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Increased GLP-1 levels were found in plasma and colon tissue during
proestrus.
Reduced stomach contents were recorded on the morning of estrus.
High GLP-1 at proestrus may indicate increased satiety leading into estrus.
Plasma and colon PYY unchanged during estrous cycle; possible differential
PYY/GLP-1 secretion.
Increasing age affects GLP-1 regulatory control in reproductively competent
females.

Abstract:
There is a well-documented association between cyclic changes to food intake and
the changing ovarian hormone levels of the reproductive cycle in female mammals.
Limited research on appetite-controlling gastrointestinal peptides has taken place in
females, simply because regular reproductive changes in steroid hormones present
additional experimental factors to account for. This study focussed directly on the
roles that gastrointestinal-secreted peptides may have in these reported, naturally
occurring, changes to food intake during the rodent estrous cycle and aimed to
determine whether peripheral changes occurred in the anorexigenic (appetitereducing) hormones peptide-YY (PYY) and glucagon-like peptide-1 (GLP-1) in
female Wistar rats (32-44 weeks of age). Total forms of each peptide were measured
in matched fed and fasted plasma and descending colon tissue samples for each
animal during the dark (feeding) phase. PYY concentrations did not significantly
change between defined cycle stages, in either plasma or tissue samples. GLP-1
concentrations in fed plasma and descending colon tissue were significantly
increased during proestrus, just prior to a significant reduction in fasted stomach
contents at estrus, suggesting increased satiety and reduced food intake at this
stage of the cycle. Increased proestrus GLP-1 concentrations could contribute to the
reported reduction in food intake during estrus and may also have biological
importance in providing the optimal nutritional and metabolic environment for
gametes at the potential point of conception. Additional analysis of the findings
demonstrated significant interactions of ovarian cycle stage and fed/fasted status
with age on GLP-1, but not PYY plasma concentrations. Slightly older females had
reduced fed plasma GLP-1 suggesting that a relaxation of regulatory control of this
incretin hormone may also take place with increasing age in reproductively
competent females.

Keywords: estrous cycle; ovarian cycle; appetite; gut peptides; GLP-1; PYY;
satiety

1 Introduction:
Reduced food intake in reproductively cycling females has been associated with high
levels of estradiol in the circulation; rats consume less during estrus, following the
earlier peak in ovarian estradiol secretion during proestrus [1-3]. Eckel et al. (2000)
found a significant reduction in food intake at estrus to be accompanied by a
reduction in water consumption and also reported a significant decrease in body
mass in ad libitum fed rats. Another study in ovariectomised (OVX) female rats
further demonstrated that cyclic administration of near physiological estradiol levels
allowed maintenance of feeding patterns and body mass, both of which were lost in
non-treated OVX control rats [4]. Despite previously observed cyclic changes to food
intake and body mass during the reproductive cycle, the optimal nutritional and
metabolic environment to ensure healthy gametes at the time of ovulation and
potential conception, prior to early development events, is not well characterised.
Likewise, the possible roles of appetite-regulating gut hormones at this time have not
been explored in detail.

Appetite-influencing hormone concentrations in the peripheral circulation, including
ghrelin, PYY and GLP-1, are generally suppressed in conditions of obesity and in
type II diabetes [5-9]. Gastrointestinal bypass surgery results in reduced food intake
and body mass gain, and rapid improvements in glucose homeostasis in people with
type II diabetes. It is also associated with marked changes to gut hormone secretion,
with postprandial levels of satiety-inducing gut hormones being significantly
increased [10-13]. With the globally increased prevalence of obesity in younger
human populations, new drugs and endogenous hormone combinations are being
tested as alternatives to risky gastric surgery treatments that are effective in altering
metabolic/gut hormone profiles towards weight loss. In this context, it will be
important to establish what effects altering endogenous appetite hormone
concentrations may have on females of reproductive age. Before such work is
performed, however, it is necessary to determine how appetite hormone levels
change during the ovarian cycle, which is the aim of the present study.

PYY and GLP-1 are anorexigenic (appetite-inhibiting) gut peptides that are cosecreted predominantly from the population of L cells in the distal colon in response
to intake of specific nutrients in food [reviewed by 14, 15], although recent studies

using perfused male rat guts ex vivo have demonstrated the presence and variable
secretion of both peptides from proximal and distal areas of small intestine [16]. PYY
and GLP-1 are released in a biphasic manner and plasma levels increase from
approximately 15 minutes after the start of food consumption, proportional to meal
size, to signal satiety [14, 17]. Both peptides additionally have physical effects on the
gastrointestinal tract, such as delaying gastric emptying via an ileal brake
mechanism, and decreasing gastric acid and intestinal secretions [18, 19].
Additionally, GLP-1 acts as an incretin, signalling between the gut and pancreatic
beta cells to increase glucose-dependent insulin secretion [15]. The incretin
properties of GLP-1 have been utilised to treat type-II diabetes and to achieve
modest body mass reductions [20]. Little is known about the potential influence of
the reproductive cycle hormones’ interaction with PYY and GLP-1, but it may be
anticipated that during estrus, when food intake is lowest, PYY and GLP-1 may
contribute to the anorexigenic tone.

The main objectives of this study were to establish if any changes in circulating and
tissue concentrations of the anorexigenic hormones PYY and GLP-1 occurred in
relation to previously documented natural food intake changes during the rodent
estrous cycle. It is the first study to consider co-secreted PYY and GLP-1
concentrations in the same matched fed and fasted plasma and in corresponding
(fasted) colon tissue samples in female rats at each stage of the estrous cycle. This
work also took into account the nocturnal feeding patterns of rodents, with
quantification of hormone concentrations during the dark phase at each estrous
cycle stage. Secondary aims included checking for any age effects, as data analysis
of total ghrelin fed and fasted concentrations from the same samples found
decreased amounts in slightly older females [21].

2. Materials and methods
2.1 Animals
This work was licensed under the Home Office Animals (Scientific Procedures) Act
1986 and had approval from The Open University Ethics Committee; rats were
specifically chosen for this study to obtain enough blood for fed and fasted
comparison. Nulliparous female Wistar rats (Harlan, UK, n=43) were housed in
groups of four and maintained under a 12 hour reverse light cycle (lights off between

11.00 and 23.00) with free access to standard breeding diet and water. All
procedures were carried out during the dark phase so that samples were obtained
when most physiologically relevant for natural feeding behaviour. Females were kept
near a cage of male rats to keep the females cycling normally. Daily estrous
monitoring was undertaken at 24-hourly intervals between 11.00 (lights off) and
13.00 to determine cycle stages by vaginal lavage, as described by Becker et al.
[22]. Rats were between 32-44 weeks of age at the end of the study. Rats were
monitored for a minimum of 2 complete cycles (often up to 4 cycles) to obtain sample
groups at each stage of the estrous cycle.

2.2 Blood and tissue collection and preparation
Fed blood samples from the tail vein were taken between 13.00 and 15.00, after
completion of estrous monitoring, the day before the cycle stage to be studied. Some
animals did not progress as predicted with their estrous cycle, so there is a mismatch
between the number of animals in the fasted state cycle stages (proestrus n=12;
estrus n=11; metestrus n=9, diestrus n=11) and the numbers obtained for the fed
cycle stages the day before (proestrus n=14; estrus n=7; metestrus n=6, diestrus
n=16).

Rats were fasted from 08.00, before the beginning of the dark period (when
maximum food consumption occurs), 4 – 8 hours prior to culling. Cage food was
removed at 08.00 the day after tail vein fed sample collection, and animals were then
sacrificed between 12.00 and 16.00. Fed blood samples were immediately acidified
by dilution at 1:10 in buffer (0.1 M ammonium acetate, 0.5 M NaCl, pH 3.6) as
recommended for optimal peptide preservation and recovery [23]. Rats were
anaesthetised and decapitated, and a fasted blood sample was obtained from trunk
blood. All blood was collected into EDTA coated tubes with a protease inhibitor.
Stomachs were removed and masses were recorded both before and after opening
along the greater curvature and rinsing in PBS, enabling the mass of remaining
stomach contents to be calculated. Samples of descending colon were removed and
immediately frozen for later peptide extraction and assay.

2.3 Radioimmunoassays

Samples of fed and fasted plasma and fasted colon tissue extract were analysed
according to the manufacturer’s protocol for total PYY and GLP-1 concentrations
using radioimmunoassay kits of the same batch number per peptide (Millipore, UK).
All tissue samples were diluted prior to addition to RIAs using distilled water. Fasted
plasma samples for GLP-1 measurement were extracted and added to each kit as
outlined in the assay protocol. Samples were added to assays based on sample
type, not cycle stage. PYY: intra-assay %CV: 2.97 ± 1.617 (n=3), inter-assay %CV:
2.85 ± 3.172 (n=3). GLP-1: intra-assay %CV: 3.34 ±1.279 (n=3), inter-assay %CV:
6.28 ± 1.551 (n=3).

2.4 Statistics
Values represent mean ± S.E.M. Statistical analysis was carried out using a one-way
ANOVA with a Tukey post-hoc test on normally distributed data. When data were not
normally distributed, and could not be transformed (e.g. by log transformation) to
normality, a Kruskal-Wallis test was used, with follow-up pairwise comparisons
(Mann-Whitney), with Bonferroni correction. A paired-samples t-test was used to
compare hormones in the fed and the fasted state. Further statistical testing used a
univariate general linear model (GLM) with PYY or GLP-1 concentration as the
primary dependent variable and fed/fasted status and stage in cycle as independent
variables, with age in weeks as a covariate. To evaluate our secondary aims,
Pearson correlations were used to determine if either hormone concentrations were
correlated in fed and fasted states and with age. All statistical tests were performed
using IBM SPSS Statistics 21. P<0.05 was considered statistically significant.

3. Results
At culling, the mean age of the rats was 38 ± 0.49 weeks (32 – 44 weeks) and mean
body mass was 269.2 ± 2.59 g (239.6 – 303.9 g). There were no significant
differences in age (P=0.180) or body mass (P=0.673) between the different cycle
stage groups using ANOVA. There was no difference in body mass with age
(P=0.555).

3.1 Fasted stomach contents indicated least food consumed leading up to estrus

Stomach contents data were analysed against the cycle stage of the preceding day,
as the rats were fasted from the beginning of the cull day (from 08.00; before lights
off at 11.00), therefore analysis of remaining stomach contents provided an
indication of food consumption during the previous day/cycle stage. When fasted
from estrus and dissected at metestrus, rats had significantly (F(3, 39)=3.187,
P=0.034) more stomach contents (0.96 g) than those fasted from proestrus and
dissected at estrus (0.44 g; P=0.028) [21].

3.2 GLP-1
GLP-1 concentrations in fed plasma (101.6 ± 13.15 pg/ml) were significantly
(t(41)=5.266, P<0.001) higher (approximately three times) than in fasted plasma
(28.4 ± 15.17 pg/ml) in the whole group. Fed plasma had significantly (KruskalWallis, χ2=7.871, 3 df, P=0.049) more GLP-1 during proestrus than in diestrus
(P=0.034; Figure 1 i). Fasted plasma concentrations of GLP-1 were similar at each
cycle stage (Figure 1 ii). Higher large intestine tissue concentrations were also found
at proestrus: in descending colon tissue (Figure 1 iii), GLP-1 was significantly more
concentrated (F(3, 39)=3.921, P=0.015) at proestrus than during estrus (P=0.045)
and diestrus (P=0.029).

As the experimental design included multiple factors including fed and fasted status
and stage of ovarian cycle, GLM univariate analysis was used to test for any
interactions. Although rats used for the study were within a limited age range,
hormone concentrations may vary with age, so cull age was added into the linear
model as a covariate. There were significant main (direct) effects of fed/fasted status
(F(1,76)=36.851, P=0.001), ovarian cycle stage (F(3,76)=3.024, P=0.035) and age
(F(1,76)=5.729, P=0.019) on total GLP-1 plasma concentrations and a significant
interaction (joint effect) of fed/fasted status with ovarian cycle stage (F(3,76)=2.766,
P=0.048) as fixed factors, with age included in the model as a covariate. There was
no effect of body mass (P=0.531) or empty stomach mass (P=0.124).

Tukey post hoc tests were used to investigate the sources of interaction, with
significant differences between fed and fasted cycle stage groups shown on Figure
1(i) and (ii). Fed proestrus rats had the highest GLP-1 plasma concentrations and
higher amounts than all fasted cycle stages. Fed proestrus GLP-1 concentrations

were also higher than fed diestrus rats (P<0.001, Fig 1 i). Fed estrus rats also had
higher GLP-1 than all fasted cycle stages: proestrus, metestrus (P<0.05; with trends
for estrus P=0.056, ns and diestrus P=0.073, ns).

Figure 1. GLP-1 concentrations during the rat estrous cycle
Fed plasma (i) and descending colon (iii) GLP-1 were significantly increased at
proestrus compared to diestrus, and additionally at metestrus in colon tissue. No
changes were seen in fasted plasma GLP-1 levels (ii) throughout the cycle (*
P<0.05). General linear modelling univariate analysis differences are shown between
cycle stages in fed samples (i) and between fed (i) and fasted (ii) figures (a>b,
P<0.001, c>d, P<0.05.
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3.3 Plasma, but not colon tissue GLP-1 concentrations were different with age
General linear modelling (GLM) of GLP-1 data analysis also revealed a significant
main (direct) effect of age on plasma concentrations of GLP-1, and furthermore,
scatterplots of the data (Figure 2) show fed and fasted plasma GLP-1 concentrations
correlated with age: fed negatively (r=-0.534, P<0.001, n=42, Figure 2 i) and fasted
positively (r=0.445, P=0.003, n=43, Figure 2 ii). Younger rats had higher fed GLP-1
concentrations, whereas they had lower fasted concentrations, in comparison with

slightly older animals. GLM also showed that colon tissue levels were not affected by
age (Figure 2 iii).
Figure 2 Correlation of plasma GLP-1 concentrations and rat age in weeks
(i) fed GLP-1 (r=-0.534, P<0.001, n=42); (ii) fasted GLP-1 (r=0.445, P=0.003, n=43);
(iii) descending colon GLP-1 (r=0.221, P=0.154, ns). Note y axes scales and units
differ (proestrus, ●; estrus, ○; metestrus, ♦; diestrus, ◊).
i)

ii)

iii)

3.4 PYY
Matched fed and fasted plasma sample analysis for the whole group showed that
PYY concentrations were significantly (t(41)=13.397, P<0.001) higher (approximately
twice) in the fed state (453.6 ± 20.05 pg/ml) than the fasted state (177.6 ± 7.18
pg/ml). The consistent decreases in both PYY and GLP-1 in the circulation from fed
to fasted states confirmed an adequate fasting time in these animals.

There were no significant differences in either fed or fasted plasma concentrations of
PYY in the different cycle stage groups (Figure 3 i, ii). Concentrations of PYY in the
descending colon (Figure 3 iii) did not differ significantly between the cycle stages.
GLM univariate analysis did not reveal any differences in total PYY plasma
concentrations in fed or fasted states, between ovarian cycle stages or with age in
the same animals/samples that did have GLP-1 differences. There were no
significant correlations between fed or fasted PYY concentrations with age.

Figure 3. PYY concentrations during the rat estrous cycle
Neither fed (i) nor fasted (ii) plasma PYY differed with cycle stage. Descending colon
PYY (iii) varied with cycle stage, but not significantly.
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Figure 4 Correlation of plasma PYY concentrations and rat age in weeks
(i) fed PYY (r=0.143, P=0.368, ns); (ii) fasted PYY (r=0.278, P=0.071, ns); (iii)
descending colon PYY (r=0.469, P=0.002). Note y axes units differ (proestrus, ●;
estrus, ○; metestrus, ♦; diestrus, ◊).
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4. Discussion
This study has established that circulating and colon tissue concentrations of GLP-1
were altered at defined stages of the rat estrous cycle. During proestrus, GLP-1
concentrations were significantly highest in descending colon tissue as well as in fed
plasma. These increases in the anorexigenic hormone GLP-1 occurred in advance of
the onset of the estrus phase of the cycle, in agreement with previously reported
decreased feed intakes [1-3]. Increased expression of Glp-1r has previously been
demonstrated in the hypothalamus and ovaries at proestrus in Sprague-Dawley rats
[24], suggesting increased responsiveness to GLP-1 at this time, when circulating
levels are high. Despite being secreted from the same cell type as GLP-1, neither
fed nor fasted PYY plasma or tissue concentrations differed at defined stages of the
cycle, although descending colon PYY individual concentrations varied considerably
within each group. Approximately 70% of colonic L cells co-secrete PYY [reviewed

by 15], so it is likely that differential secretion of GLP-1 and PYY takes place
throughout the rat ovarian cycle. We measured total concentrations, so the
possibility remains that the proportions of the different forms of PYY [14] could be
altered at different stages, despite the absence of any increases in total levels, as
were found for GLP-1; and requires further study to determine.

GLP-1 acts as an incretin, signalling between the gut and pancreatic beta cells to
increase glucose-dependent insulin secretion [14], but as GLP-1 secretion starts to
occur before glucose reaches the distal gut in rats, the initial release is thought to be
vagally stimulated [25]. This initial increase is followed later by the direct GLP-1
stimulatory effect of nutrients arriving at the distal L cells. Diurnal variations of GLP-1
secretion in male rats in response to oral glucose administration have been
demonstrated [25], and were limited to the first phase response. Therefore, if this
also occurs in female rats, this earlier ‘non nutrient’ mechanism may be involved in
the increased GLP-1 secretion observed prior to the estrus phase. However, it
likewise remains possible that differences in other hormones, neuropeptides, or
nutrients that stimulate second phase GLP-1 secretion such as insulin, gastric
inhibitory polypeptide (GIP) or leptin, which activate Erk1/2 or AKT; cAMP and
STAT3 signalling mechanisms in L cells, respectively, could also be involved in the
differences observed in this study. Further research is needed in females to explore
the secretory patterns of cells in different areas of the gastrointestinal tract (similar to
work done by Svendsen et al., [16] on male rat perfused small intestine) and confirm
the possibility of differential release of PYY and GLP-1 throughout the oestrous
cycle.

Studies have demonstrated a link between high exogenously administered GLP-1
levels and a reduction in food intake in rats [26] and humans [27], and also a
reduction in the intake of high-fat food in mice when injected centrally [28]. As the
animals used in the present study were group housed, daily food intake with cycle
stage could not be monitored closely, but weighing stomach contents at dissection
provided an indication of food and water consumption based on what remained after
the fasting period. The mass of remaining stomach contents indicated that the rats
either consumed the least between proestrus and estrus and the most shortly after,
or that stomach emptying may have been inhibited by higher GLP-1 concentrations

during proestrus. Increased levels of both GLP-1 and PYY have been linked with a
reduced gut transit time in rodents [29, 30] and humans [31, 32]. Although gastric
motility has not been studied during the ovarian cycle, it has been reported that there
is reduced food intake during the stage of proestrus [1-3, 33, 34]. These combined
observations suggest that satiety was likely increased leading into estrus, further
supported by the increased endogenous GLP-1 findings from this study.

Due to the important timing, close to potential conception, it is possible that an
increase in GLP-1 at proestrus may also be involved in setting appropriate
metabolic/nutritional conditions for vital reproductive events taking place at this
critical stage of the ovarian cycle. Recent studies of the orexigenic gut hormone
ghrelin found that both hyper- and hypoghrelinemia had negative effects throughout
fertilisation, implantation, and both embryo and fetal developmental stages in mice
[35]. That study demonstrated the importance of optimal ghrelin levels from the
fertilisation period and during the very early stages of pregnancy. Likewise in this
study, from proestrus to estrus when the rats were sexually receptive, higher fed and
tissue GLP-1 levels may have provided a permissive signal of adequate nutritional
reserves to support pregnancy, enhanced insulin sensitivity and acted to delay or
prolong nutrient absorption by slowing gastric emptying and intestinal transit [15].
This hypothesis is consistent with the finding that descending colon GLP-1 levels
were increased despite the period of fasting, which would be expected to decrease
GLP-1 production to increase appetite; also that the fed plasma samples from
proestrus rats taken the day before had the highest concentrations. In support of this
possibility, another recent study has demonstrated regulatory links between GLP-1
and the hypothalamic-gonadal-pituitary axis and increased litter size in female rats
[24].

The increasing incidence of obesity in females of reproductive age (with suppressed
GLP-1, PYY and ghrelin concentrations) across the globe [36] is of concern for the
health of these women and their offspring. The evidence for an effect of parental diet
and body composition on metabolic programming and epigenetic changes of
offspring before [37, 38], during and after conception and implantation [39, 40] is
growing. Mice with diet-induced obesity have been shown to have poor oocyte
quality leading to poor blastocyst survival rates and embryos that survived showed

multiple abnormalities such as aneuploidy [41]. Human fetuses are also at risk,
presenting with growth retardation and brain development abnormalities [42]. Obese
women are known to have impaired reproductive function and can suffer infertility,
miscarriage and further, obstetric complications [43], so it is essential that more is
understood about the role of gut hormones in normal eating behaviour and
fundamental reproductive functions, particularly at the time of conception.

This study has also revealed interactions between fed/fasted status and cycle stage
on GLP-1 plasma concentrations with increasing age in reproductively competent
rats (between 32 and 44 weeks of age), but not on co-secreted PYY. Both fed and
fasted total ghrelin (appetite-enhancing) concentrations from these plasma samples
[21] were likewise significantly reduced in the slightly older animals. GLP-1 and
ghrelin are both involved, in opposing roles, in glucose homeostasis [39]. This
current work provides further evidence that total GLP-1 concentrations are an
important component of the complex dynamic physiological changes taking place in
the ovarian cycle of female rats. Furthermore, if the regulatory control of appetiteinfluencing hormones such as GLP-1 and ghrelin are attenuated between fed and
fasted states with increasing age in reproductively competent females, such changes
could impact on dam body composition, reproductive success and offspring
metabolic programming.

5. Conclusion
These new findings that GLP-1 concentrations are increased in fed plasma and
descending colon tissue at proestrus, whilst PYY are not, and that there are
interactions between fed/fasted status, ovarian cycle and age (whilst still
reproductively competent), add to the existing knowledge about natural food intake
reductions during the ovarian cycle in rats. Alterations in anorexigenic gut hormone
concentrations and fasted stomach contents at proestrus could contribute to the
reported reduction in food intake during estrus in rats, in addition to the known
effects of estradiol. There is growing evidence that so-called appetite hormones act
as signals to the reproductive tract of an optimal nutritional environment to support
pregnancy. As GLP-1 concentrations are also implicated in glucose regulation,
studying this gut hormone throughout reproductive life stages is important for

examining the links between maternal appetite and glucose regulation and how this
may be implicated in the metabolic programming of offspring.

Acknowledgements
The authors thank Steve Walters, Karen Evans, Agata Stramek and Sophie Brooks
for outstanding technical support. They are also grateful to Professor Paul
Garthwaite for statistical guidance with the GLM models and data analysis. The
School of Life, Health and Chemical Sciences (LHCS), The Open University,
provided the funding for this work.

6. References
[1] Asarian L, Geary N. Modulation of appetite by gonadal steroid hormones.
Philosophical transactions of the Royal Society of London Series B, Biological
sciences. 2006;361:1251-63. doi: 10.1098/rstb.2006.1860.
[2] Butera PC. Estradiol and the control of food intake. Physiology &amp; behavior.
2010;99:175-80. doi: 10.1016/j.physbeh.2009.06.010.
[3] Eckel LA. Estradiol: a rhythmic, inhibitory, indirect control of meal size. Physiology
&amp; behavior. 2004;82:35-41. doi: 10.1016/j.physbeh.2004.04.023.
[4] Asarian L, Geary N. Cyclic estradiol treatment normalizes body weight and
restores physiological patterns of spontaneous feeding and sexual receptivity in
ovariectomized rats. Horm Behav. 2002;42:461-71. doi: 10.1006/hbeh.2002.1835.
[5] Maier C, Riedl M, Vila G, Nowotny P, Wolzt M, Clodi M, et al. Cholinergic
regulation of ghrelin and peptide YY release may be impaired in obesity. Diabetes.
2008;57:2332-40. doi: 10.2337/db07-0758.
[6] Matikainen N, Bogl LH, Hakkarainen A, Lundbom J, Lundbom N, Kaprio J, et al.
GLP-1 Responses Are Heritable and Blunted in Acquired Obesity With High Liver
Fat and Insulin Resistance. Diabetes Care. 2014;37:242-51. doi: 10.2337/dc131283.
[7] Mittelman SD, Klier K, Braun S, Azen C, Geffner ME, Buchanan TA. Obese
Adolescents Show Impaired Meal Responses of the Appetite-Regulating Hormones
Ghrelin and PYY. Obesity. 2010;18:918-25. doi: 10.1038/oby.2009.499.
[8] Name M, Giannini C, Santoro N, Jastreboff AM, Kubat J, Li FY, et al. Blunted
Suppression of Acyl-Ghrelin in Response to Fructose Ingestion in Obese
Adolescents: The Role of Insulin Resistance. Obesity. 2015;23:653-61. doi:
10.1002/oby.21019.
[9] Zwirska-Korczala K, Konturek SJ, Sodowski M, Wylezol M, Kuka D, Sowa P, et
al. Basal and postprandial plasma levels of pyy, ghrelin, cholecystokinin, gastrin and
insulin in women with moderate and morbid obesity and metabolic syndrome. J
Physiol Pharmacol. 2007;58:13-35.
[10] Pedersen SD. The role of hormonal factors in weight loss and recidivism after
bariatric surgery. Gastroenterol Res Pract. 2013;2013:528450. doi:
10.1155/2013/528450.
[11] Rhee NA, Wahlgren CD, Pedersen J, Mortensen B, Langholz E, Wandall EP, et
al. Effect of Roux-en-Y gastric bypass on the distribution and hormone expression of
small-intestinal enteroendocrine cells in obese patients with type 2 diabetes.
Diabetologia. 2015;58:2254-8. doi: 10.1007/s00125-015-3696-3.
[12] Svane MS, Bojsen-Moller KN, Nielsen S, Jorgensen NB, Dirksen C, Bendtsen F,
et al. Effects of endogenous GLP-1 and GIP on glucose tolerance after Roux-en-Y
gastric bypass surgery. Am J Physiol Endocrinol Metab. 2016:ajpendo 00471 2015.
doi: 10.1152/ajpendo.00471.2015.
[13] Chandarana K, Gelegen C, Karra E, Choudhury AI, Drew ME, Fauveau V, et al.
Diet and gastrointestinal bypass-induced weight loss: the roles of ghrelin and peptide
YY. Diabetes. 2011;60:810-8. doi: 10.2337/db10-0566.
[14] De Silva A, Bloom SR. Gut Hormones and Appetite Control: A Focus on PYY
and GLP-1 as Therapeutic Targets in Obesity. Gut Liver. 2012;6:10-20. doi:
10.5009/gnl.2012.6.1.10.
[15] Dong CX, Brubaker PL. Ghrelin, the proglucagon-derived peptides and peptide
YY in nutrient homeostasis. Nat Rev Gastroenterol Hepatol. 2012;9:705-15. doi:
10.1038/nrgastro.2012.185.

[16] Svendsen B, Pedersen J, Albrechtsen NJW, Hartmann B, Toräng S, Rehfeld JF,
et al. An Analysis of Cosecretion and Coexpression of Gut Hormones From Male Rat
Proximal and Distal Small Intestine. Endocrinology. 2014;156:847-57. doi:
10.1210/en.2014-1710.
[17] Adrian TE, Ferri GL, Bacarese-Hamilton AJ, Fuessl HS, Polak JM, Bloom SR.
Human distribution and release of a putative new gut hormone, peptide YY.
Gastroenterology. 1985;89:1070-7. doi: 10.1016/0016-5085(85)90211-2.
[18] Ballantyne GH. Peptide YY(1-36) and peptide YY(3-36): Part I. Distribution,
release and actions. Obes Surg. 2006;16:651-8. doi:
10.1381/096089206776944959.
[19] Ng SY, Wilding JP. Liraglutide in the treatment of obesity. Expert Opin Biol Ther.
2014;14:1215-24. doi: 10.1517/14712598.2014.925870.
[20] Nuffer WA, Trujillo JM. Liraglutide: A New Option for the Treatment of Obesity.
Pharmacotherapy. 2015;35:926-34. doi: 10.1002/phar.1639.
[21] Johnson ML, Saffrey, M.J., Taylor, V.J. Plasma Ghrelin Concentrations were
Altered with Oestrous Cycle Stage and Increasing Age in Reproductively Competent
Wistar Females. PLoS One. 2016;11:e0166229. doi: 10.1371/journal.pone.0166229.
[22] Becker JB, Arnold AP, Berkley KJ, Blaustein JD, Eckel LA, Hampson E, et al.
Strategies and methods for research on sex differences in brain and behavior.
Endocrinology. 2005;146:1650-73. doi: 10.1210/en.2004-1142.
[23] Stengel A, Keire D, Goebel M, Evilevitch L, Wiggins B, Tache Y, et al. The
RAPID method for blood processing yields new insight in plasma concentrations and
molecular forms of circulating gut peptides. Endocrinology. 2009;150:5113-8. doi:
10.1210/en.2009-0697.
[24] Outeirino-Iglesias V, Romani-Perez M, Gonzalez-Matias LC, Vigo E, Mallo F.
GLP-1 Increases Preovulatory LH Source and the Number of Mature Follicles, As
Well As Synchronizing the Onset of Puberty in Female Rats. Endocrinology.
2015;156:4226-37. doi: 10.1210/en.2014-1978.
[25] Gil-Lozano M, Mingomataj EL, Wu WK, Ridout SA, Brubaker PL. Circadian
secretion of the intestinal hormone GLP-1 by the rodent L cell. Diabetes.
2014;63:3674-85. doi: 10.2337/db13-1501.
[26] Turton MD, O'Shea D, Gunn I, Beak SA, Edwards CM, Meeran K, et al. A role
for glucagon-like peptide-1 in the central regulation of feeding. Nature. 1996;379:6972. doi: 10.1038/379069a0.
[27] Delgado-Aros S, Kim DY, Burton DD, Thomforde GM, Stephens D, Brinkmann
BH, et al. Effect of GLP-1 on gastric volume, emptying, maximum volume ingested,
and postprandial symptoms in humans. Am J Physiol Gastrointest Liver Physiol.
2002;282:G424-31.
[28] Wang XF, Liu JJ, Xia J, Liu J, Mirabella V, Pang ZP. Endogenous Glucagon-like
Peptide-1 Suppresses High-Fat Food Intake by Reducing Synaptic Drive onto
Mesolimbic Dopamine Neurons. Cell Rep. 2015;12:726-33. doi:
10.1016/j.celrep.2015.06.062.
[29] Chelikani PK, Haver AC, Reidelberger RD. Comparison of the inhibitory effects
of PYY(3-36) and PYY(1-36) on gastric emptying in rats. Am J Physiol Regul Integr
Comp Physiol. 2004;287:R1064-70. doi: 10.1152/ajpregu.00376.2004.
[30] Imeryuz N, Yegen BC, Bozkurt A, Coskun T, Villanueva-Penacarrillo ML, Ulusoy
NB. Glucagon-like peptide-1 inhibits gastric emptying via vagal afferent-mediated
central mechanisms. Am J Physiol. 1997;273:G920-7.

[31] Nauck MA, Niedereichholz U, Ettler R, Holst JJ, Orskov C, Ritzel R, et al.
Glucagon-like peptide 1 inhibition of gastric emptying outweighs its insulinotropic
effects in healthy humans. Am J Physiol. 1997;273:E981-8.
[32] Savage AP, Adrian TE, Carolan G, Chatterjee VK, Bloom SR. Effects of peptide
YY (PYY) on mouth to caecum intestinal transit time and on the rate of gastric
emptying in healthy volunteers. Gut. 1987;28:166-70. doi: 10.1136/gut.28.2.166.
[33] Clegg DJ, Brown LM, Zigman JM, Kemp CJ, Strader AD, Benoit SC, et al.
Estradiol-dependent decrease in the orexigenic potency of ghrelin in female rats.
Diabetes. 2007;56:1051-8. doi: 10.2337/db06-0015.
[34] Eckel LA, Houpt TA, Geary N. Spontaneous meal patterns in female rats with
and without access to running wheels. Physiology &amp; behavior. 2000;70:397405. doi: 10.1016/S0031-9384(00)00278-X.
[35] Luque EM, Torres PJ, de Loredo N, Vincenti LM, Stutz G, Santillan ME, et al.
Role of ghrelin in fertilization, early embryo development, and implantation periods.
Reproduction. 2014;148:159-67. doi: 10.1530/REP-14-0129.
[36] Ng M, Fleming T, Robinson M, Thomson B, Graetz N, Margono C, et al. Global,
regional, and national prevalence of overweight and obesity in children and adults
during 1980-2013: a systematic analysis for the Global Burden of Disease Study
2013. Lancet. 2014;384:766-81. doi: 10.1016/S0140-6736(14)60460-8.
[37] Fleming TP, Watkins AJ, Sun C, Velazquez MA, Smyth NR, Eckert JJ. Do little
embryos make big decisions? How maternal dietary protein restriction can
permanently change an embryo. Reproduction, fertility, and development. 2015. doi:
10.1071/rd14455.
[38] Sun C, Denisenko O, Sheth B, Cox A, Lucas ES, Smyth NR, et al. Epigenetic
regulation of histone modifications and Gata6 gene expression induced by maternal
diet in mouse embryoid bodies in a model of developmental programming. BMC Dev
Biol. 2015;15:3. doi: 10.1186/s12861-015-0053-1.
[39] Ornellas F, Souza-Mello V, Mandarim-de-Lacerda CA, Aguila MB. Programming
of obesity and comorbidities in the progeny: lessons from a model of diet-induced
obese parents. PLoS One. 2015;10:e0124737. doi: 10.1371/journal.pone.0124737.
[40] Dominguez-Salas P, Moore SE, Baker MS, Bergen AW, Cox SE, Dyer RA, et al.
Maternal nutrition at conception modulates DNA methylation of human metastable
epialleles. Nat Commun. 2014;5. doi: 10.1038/ncomms4746.
[41] Minge CE, Bennett BD, Norman RJ, Robker RL. Peroxisome proliferatoractivated receptor-gamma agonist rosiglitazone reverses the adverse effects of dietinduced obesity on oocyte quality. Endocrinology. 2008;149:2646-56. doi:
10.1210/en.2007-1570.
[42] Luzzo KM, Wang Q, Purcell SH, Chi M, Jimenez PT, Grindler N, et al. High Fat
Diet Induced Developmental Defects in the Mouse: Oocyte Meiotic Aneuploidy and
Fetal Growth Retardation/Brain Defects. Plos One. 2012;7. doi:
10.1371/journal.pone.0049217.
[43] Metwally M, Li TC, Ledger WL. The impact of obesity on female reproductive
function. Obes Rev. 2007;8:515-23. doi: 10.1111/j.1467-789X.2007.00406.x.

