. All samples were inverted several
times, maintained on ice and centrifuged at 3000 r/min for
10 min within 30 min of the blood collection. Samples were
then stored at �80�C until processed using the Milliplex rat
metabolic magnetic bead panel protocol (RMHMAG-84K;
EDM Millipore) by Johns Hopkins University School of
Medicine Core Facilities personnel. Data were collected
using the Luminex 200 with xPONENT software.

Data analysis

Data are presented as mean�SEM. Body weight, food
intake, and plasma peptide levels were analyzed using sep-
arate two-way repeated measures ANOVA with group
(LEAN vs. OBESE) as the between-subject factors and time
as the within subject factor using Number Crunching
Statistical Software (NCSS v 2000, Kaysville, UT). Post hoc
analysis was performed using the Bonferroni correction
when appropriate. Differences among groups were consid-
ered statistically significant if p< 0.05.

Results

Body weight

Body weight was higher in the OBESE compared with
LEAN rats on wks 7–11 (p< 0.05, Figure 1(a)).

Food intake

When hourly food intake (in kcals) for each animal was
averaged across wks 8 and 9 for each group, there was no
significant difference between OBESE and LEAN animals
(Figure 1(b)). These data were collected during the same
weeks that blood samples were taken for assessment of
gut peptide rhythms. A higher body weight in high-fat
fed rats despite equal kcal intake of rats on a control diet
for multiple weeks has previously been documented.25–28

Rhythm of gut peptides and glucose

GLP-1: There was a main effect of group across time, with
post hoc analysis revealing increases in GLP-1 levels in
LEAN animals for the first four time points of the dark
cycle when compared with OBESE animals (p< 0.05;
Figure 2(a)). In addition, there was an increase in GLP-1
in the middle of the light cycle (04:00 h) in LEAN animals
compared with OBESE animals (p< 0.05; Figure 2(a)). PYY:

There was no significant difference in plasma PYY levels
between LEAN and OBESE animals when analyzed across
the entire 24 h period. When PYY levels were compared
across only the light cycle, there was a significant increase
in PYY levels in LEAN compared with OBESE animals
(p< 0.05; Figure 2(b)). Glucose: There was a main effect of
group across time, with glucose levels higher in OBESE
compared with LEAN animals at 02:00 h (p< 0.05, Figure
2(c)). Insulin: There was no significant difference in insulin
levels between OBESE and LEAN animals (Figure 2(d)).
Amylin: There was a significant main group effect of
amylin levels, with increased amylin at every time point
except at 06:00 h in OBESE compared with LEAN animals
(p< 0.05; Figure 2(e)).

Figure 1. Weekly percent change in body weight of both LEAN and OBESE

groups over 11-week period (a). Average hourly food intake measured in kcal of

LEAN and OBESE groups across wks 8 and 9 (b). � represents OBESE (high-fat

fed) animals and � represents LEAN (chow-fed) animals. Values are mean

�SEM. *p � 0.05 OBESE compared with LEAN.
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Meal-induced gut peptide levels

On week 10, subsets of animals received a liquid Ensure
meal in the middle of the dark cycle and light cycle in both

OBESE and LEAN animals, and plasma gut peptide levels
were assessed immediately after and 2 h after the meal.
GLP-1: GLP-1 levels were not different between the

Figure 2. Hourly plasma hormone and glucose levels in both LEAN and OBESE groups over 24 h period; GLP-1 (a), PYY (b), glucose (c), insulin (d), and amylin (e).

� represents OBESE (high-fat fed) animals and � represents LEAN (chow-fed) animals. Values are mean�SEM. *p � 0.05 OBESE compared with LEAN.

GLP-1: glucagon-like peptide-1; PYY: peptide YY.
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groups post-meal during the dark phase (Figure 3(a)).
Immediately after the Ensure meal during the light phase,
GLP-1 levels were higher in OBESE animals compared with
LEAN animals, but no difference was seen 2 h post-meal
(p< 0.05, Figure 3(b)). PYY: There was no difference in PYY
during the light or dark phase between OBESE and LEAN
animals (Figure 3 (c) and (d)). Glucose: Plasma glucose
levels were higher in OBESE rats immediately after the
meal in the dark phase and at both post-meal time points
during the light phase when compared with LEAN animals
(p< 0.05, Figure 3(e) and (f)). Insulin: OBESE rats had
higher plasma insulin levels 2 h post-meal during the
dark phase when compared with LEAN rats (p< 0.05,
Figure 3(g) and (h)). There was no difference in the insulin
levels during the light phase between the groups (Figure 3
(a) and (b)). Amylin: Plasma AMY levels were higher in
OBESE animals when compared with LEAN at both post-
meal time points during the dark phase and immediately
after the meal during the light phase (p< 0.05 Figure 3(i)
and (j)).

Discussion

The aim of this study was to test whether high-fat diet-
induced obesity would alter the daily rhythm of gut pep-
tide plasma levels or meal-induced levels in the middle of
the light or dark cycle. We found that even when OBESE
and LEAN animals ate the same kcals and have a similar
pattern of food intake, there is a difference in both the levels
and rhythm of plasma gut peptides throughout the light/
dark cycle. In particular, we found that (i) GLP-1 levels
were lower in OBESE animals during the first 6 h of the
dark cycle and in the middle of the light cycle compared
with the LEAN group (ii) PYY levels were increased during
the light cycle in LEAN animals, but not in the OBESE
group, and (iii) glucose and AMY levels were higher in
OBESE animals throughout the light and dark cycles. We
also found that when OBESE and LEAN animals were
given an oral mixed meal in the middle of the light or
dark cycle, there was a differential response of the plasma
gut signals even though the composition and amount of
intake of the meal was the same in both groups. Thus, it
appears that OBESE and LEAN animals respond different-
ly to the same amount and timing of food intake under a
variety of conditions.

The difference in the levels of the gut peptides between
the groups occurred when there is no clear indication of a
problem with glycemic control in the OBESE animals and
both groups are increasing their body weight across time.
Although many rodent models of diet-induced obesity see
hyperinsulinema and sustained increases in glucose across
the 24-h period, we did not find this. The differential results
may be due to the other studies using alternative high-fat
diets29–31 or other strains of rats.32–35 In addition, the
Sprague-Dawley rats used in this study eat equal kcals of
the 60% high-fat diet and chow, and the growth trajectory of
both groups is similar and constantly increasing through-
out the entire time of the study. Another study using
Sprague-Dawley rats, though, find a dissimilar growth pat-
tern between the high-fat and chow-fed groups.36 The

timing of how long the animals are eating the high-fat
diet may also contribute to sustained increases in insulin
and glucose levels. If the animals in the present study were
maintained on the diets for a longer period of time, glyce-
mic control may then be altered and differences in the
gut peptide levels further enhanced. Nonetheless, clear
differences in peptide levels are seen in response to diet-
induced obesity even prior to other metabolic disturbances
(as has been discussed literature37). Changes in the gut
peptides could be used as an early indicator of later and
more serious metabolic disturbances and may be a target
for intervention.

There is no clear connection between the timing of food
intake and the gut peptide levels across the 24 h period
for either group. Whereas glucose and insulin levels vary
at each time point, the other gut peptides show periods of
sustained highs and lows. GLP-1 levels remain high
throughout the dark cycle, while animals in both groups
are intermittently eating. The higher GLP-1 levels in the
LEAN vs. OBESE animals are consistent with previous
reports.14,38 It is often thought, though, that GLP-1 is quick-
ly degraded after release, but clearly GLP-1 remains in the
systemic circulation and at levels where differences
between the groups can be observed. During the light
cycle when animals are not eating, there is an elevation of
GLP-1 that has previously been documented.14,39 PYY
levels during the dark cycle appear to mimic the pattern
of food intake, with peaks and nadirs, but the pattern is
flipped between the OBESE and LEAN groups. Thus, the
timing of food intake may correlate with plasma PYY,
but the association between meals and PYY levels
was not the same between OBESE and LEAN animals.
This may be explained by variations in the digestion and
absorption of the high-fat versus the chow diets or related
to factors associated with obesity. Higher PYY levels have
been observed in lean compared with obese humans40,41

and non-human animals14,42,43 after a meal or at select
times during the day or night, but sustained increases in
PYY levels during the light cycle in rats has not previously
been found and is not a direct meal-driven effect. High
AMY levels in obese humans44 and non-human animals45

has been found, but this is the first time indicating that they
remain high throughout the light/dark cycle. Taken togeth-
er, the timing of food intake is clearly not the only factor
dictating gut peptide levels.

The daily rhythm of physiological and behavioral events
can be determined by circadian clocks. The circadian
rhythm is set by the suprachiasmatic nucleus of the hypo-
thalamus (SCN) or by intrinsic circadian clocks within the
cells of certain organs. The SCN can control the timed
release of gut peptides through a variety of mechanisms,
including (1) the secretion of neurohormones into the cir-
culation, (2) autonomic neural connections to the secretory
cells of peripheral tissues or (3) by controlling feeding
behavior and inducing nutrient, neural, and hormonal
release of gut peptides. Given that animals in the OBESE
and LEAN groups were eating meals at the same time of
day, the timing of the meals is not dictating the rhythm of
the gut peptides. The difference in the diet composition
between the high-fat and chow foods may contribute to
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Figure 3. Plasma hormone levels immediately after (0 min) and 120 min after test meal in the middle of the dark period in both LEAN and OBESE groups – GLP-1 (a),

PYY (c), glucose (e), insulin (g) and amylin (i). Plasma hormone levels immediately after (0 min) and 120 min after test meal in the middle of the light period in both LEAN

and OBESE groups- GLP-1 (b), PYY (d), glucose (f), insulin (H) and amylin (j). Values are mean�SEM. *p � 0.05 OBESE compared with LEAN.

GLP-1: glucagon-like peptide-1; PYY: peptide YY.
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the variation in gut peptide levels in the ad libitum fed
condition, but when both groups ate the same meal,
12 ml of liquid Ensure, there was still a differential gut
peptide response. This suggests that the underlying mech-
anism for the changes in the daily rhythm or in the feeding-
induced gut peptide levels may be due to obesity associat-
ed alterations in how the SCN communicates with the
secretory cells of the digestive and accessory organs or
how the cells are responding to exogenous signals. The
idea that high-fat diet-induced obesity can alter the circa-
dian rhythm of physiological events, independent of alter-
ations in the light-dark cycle, is strongly supported by data
(see reviews in literature46–48). We have highlighted a few of
the key mechanisms by which high-fat diet-induced obesity
may induce the changes in gut peptide levels in the present
study.

High-fat diet-induced obesity shifts the expression of
clock genes within the SCN and in peripheral oscillators.49

A shift in clock gene expression within the SCN would
result in altered autonomic input to the secretory cells
of the peripheral tissues. Because the parasympathetic
nervous system is known to play a direct role in both
b-cell and enteroendocrine peptide release,50,51 it is likely
that a shift in activity would contribute to alterations in the
levels of gut peptides throughout the 24 h cycle. Although
the exact effect of diet-induced obesity on the timing of
autonomic activity is not known, obesity is associated
with a general decrease in parasympathetic and increase
in sympathetic nervous system activity.52 Independent of
the central circadian control, peripheral oscillators also play
a role in gut peptide release. In particular, the level or
timing of expression of circadian transcription factors
within L cells can be directly altered by high-fat diet
intake in vivo or application of palmitate, the most abun-
dant saturated fatty acid in the circulation of obese animals,
in vitro.39,53 This likely occurs because the promoter region
of the proglucagon gene, the gene for GLP-1, contains an
ebox domain that is known to bind circadian transcription
factors.54 The molecular signaling necessary for these
nutrient-induced changes have yet to be identified and
the extent to which peripheral oscillators contribute to the
release of the other gut peptides measured here is not clear.

Additional molecular changes in the secretory cells of
the digestive and accessory organs may alter how the
cells respond to nutrients or nutrient-related factors. The
intestinal L cells that secrete GLP-1 and PYY and the pan-
creatic b-cells that secrete insulin and AMY are altered in
obesity (GLP-1 and AMY are produced in other cells of the
body, but the contribution of these populations to obesity-
induced changes in plasma levels is negligible or
unknown). As obesity develops, hyperinsulinemia and
hyperamylinemia occur through overproduction in the
b-cells as a result of hypernutrient stimulation, loss of insu-
lin or amylin receptor activity, or reduced clearance of these
peptides from circulation.55 As obesity persists, b-cells stop
producing insulin and amylin and the cells will undergo
apoptosis.55 Obesity-related changes are also seen in the
L cells and include changes in cellular metabolism.56,57

These cells, though, are constantly regenerated every few
days as the entire intestinal epithelium turns over. Thus, the

impact of obesity may occur earlier in the proliferation and
differentiation process. In fact, high-fat diet-induced obese
mice show alterations in proliferation and differentiation in
vivo and in intestinal epithelial stem cells isolated from
obese mice in vitro.58,59 These cellular and molecular
changes in the cells secreting these gut peptides would be
expected to result in modifications in nutrient-sensing and
processing that likely contribute to shifts in the rhythm and
meal-induced levels of gut peptides between obese and
lean individuals.
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