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Abstract: Substantial evidence suggests crosstalk between reproductive and gut-axis but mechanisms
linking metabolism and reproduction are still unclear. The present study evaluated the possible
role of glucose-dependent-insulinotropic-polypeptide (GIP) and glucagon-like-peptide-1 (GLP-1)
in reproductive function by examining receptor distribution and the effects of global GIPR and
GLP-1R deletion on estrous cycling and reproductive outcomes in mice. GIPR and GLP-1R gene
expression were readily detected by PCR in female reproductive tissues including pituitary, ovaries
and uterine horn. Protein expression was confirmed with histological visualisation of incretin
receptors using GIPR-Cre and GLP1R-Cre mice in which the incretin receptor expressing cells were
fluorescently tagged. Functional studies revealed that female GIPR−/− and GLP-1R−/− null mice
exhibited significantly (p < 0.05 and p < 0.01) deranged estrous cycling compared to wild-type controls,
indicative of reduced fertility. Furthermore, only 50% and 16% of female GIPR−/− and GLP-1R−/−

mice, respectively produced litters with wild-type males across three breeding cycles. Consistent
with a physiological role of incretin receptors in pregnancy outcome, litter size was significantly
(p < 0.001–p < 0.05) decreased in GIPR−/− and GLP-1R−/− mice. Treatment with oral metformin
(300 mg/kg body-weight), an agent used clinically for treatment of PCOS, for a further two breeding
periods showed no amelioration of pregnancy outcome except that litter size in the GIPR−/− group
was approximately 2 times greater in the second breeding cycle. These data highlight the significance
of incretin receptors in modulation of female reproductive function which may provide future targets
for pharmacological intervention in reproductive disorders.

Keywords: Incretins; GLP-1R; GIPR; PCOS; fertility

1. Introduction

Two important aspects of animal physiology are metabolism and reproduction. These
fundamental systems are interdependent with the hypothalamus acting as the control
centre for reproductive function and energy intake [1,2]. Most hormones regulating feed-
ing behaviour within the central nervous system (CNS) also contribute to the actions of
gonadal hormones including estrogen [3,4]. Energy intake is a double-edged sword with
both hypercaloric conditions such as obesity and energy deficiency leading to decreased
fertility [5–7]. Furthermore, understanding hormonal control of energy homeostasis and
fertility is essential for designing future treatments for reproductive disorders such as
polycystic ovary syndrome (PCOS) which can affect up to one in ten women [7,8].

Glucagon-like peptide-1 (GLP-1) is a hormone produced by the preproglucagon gene
and is predominantly expressed in the L-cells of the small intestine and, to some extent,
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in the CNS and pancreatic alpha-cells [9–12]. GLP-1R, a G protein-coupled receptor is
expressed in various organs possibly including components of the reproductive system [13].
GLP-1 primarily regulates feeding, insulin secretion, glucose homeostasis, gastric motility
and cardiovascular activity [12,14]. Recently, pharmacological stimulation of GLP-1R
with liraglutide has been shown to significantly improve sexual symptoms, increase in
total testosterone concentrations and recovery of hypothalamus-pituitary-testicular axis
in humans [15]. In addition, GLP-1 also protects peripheral reproductive tissues against
metabolic stresses during obesity, diabetes, and PCOS [13]. The sister incretin hormone,
gastric inhibitory polypeptide (GIP), produced by intestinal K cells, is involved in insulin
secretion, glucose homeostasis and both lipid and bone metabolism [11,16–19]. GIP also
inhibits cortisol/corticosterone regulating enzyme 11β-hydroxysteroid dehydrogenase
type 1 (11β-HSD1) [20]. Indeed, decreased hepatic 11β-HSD1 activity in obese women
with PCOS highlights possible indirect effects of GIP in female fertility [21]. Similar to
GLP-1R, the GIPR is expressed in the CNS, and possibly both ovaries and testes; suggesting
its involvement in reproductive function [21]. Modulation of both GIPR and GLP-1R
also significantly suppressed progesterone synthesis in the presence of follicle stimulating
hormone (FSH) in rat granulosa cells [22].

Roux-en-Y bariatric surgery (RYGB), a gold standard treatment for weight loss, also
corrects menstrual disturbances and ameliorates PCOS, leading to increased fertility [23–25].
Alterations of circulating gut peptides post RYGB and suggested expression of their re-
ceptors on hypothalamo-pituitary-gonadal reproductive axis [1,26–28] further indicate a
functional correlation between energy homeostasis and reproductive function. However,
the role of GIP, GLP-1 and their receptors in reproductive function and menstrual irregular-
ities is scarcely studied and requires further investigation. Therefore, in the present study
we evaluated the expression of GIPR and GLP-1R in the reproductive axis and their role in
regulating estrous cycle, pregnancy outcomes and litter size in WT and transgenic mice
with global knockout of either GLP-1R or GIPR. Finally, we investigated whether metformin
treatment, an agent often prescribed in PCOS and which enhances GLP-1 action [12,29],
may ameliorate pregnancy outcomes.

2. Materials and Methods
2.1. Experimental Animals

GIPR−/− (GIPR KO) or GLP-1R−/− (GLP-1R KO) female mice (14-weeks old), bred
inhouse at Ulster University animal unit were used. These colonies were derived, re-
spectively from animals kindly donated by Prof D Drucker (Toronto) and Prof B Thorens
(Lausanne). The background and characteristics of these incretin receptor-deficient mice
have been previously described [30,31]. Age-matched control WT mice from the same
C57BL/6 genetic background were used as controls. Body weights, and non-fasted blood
glucose and plasma insulin concentrations of control, GLP-1R KO and GIPR-KO female
mice were not significantly different, consistent with earlier studies demonstrating plasticity
of the incretin system [30–32]. Female 9–15 weeks old GLP1R-Cre × Rosa26-GCaMP3 and
GIPR-Cre × Rosa26-GCaMP3 mice were used to provide evidence for incretin receptors on
female reproductive tissues, thereby avoiding issues with the possible lack of specificity of
antibodies for visualisation of these receptors by immunocytochemistry. The generation
and characterisation of these mice have been detailed elsewhere [33,34]. Animals were
caged individually and maintained on a 12/12 h light-dark cycle (lights on at 08h00, off
at 20h00), in temperature-controlled room (T: 21.5 ◦C ± 1) with standard rodent diet and
water ad libitum. All experiments were conducted in accordance with UK Animals Scientific
Procedures Act 1986.

2.2. Assessment of Stages of Estrous Cycle

Assessment of estrous cycle stages was carried out as described previously [35]. Briefly,
samples for wet smear were collected by flushing the vaginal fluid in mice using the tip
of a plastic pipette filled with saline (~10 µL). The final flush containing vaginal fluid was
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placed on a glass slide and observed unstained under a light microscope (Olympus IX51,
Olympus, Southend-on-Sea, UK) with×10 objective lens without a cover slip. Classification
of estrous cycle stages as proestrus, estrus, metestrus or diestrus was also carried out as
documented [35]. Proestrus stage is characterized with predominant nucleated epithelial
cells, which appears either in clusters or as individuals while estrus stage is distinctively
characterized by cornified squamous epithelial cells, which occur in clusters. At metestrus,
there is a mix of cell types with a predominance of leucocytes and a few nucleated epithelial
and/or cornified squamous epithelial cells compared to diestrus stage which consists
predominantly of leucocytes. Samples were collected and examined over a 20 days period
and number of complete cycle of proestrus, estrus, metestrus and diestrus were computed
for each mouse in the control, GIPR−/− and GLP-1R−/− groups. Number of cycles was
evaluated by counting cycles where all four stages occurred during monitoring. The
percentage of time spent in each stage was calculated by the number of days spent in each
stage divided by the total number of days of monitoring.

2.3. Breeding Experiment

Reproductive function in GIPR KO, GLP-1R KO and WT mice was examined in
groups of mice over 3-breeding periods of 21 days. Each female mouse was paired with
age matched C57BL/6 male mouse throughout the breeding periods. Number of mouse-
pairs producing pups, litters and litter-size for each breeding period were recorded the
next day after birth. At the end of the first three breeding periods, all animals (male and
female) were treated with metformin (approximately 300 mg/kg body weight), dissolved
in the drinking water (1.109 g/L) for another two breeding periods to assess the effect of
metformin treatment on the reproduction patterns of animals [36].

2.4. Gene and Protein Expression Studies

Tissues from GLP1R-Cre and GIPR-Cre x Rosa26-GCaMP3 mice were fixed for ~48 h
in paraformaldehyde solution (4% w/v in phosphate-buffered saline) to preserve cellular
architecture by cross-linking proteins. The tissues were then processed in an automated
tissue processor which involved dehydrating tissues in 70% to 100% ethanol, followed
by xylene immersion to remove wax before paraffin embedding. The tissues were then
sliced into 5 µm slices and placed on poly-l-lysine coated slides. To assess staining GFP
sections were dewaxed in histoclear for 30 min before being rehydrated with decreasing
concentrations of ethanol. The sections were blocked with 2.5% bovine serum albumin (BSA)
and then incubated with a primary antibody (GFP, 1:400, Abcam, ab5450, Cambridge, UK)
overnight. On day 2, the sections were rinsed in phosphate-buffered saline (PBS) twice and
incubated with secondary antibody (IgG Donkey Goat, Alexa Fluor® 488, 1:400, Invitrogen,
Hempstead, UK) for 1 h at 37 ◦C. After two more PBS washes, they were incubated with
DAPI for 15 min at 37 ◦C followed by a last set of washes with PBS. Finally, the sections
were mounted using antifade and coverslips. Stained sections were viewed at 10–20 ×mag-
nification using an Olympus system microscope, model BX51 and photographed using a
DP70 digital camera system (Diagnostic Instruments Inc, Sterling Heights, MI, USA).

For gene expression studies, mRNA was extracted from pituitary, ovaries, and uterine
horn excised from normal female C57BL/6 mice using RNeasy mini kit (Qiagen, Manchester,
UK) according to the manufacturer’s instructions. mRNA (1–5 µg) was converted to
cDNA using Superscript II reverse transcriptase RNase H kit (Invitrogen, Hempstead, UK).
Quantifast SYBR green PCR kit (Qiagen, Manchester, UK) was used for real time reverse
transcription PCR, with reaction mix containing 12.5 µL PCR master mix, 1 µL primers
(forward and reverse, Invitrogen, Hempstead, UK), 1 µL cDNA and 9.5 µL RNase free water.
Amplification conditions were initial denaturation at 95 ◦C for 5 min, final denaturation at
95 ◦C for 30 s, annealing at 58 ◦C for 30 s, extension at 72 ◦C for 30 s, with melting curve
analysis at temperature range of 60 ◦C−90 ◦C. Each PCR experiment included a negative
control and a positive control (Actb). MiniOpticon two-colour real time PCR detection
system was used for data acquisition. Results were analysed using ∆∆Ct method, with
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mRNA expression normalised to Actb. MIN6 cells were used as positive control as this cell
line is well known to exhibit receptors for both GLP-1 and GIP. Sequences of primers used
are contained in Table 1.

Table 1. List of primers.

Gene Symbol Alias/Common Name Primer Sequence (5′-nt-3′) Product Size Annealing Temperature

GIPR Gastric inhibitory
polypeptide receptor

Forward: CTACTCCCTGTCCCTGACGA
Reverse: AGCTGATCTCGGGTGAGGAT 147 57

GLP-1R Glucagon-like peptide
1 receptor

Forward: TCACTTCCTTCCAGGGCTTG
Reverse: CACTTGAGGGGCTTCATGCT 145 57

ACTB Actin, beta Forward: GAGCGCAAGTACTCTGTGTG
Reverse: AACGCAGCTCAGTAACAGTC 152 57

2.5. Statistics

Statistical analysis was performed using GraphPad PRISM (La Jolla, CA, USA; ver-
sion 5). Data are presented as mean ± SEM for a given number of observations (n) as
indicated in the Figure legends. Differences between groups were compared using one-way
ANOVA or unpaired 2-tailed Student’s t test as appropriate. Statistical significance was
accepted at p < 0.05.

3. Results
3.1. Expression of Genes for GIPR and GLP-1R in Female Reproductive Tissues of C57BL/6 Mice

Genes for GLP-1 and GIP receptors were expressed in the pituitary, ovary and uterine
endometrium (Figure 1). Levels were significantly (p < 0.001 to p < 0.01) lower than
expression in insulin-secreting mouse insulinoma MIN6 cells which were used as positive
control (Figure 1).

Biomolecules 2022, 12, x FOR PEER REVIEW 5 of 13 
 

 
Figure 1. GLP-1 and GIP receptor gene expression in pituitary, ovary and uterine horn of female 
C57BL/6 mice. Relative mRNA expression (in %) in the pituitary, ovary and uterine horn of C57BL/6 
mice. (A) GLP-1R and (B) GIPR mRNA expression. Values are mean ± SEM with n = 4. ** p < 0.01, 
*** p < 0.001 compared to insulin-secreting MIN6 cells. 

3.2. Histological Localization of Incretin Receptors in Reproductive Tissues of Female GIPR-Cre 
and GLP1R-Cre Mice 

Histological evaluation in female GIPR-Cre and GLP1R-Cre mice revealed expres-
sion of both types of incretin receptors in pituitary, ovary and uterine horn (Figure 2A–F). 
Figure 2A,B shows positive staining for GIP and GLP-1 receptors in anterior pituitary 
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Figure 1. GLP-1 and GIP receptor gene expression in pituitary, ovary and uterine horn of fe-
male C57BL/6 mice. Relative mRNA expression (in %) in the pituitary, ovary and uterine horn
of C57BL/6 mice. (A) GLP-1R and (B) GIPR mRNA expression. Values are mean ± SEM with n = 4.
** p < 0.01, *** p < 0.001 compared to insulin-secreting MIN6 cells.
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3.2. Histological Localization of Incretin Receptors in Reproductive Tissues of Female GIPR-Cre
and GLP1R-Cre Mice

Histological evaluation in female GIPR-Cre and GLP1R-Cre mice revealed expression
of both types of incretin receptors in pituitary, ovary and uterine horn (Figure 2A–F). Fig-
ure 2A,B shows positive staining for GIP and GLP-1 receptors in anterior pituitary cells. GIP
and GLP-1 receptor immunostaining was observed in various parts of ovarian tissue except
corpus luteum (Figure 2C,D). Figure 2E shows GIPR immunoreactivity predominantly in
the luminal epithelium. Positive staining for GLP-1R is observed in uterine glands, luminal
epithelium, intersection zone and stroma as shown in Figure 2F.

Biomolecules 2022, 12, x FOR PEER REVIEW 6 of 13 
 

 
Figure 2. GLP-1 and GIP receptor protein expression in pituitary, ovary and uterine horn of female 
GIPR-Cre and GLP1R-Cre mice. (A–F) Representative histological images of pituitary, ovary and 
uterine horn (UTH) showing GIPR/GLP-1R (green, indicated by arrows) staining with DAPI (blue) 
demonstrating nuclei. Representative images shown with scale bars. 

3.3. Stages of Estrous Cycle in GIPR−/− and GLP-1R−/− Mice 
Different stages of estrous cycle were recorded in vaginal smears for 20 consecutive 

days in control, GIPR−/− and GLP-1R−/− mice. Representative photomicrographs of each 
stage of the estrous cycle are shown (Figure 3A–D). The duration of each cycle was con-
siderably longer in GIPR−/− and GLP-1R−/− mice compared with control animals. Female 
GIPR−/− and GLP-1R−/− mice exhibited significantly (p < 0.01) deranged estrous cycle com-
pared to WT controls, indicative of reduced fertility (Figure 3E). Only 25% of GLP-1R−/− 
mice completed a full estrous cycle during the 20 days period. Each GIPR−/− female mouse 
completed just 1 cycle over this period. GIPR−/− mice spent 10% excess time in metestrus 
stage while GLP-1R−/− mice had 12% increased time in estrus stage compared to control 
mice suggesting a trend towards persistent estrus or persistent vaginal cornification 
(PVC). GIPR−/− mice exhibited 11% reduction in percentage time in proestrus stage 
whereas GLP-1R−/− mice showed 10% reduction in diestrus stage compared to the control 
group. Graphic representation of different stages of estrous cycle for first ten days of mon-
itoring in a representative animal from control, GIPR−/− and GLP1-R−/− groups is shown 
(Figure 3F–H). These observations indicate that loss of functional receptors for GIP or 
GLP-1 results in significant derangements in estrous cycling, possibly affecting fertility. 

Figure 2. GLP-1 and GIP receptor protein expression in pituitary, ovary and uterine horn of female
GIPR-Cre and GLP1R-Cre mice. (A–F) Representative histological images of pituitary, ovary and
uterine horn (UTH) showing GIPR/GLP-1R (green, indicated by arrows) staining with DAPI (blue)
demonstrating nuclei. Representative images shown with scale bars.

3.3. Stages of Estrous Cycle in GIPR−/− and GLP-1R−/− Mice

Different stages of estrous cycle were recorded in vaginal smears for 20 consecutive
days in control, GIPR−/− and GLP-1R−/− mice. Representative photomicrographs of
each stage of the estrous cycle are shown (Figure 3A–D). The duration of each cycle was
considerably longer in GIPR−/− and GLP-1R−/− mice compared with control animals.
Female GIPR−/− and GLP-1R−/− mice exhibited significantly (p < 0.01) deranged estrous
cycle compared to WT controls, indicative of reduced fertility (Figure 3E). Only 25% of
GLP-1R−/− mice completed a full estrous cycle during the 20 days period. Each GIPR−/−

female mouse completed just 1 cycle over this period. GIPR−/− mice spent 10% excess
time in metestrus stage while GLP-1R−/− mice had 12% increased time in estrus stage
compared to control mice suggesting a trend towards persistent estrus or persistent vaginal
cornification (PVC). GIPR−/− mice exhibited 11% reduction in percentage time in proestrus
stage whereas GLP-1R−/− mice showed 10% reduction in diestrus stage compared to the
control group. Graphic representation of different stages of estrous cycle for first ten days
of monitoring in a representative animal from control, GIPR−/− and GLP1-R−/− groups is
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shown (Figure 3F–H). These observations indicate that loss of functional receptors for GIP
or GLP-1 results in significant derangements in estrous cycling, possibly affecting fertility.
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Figure 3. Menstrual stages in normal C57BL/6 mice and effects of GIP- and GLP-1-receptor knock-
out on estrous cycle. Representative photomicrographs of unstained vaginal smear from control
C57BL/6 mice at proestrus ((A), consisting of mostly nucleated epithelial cells), estrus ((B), with
predominantly anucleated cornified cells), metestrus ((C), consisting of leukocytes, cornified and
nucleated epithelial cells) and diestrus ((D), containing mostly leucocytes). N = Nucleated epithelial
cells, C = Cornified epithelial cells and L = Leucocytes. (E) Number of estrous cycles completed
in 20 consecutive days. Graphic representation of different stages of first ten days of estrous cycle
monitoring of individual (F) control, (G) GIPR−/− and (H) GLP-1R−/− mice. Values are mean± SEM
with n = 4. ** p < 0.01 compared to control.

3.4. Reproduction Outcomes in Control, GIPR−/− and GLP-1R−/− Mice

Reproductive outcome showed an average reduction of 50% and 83% in the number of
mice producing pups at all breeding periods in GIPR−/− and GLP-1R−/−mice, respectively,
compared to WT control (Figure 4A). The control group produced an average of between
4–5 pups litters during the 5 breeding periods (Figures 4B and 5B). This was significantly
(p < 0.001) greater compared with average of 2–3 and 1 litters observed for the GIPR−/−

and GLP-1R−/− groups, respectively (Figures 4B and 5B). Moreover, the average litter
size for each pregnancy produced by GIPR−/− and GLP-1R−/− mice was significantly
(p < 0.001 to p < 0.05) lower compared to WT control (Figures 4C and 5C). Treatment with
oral metformin (300 mg/kg body weight) produced no significant change in reproduction
outcome (Figure 5A) except that litter size in the GIPR−/− group on metformin treatment
was 1.8 times greater in the second breeding cycle (Figure 5C). These observations support
a hitherto unrecognized role of GIP and GLP-1 play a role in female fertility. Figure 6 shows
schematic diagram of effects of incretin hormones GLP-1 and GIP receptor modulation on
brain-reproductive axis.
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treated with metformin (300 mg/kg body weight) dissolved in drinking water throughout the period 
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litter size in female WT, GIPR−/− and GLP-1R−/− mice post metformin treatment. Litter size corre-
sponds to number of pups in each litter whilst litter refers to number of litters produced. Values are 
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Figure 4. Percentage of animals producing pups, litters and litter size in WT, GIPR−/− and GLP-
1R−/− mice. Female (WT, GIPR−/− or GLP-1R−/−) mice (n = 4) were bred with age-matched normal
male C57BL/6J mice over three breeding periods of 20 days each. (A) Percentage of mice producing
pups, (B) litters produced and (C) average litter size in female WT, GIPR−/− and GLP-1R−/− mice.
Litter size corresponds to number of pups in each litter whilst litter refers to number of litters
produced. Values are mean ± SEM with n = 4. * p < 0.05, ** p < 0.01, *** p < 0.001 compared to control.
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Figure 5. Percentage of animals producing pups, litters and litter size in WT, GIPR−/− and GLP-
1R−/− mice treated with metformin. Female (normal, GIPR−/− or GLP-1R−/−) mice were bred with
age-matched normal male C57BL/6 mice over two breeding periods of 20 days each. All animals
were treated with metformin (300 mg/kg body weight) dissolved in drinking water throughout
the period of the experiment. (A) Percentage of mice producing pups, (B) litters produced and
(C) average litter size in female WT, GIPR−/− and GLP-1R−/− mice post metformin treatment. Litter
size corresponds to number of pups in each litter whilst litter refers to number of litters produced.
Values are mean ± SEM with n = 4. ** p < 0.01, *** p <0.001 compared to control. ∆ p < 0.05 compared
to GIPR−/−.
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4. Discussion

The most widely accepted biological functions of the incretin hormones GLP-1 and
GIP include increasing satiety, inhibiting gastric emptying, stimulating glucose-dependent
insulin secretion, suppressing glucagon secretion and enhancing islet function, thereby
playing an important role in maintaining body weight and blood glucose homeosta-
sis [11,12,16,27]. However, the expression of these peptide receptors in pituitary and
other elements of the reproductive axis, as shown definitely by this study and suggested
previously [8,13,22,37], indicates a possible direct or indirect role of these gut peptides in
regulating reproductive function.

Consistent with previous studies [34,38], GIPR and GLP-1R gene expression was
detected in pituitary, ovary and uterine horn of WT C57BL/6 mice. However, more
important than simple identification of the genes, our histological analysis using GLP-
1R- and GIPR-Cre mouse models [33,34], definitively identified cells expressing receptors
for GLP-1 and GIP. Similar to observations of GIPR in neuronal and non-neuronal cell
types [34], we reported notable GIP and GLP-1 receptors in the pituitary gland. Interestingly,
a study has also reported increased GLP-1R mRNA levels in rodent hypothalamus and
ovaries as well as low expression levels in pituitary [34]. Indeed, we found that both
GIP and GLP-1 receptors were present in the ovaries and uterine horn, suggesting their
involvement in important aspects of female reproductive function. Previous studies have
also demonstrated GLP-1Rs in mouse ovarian granulosa cells [39].

GLP-1R-Cre mice have been used as a functional tool to map the distribution of
GLP-1-R [34] and GIP-R [40] throughout the murine brain. Since the hypothalamus is an
important regulator of pituitary, adrenal and ovarian function, further studies are required
to assess whether incretin hormone receptors can affect reproductive function at the level
of hypothalamus as well as directly at the pituitary, ovary and uterine endometrium. For
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example, possible effects at the latter site could influence the implantation, development
and the nurture of fertilised ovum. Overall, these combined observations suggest that both
GLP-1 and GIP modulate gonadotropic axis at the level of the pituitary and ovary as well
as the affecting the normal physiology of the uterine endometrium.

Consistent with this view, genetic deletion of both GLP-1R and GIPR significantly dis-
turbed estrous cycles in mice with GLP-1R deletion causing greater disturbances compared
to WT controls. This is presumably driven by disturbances of FSH, LH, estrogen, proges-
terone and/or other hormones involved in regulation of ovarian function and changes
in uterine and vaginal morphology. Future detailed studies evaluating circulating repro-
ductive hormones are required to fully elucidate the involvement of these factors in the
disturbed estrous cycling and reproductive performance in these mice.

GLP-1R deleted mice spent greater proportion of the cycle in estrus stage, this per-
sistent estrus or prolonged vaginal cornification (PVC) is associated with anovulation,
reproductive senescence, and impaired fertility [41,42]. GLP-1R deleted mice also showed
significant reduction in the number of mice producing pups. MacLusky et al. reported
no obvious reproductive deficit in GLP-1R−/− mice but used groups of 8 transgenic mice
compared with 22 for controls [26]. Studies also suggest the possibility of prolonged periods
of estrus linked to disrupted hypothalamic activity [43–45]. GIPR deletion in mice also
revealed significant disturbance in cycle length with increased portion of estrous cycle
spent in metestrus and diestrus stages. The expression of incretin hormones encoding
genes and their receptor in several regions of brain is indicative of a plausible mechanism
for incretin receptor-induced estrous cycle regulation [12,16,38].

Further studies are required to explore these aspects but the possibility is supported
by previous reports of significantly improved menstrual frequency and ovulation rate
in women with PCOS treated with GLP-1R agonists and DPP-4 inhibitors [46–52]. Our
data call for further detailed studies of the mechanisms through which incretin hormones
affect female reproductive function, including observations using tissue specific ablation
of incretin receptor genes at various sites of the hypothalamic–pituitary–gonadal axis. In
agreement with our observations, MacLusky et al. (2000) reported that global genetic
deletion of GLP-1R decreased number of ovarian follicles and delayed onset of puberty in
mice [26]. Furthermore, intraventricular injection of GIP has been shown to decrease serum
FSH levels [1] in rats. However, the cellular mechanisms through which GIP, GLP-1 and
their receptors contribute to normal reproductive function and irregular menstruation are
largely unknown.

Based on the actions and use of metformin in the clinical treatment of PCOS [53],
we evaluated the potential ability of metformin to improve fertility in mice. In addition,
previous studies show that metformin treatment enhances the expression of the genes
encoding the receptors for both GLP-1 and GIP highlighting possible incretin-sensitizing
effects of metformin [54,55]. A previous study also showed increased circulating GLP-1 in
obese humans treated with metformin [56]. As such, daily administration of metformin
resulted in marginally improved litter outcome and fertility in GIPR−/− mice in the second
breeding cycle. However, metformin had no effect on GLP-1R−/− mice. This result
accords with the view that in addition to stimulation of AMPK [12,57], the biguanide
mildly activates the GLP-1 system either by stimulating its secretion [12], inhibiting its
degradation by DPPIV or both [58]. Metformin in non-diabetic individuals increased GLP-1
independent of changes in weight and glycaemia, similarly, the mild reproductive effects
observed with metformin in our study are unlikely to reflect improvements in metabolic
control as the untreated KO mice exhibited normal glucose and insulin levels [59]. In
agreement with role of GLP-1 in female fertility, treatment with GLP-1 and exendin-4 also
increased the number of implanted foetuses and pups born in female rats [34]. Interestingly,
a previous study published in our laboratory suggested a key role of GLP-1R and GIPR
deletion in islet-derived hormonal adaptation during pregnancy [32]. Other reports have
also indicated the possible involvement of additional metabolic peptides including PYY,
ghrelin, leptin, and adiponectin in the regulation of reproductive function [7,8,60,61].
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Further investigation utilising stable analogues of these peptides and incretin hormones is
required to fully understand the involvement of gut-reproductive axis in female fertility.

5. Conclusions

Taken together, our observations along with previously published literature [1,7,8,13,61],
provide evidence that both GLP-1R and GIPR are present in tissues of the gut-gonadal
axis and play an important role in regulating energy-linked reproductive function and
preserving female fertility. Effects of these key receptors may be manifested by the in-
teractions shown in Figure 6. Given that female reproductive dysfunction and related
disorders are classic features of obesity and insulin resistance [61], our data suggest that
pharmacological incretin receptor modulation could represent a novel non-invasive means
for treating energy related reproductive disorders.

Author Contributions: D.K., O.O.O. and R.C.M. contributed to conduct/data collection, analysis
and writing of the manuscript. A.S., O.R.W. and J.E.L. data collection from genetically receptor
reporter mice. P.R.F., F.M.G., F.R. and R.C.M. contributed to study design, analysis and writing of the
manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: These studies were supported by Diabetes UK RDLF grant to RCM and Ulster Uni-
versity strategic funding. Research in the laboratory of FMG and FR is supported by the MRC
(MRC_MC_UU_12012/3) and Wellcome Trust (220271/Z/20/Z). ORMW Jensis supported by a
BBSRC iCASE PhD studentship partnered with AstraZeneca.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Ulster Animal Welfare and Ethical Review Body (AWERB) committee and covered under a UK Home
Office Animal project license (UK Home Office license certificate PPL2902 approved on 26 April 2021).

Informed Consent Statement: Not applicable.

Data Availability Statement: Data is contained within the article.

Acknowledgments: The authors wish to record their thanks Professor Daniel Drucker (University of
Toronto) and Professor Bernard Thorens (University of Lausanne) for donation of GLP-1R−/− and
GIPR−/− mice, respectively.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Gosman, G.G.; Katcher, H.I.; Legro, R. Obesity and the role of gut and adipose hormones in female reproduction. Hum. Reprod.

Updat. 2006, 12, 585–601. [CrossRef] [PubMed]
2. Izzi-Engbeaya, C.; Comninos, A.N.; Clarke, S.A.; Jomard, A.; Yang, L.; Jones, S.; Abbara, A.; Narayanaswamy, S.; Eng, P.C.;

Papadopoulou, D.; et al. The effects of kisspeptin on β-cell function, serum metabolites and appetite in humans. Diabetes Obes.
Metab. 2018, 20, 2800–2810. [CrossRef] [PubMed]

3. Richard, J.E.; Anderberg, R.H.; López-Ferreras, L.; Olandersson, K.; Skibicka, K.P. Sex and estrogens alter the action of glucagon-
like peptide-1 on reward. Biol. Sex Differ. 2016, 7, 1–16. [CrossRef]

4. Outeiriño-Iglesias, V.; Romaní-Pérez, M.; González-Matías, L.C.; 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, 4226–4237.
[CrossRef] [PubMed]

5. Heppner, K.M.; Baquero, A.F.; Bennett, C.M.; Lindsley, S.R.; Kirigiti, M.A.; Bennett, B.; Bosch, M.A.; Mercer, A.J.; Rønnekleiv, O.K.;
True, C.; et al. GLP-1R Signaling Directly Activates Arcuate Nucleus Kisspeptin Action in Brain Slices but Does not Rescue
Luteinizing Hormone Inhibition in Ovariectomized Mice During Negative Energy Balance. Eneuro 2017, 4, ENEURO.0198-16.2016.
[CrossRef]

6. Silvestris, E.; De Pergola, G.; Rosania, R.; Loverro, G. Obesity as disruptor of the female fertility. Reprod. Biol. Endocrinol. 2018,
16, 22. [CrossRef]

7. Comninos, A.; Jayasena, C.; Dhillo, W.S. The relationship between gut and adipose hormones, and reproduction. Hum. Reprod.
Updat. 2014, 20, 153–174. [CrossRef]

8. Khan, D.; Moffet, C.R. Commentary: Emerging role of GIP and related gut hormones in fertility and PCSOS. J. Endocrinolo. Sci.
2020, 2, 11–15. [CrossRef]

9. Bell, G.I.; Sanchez-Pescador, R.; Laybourn, P.J.; Najarian, R.C. Exon duplication and divergence in the human preproglucagon
gene. Nature 1983, 304, 368–371. [CrossRef]

10. Nauck, M.A.; Meier, J.J. Incretin hormones: Their role in health and disease. Diabetes Obes. Metab. 2018, 20, 5–21. [CrossRef]

http://doi.org/10.1093/humupd/dml024
http://www.ncbi.nlm.nih.gov/pubmed/16775192
http://doi.org/10.1111/dom.13460
http://www.ncbi.nlm.nih.gov/pubmed/29974637
http://doi.org/10.1186/s13293-016-0059-9
http://doi.org/10.1210/en.2014-1978
http://www.ncbi.nlm.nih.gov/pubmed/26252058
http://doi.org/10.1523/ENEURO.0198-16.2016
http://doi.org/10.1186/s12958-018-0336-z
http://doi.org/10.1093/humupd/dmt033
http://doi.org/10.29245/2767-5157/2020/1.1109
http://doi.org/10.1038/304368a0
http://doi.org/10.1111/dom.13129


Biomolecules 2022, 12, 1736 11 of 13

11. Khan, D.; Moffet, C.R.; Flatt, P.R.; Kelly, C. Role of islet peptides in beta cell regulation and type 2 diabetes therapy. Peptides 2018,
100, 212–218. [CrossRef] [PubMed]

12. Mulherin, A.J.; Oh, A.H.; Kim, H.; Grieco, A.; Lauffer, L.M.; Brubaker, P.L. Mechanisms Underlying Metformin-Induced Secretion
of Glucagon-Like Peptide-1 from the Intestinal L Cell. Endocrinology 2011, 152, 4610–4619. [CrossRef] [PubMed]

13. Jensterle, M.; Janez, A.; Fliers, E.; Devries, J.H.; Vrtacnik-Bokal, E.; Siegelaar, S.E. The role of glucagon-like peptide-1 in
reproduction: From physiology to therapeutic perspective. Hum. Reprod. Updat. 2019, 25, 504–517. [CrossRef] [PubMed]

14. Holst, J.J. The Physiology of Glucagon-like Peptide 1. Physiol. Rev. 2007, 87, 1409–1439. [CrossRef]
15. Jensterle, M.; Podbregar, A.; Goricar, K.; Gregoric, N.; Janez, A. Effects of liraglutide on obesity-associated functional hypogo-

nadism in men. Endocr. Connec. 2019, 8, 195–202. [CrossRef]
16. McIntosh, C.H.; Widenmaier, S.; Kim, S. Glucose-dependent insulinotropic polypeptide (gastric inhibitory polypeptide; GIP).

Vitam. Horm. 2009, 80, 409–471.
17. Cho, Y.M.; Kieffer, T.J. K-cells and Glucose-Dependent Insulinotropic Polypeptide in Health and Disease. Vitam. Horm. 2010,

84, 111–150.
18. Gögebakan, Ö.; Osterhoff, M.A.; Schüler, R.; Pivovarova, O.; Kruse, M.; Seltmann, A.C.; Mosig, A.S.; Rudovich, N.; Nauck, M.;

Pfeiffer, A.F. GIP increases adipose tissue expression and blood levels of MCP-1 in humans and links high energy diets to
inflammation: A randomised trial. Diabetologia 2015, 58, 1759–1768. [CrossRef]

19. Flatt, P.R.; Conlon, J.M. GIP renaissance. Peptides 2020, 125, 170266. [CrossRef]
20. Gögebakan, Ö.; Andres, J.; Biedasek, K.; Mai, K.; Kühnen, P.; Krude, H.; Isken, F.; Rudovich, N.; Osterhoff, M.A.; Kintscher, U.; et al.

Glucose-dependent insulinotropic polypeptide reduces fat-specific expression and activity of 11beta-hydroxysteroid dehydroge-
nase type 1 and inhibits release of free fatty acids. Diabetes 2012, 61, 292–300. [CrossRef]

21. Gambineri, A.; Vicennati, V.; Genghini, S.; Tomassoni, F.; Pagotto, U.; Pasquali, R.; Walker, B.R. Genetic Variation in 11β-
Hydroxysteroid Dehydrogenase Type 1 Predicts Adrenal Hyperandrogenism among Lean Women with Polycystic Ovary
Syndrome. J. Clin. Endocrinol. Metab. 2006, 91, 2295–2302. [CrossRef] [PubMed]

22. Nishiyama, Y.; Hasegawa, T.; Fujita, S.; Iwata, N.; Nagao, S.; Hosoya, T.; Inagaki, K.; Wada, J.; Otsuka, F. Incretins modulate
progesterone biosynthesis by regulating bone morphogenetic protein activity in rat granulosa cells. J. Steroid Biochem. Mol. Biol.
2017, 178, 82–88. [CrossRef] [PubMed]

23. Eid, G.M.; Cottam, D.R.; Velcu, L.M.; Mattar, S.G.; Korytkowski, M.T.; Gosman, G.; Hindi, P.; Schauer, P.R. Effective treatment of
polycystic ovarian syndrome with Roux-en-Y gastric bypass. Surg. Obes. Relat. Dis. 2005, 1, 77–80. [CrossRef] [PubMed]

24. Jamal, M.; Gunay, Y.; Capper, A.; Eid, A.; Heitshusen, D.; Samuel, I. Roux-en-Y gastric bypass ameliorates polycystic ovary
syndrome and dramatically improves conception rates: A 9-year analysis. Surg. Obes. Relat. Dis. 2012, 8, 440–444. [CrossRef]
[PubMed]

25. Abdeen, G.; le Roux, C. Mechanism Underlying the Weight Loss and Complications of Roux-en-Y Gastric Bypass. Review. Obes.
Surg. 2016, 26, 410–421. [CrossRef]

26. MacLusky, N.J.; Cook, S.; Scrocchi, L.; Shin, J.; Kim, J.; Vaccarino, F.; Asa, S.L.; Drucker, D.J. Neuroendocrine Function and
Response to Stress in Mice with Complete Disruption of Glucagon-Like Peptide-1 Receptor Signaling1. Endocrinology 2000,
141, 752–762. [CrossRef]

27. Seino, Y.; Fukushima, M.; Yabe, D. GIP and GLP-1, the two incretin hormones: Similarities and differences. J. Diabetes Investig.
2010, 1, 8–23. [CrossRef]

28. Fernandez-Fernandez, R.; Aguilar, E.; Tena-Sempere, M.; Pinilla, L. Effects of polypeptide YY3–36 upon luteinizing hormone-
releasing hormone and gonadotropin secretion in prepubertal rats: In vivo and in vitro studies. Endocrinology 2005, 146, 1403–1410.
[CrossRef]

29. Cuthbertson, J.; Patterson, S.; O’Harte, F.P.; Bell, P.M. Addition of metformin to exogenous glucagon-like peptide–1 results in
increased serum glucagon-like peptide–1 concentrations and greater glucose lowering in type 2 diabetes mellitus. Metabolism
2011, 60, 52–56. [CrossRef]

30. Scrocchi, L.A.; Brown, T.J.; MacLusky, N.; Brubaker, P.; Auerbach, A.; Joyner, A.; Drucker, D. Glucose intolerance but normal
satiety in mice with a null mutation in the glucagon–like peptide 1 receptor gene. Nat. Med. 1996, 2, 1254–1258. [CrossRef]

31. Preitner, F.; Ibberson, M.; Franklin, I.; Binnert, C.; Pende, M.; Gjinovci, A.; Hansotia, T.; Drucker, D.J.; Wollheim, C.;
Burcelin, R.; et al. Gluco-incretins control insulin secretion at multiple levels as revealed in mice lacking GLP-1 and GIP receptors.
J. Clin. Investig. 2004, 113, 635–645. [CrossRef] [PubMed]

32. Moffett, R.C.; Vasu, S.; Thorens, B.; Drucker, D.J.; Flatt, P.R. Incretin Receptor Null Mice Reveal Key Role of GLP-1 but Not GIP in
Pancreatic Beta Cell Adaptation to Pregnancy. PLoS ONE 2014, 9, e96863. [CrossRef]

33. Richards, P.; Parker, H.E.; Adriaenssens, A.E.; Hodgson, J.M.; Cork, S.C.; Trapp, S.; Gribble, F.M.; Reimann, F. Identification and
characterization of GLP-1 receptor–expressing cells using a new transgenic mouse model. Diabetes 2014, 63, 1224–1233. [CrossRef]
[PubMed]

34. Adriaenssens, A.E.; Biggs, E.K.; Darwish, T.; Tadross, J.; Sukthankar, T.; Girish, M.; Polex-Wolf, J.; Lam, B.Y.; Zvetkova, I.;
Pan, W.; et al. Glucose-Dependent Insulinotropic Polypeptide Receptor-Expressing Cells in the Hypothalamus Regulate Food
Intake. Cell Metab. 2019, 30, 987–996. [CrossRef] [PubMed]

35. Caligioni, C.S. Assessing Reproductive Status/Stages in Mice. Curr. Protoc. Neurosci. 2009, 48, A.4I.1–A.4I.8. [CrossRef] [PubMed]

http://doi.org/10.1016/j.peptides.2017.11.014
http://www.ncbi.nlm.nih.gov/pubmed/29412821
http://doi.org/10.1210/en.2011-1485
http://www.ncbi.nlm.nih.gov/pubmed/21971158
http://doi.org/10.1093/humupd/dmz019
http://www.ncbi.nlm.nih.gov/pubmed/31260047
http://doi.org/10.1152/physrev.00034.2006
http://doi.org/10.1530/EC-18-0514
http://doi.org/10.1007/s00125-015-3618-4
http://doi.org/10.1016/j.peptides.2020.170266
http://doi.org/10.2337/db10-0902
http://doi.org/10.1210/jc.2005-2222
http://www.ncbi.nlm.nih.gov/pubmed/16551740
http://doi.org/10.1016/j.jsbmb.2017.11.004
http://www.ncbi.nlm.nih.gov/pubmed/29129645
http://doi.org/10.1016/j.soard.2005.02.008
http://www.ncbi.nlm.nih.gov/pubmed/16925218
http://doi.org/10.1016/j.soard.2011.09.022
http://www.ncbi.nlm.nih.gov/pubmed/22169760
http://doi.org/10.1007/s11695-015-1945-7
http://doi.org/10.1210/endo.141.2.7326
http://doi.org/10.1111/j.2040-1124.2010.00022.x
http://doi.org/10.1210/en.2004-0858
http://doi.org/10.1016/j.metabol.2010.01.001
http://doi.org/10.1038/nm1196-1254
http://doi.org/10.1172/JCI200420518
http://www.ncbi.nlm.nih.gov/pubmed/14966573
http://doi.org/10.1371/journal.pone.0096863
http://doi.org/10.2337/db13-1440
http://www.ncbi.nlm.nih.gov/pubmed/24296712
http://doi.org/10.1016/j.cmet.2019.07.013
http://www.ncbi.nlm.nih.gov/pubmed/31447324
http://doi.org/10.1002/0471142301.nsa04is48
http://www.ncbi.nlm.nih.gov/pubmed/19575469


Biomolecules 2022, 12, 1736 12 of 13

36. Calixto, M.C.; Lintomen, L.; André, D.M.; Leiria, L.O.; Ferreira, D.; Lellis-Santos, C.; Anhe, G.; Bordin, S.; Landgraf, R.; Antunes, E.
Metformin Attenuates the Exacerbation of the Allergic Eosinophilic Inflammation in High Fat-Diet-Induced Obesity in Mice.
PLoS ONE 2013, 8, e76786. [CrossRef]

37. Regazzo, D.; Losa, M.; Albiger, N.M.; Terreni, M.R.; Vazza, G.; Ceccato, F.; Emanuelli, E.; Denaro, L.; Scaroni, C.; Occhi, G. The
GIP/GIPR axis is functionally linked to GH-secretion increase in a significant proportion of gsp− somatotropinomas. Eur. J.
Endocrinol. 2017, 176, 543–553. [CrossRef]

38. Usdin, T.; Mezey, E.; Button, D.; Brownstein, M.; Bonner, T. Gastric inhibitory polypeptide receptor, a member of the secretin-
vasoactive intestinal peptide receptor family, is widely distributed in peripheral organs and the brain. Endocrinology 1993,
133, 2861–2870. [CrossRef]

39. Sun, Z.; Li, P.; Wang, X.; Lai, S.; Qiu, H.; Chen, Z.; Hu, S.; Yao, J.; Shen, J. GLP-1/GLP-1R signaling regulates ovarian PCOS-
associated granulosa cells proliferation and antiapoptosis by modification of forkhead box protein O1 phosphorylation sites. Int.
J. Endocrinol. 2020, 2020, 1–10. [CrossRef]

40. Cork, S.C.; Richards, J.E.; Holt, M.K.; Gribble, F.M.; Reimann, F.; Trapp, S. Distribution and characterisation of Glucagon-like
peptide-1 receptor expressing cells in the mouse brain. Mol. Metab. 2015, 4, 718–731. [CrossRef]

41. Clemens, J.A.; Amenomori, Y.; Jenkins, T.; Meites, J. Effects of Hypothalamic Stimulation, Hormones, and Drugs on Ovarian
Function in Old Female Rats. Exp. Biol. Med. 1969, 132, 561–563. [CrossRef] [PubMed]

42. Brawer, J.R.; Munoz, M.; Farookhi, R. Development of the polycystic ovarian condition (PCO) in the estradiol valerate-treated rat.
Biol. Reprod. 1986, 35, 647–655. [CrossRef]

43. D’Angelo, S.A.; Kravatz, A.S. Gonadotrophic Hormone Function in Persistent Estrous Rats with Hypothalamic Lesions. Exp. Biol.
Med. 1960, 104, 130–133. [CrossRef]

44. Wiegand, S.; Terasawa, E.; Bridson, W. Persistent estrus and blockade of progesterone-induced LH release follows lesions which
do not damage the suprachiasmatic nucleus. Endocrinology 1978, 102, 1645–1648. [CrossRef]

45. Volk, K.M.; Pogrebna, V.V.; Roberts, J.A.; Zachry, J.E.; Blythe, S.N.; Toporikova, N. High-fat, high-sugar diet disrupts the
preovulatory hormone surge and induces cystic ovaries in cycling female rats. J. Endocr. Soc. 2017, 1, 1488–1505. [CrossRef]

46. Jensterle, M.; Salamun, V.; Kocjan, T.; Bokal, E.V.; Janez, A. Short term monotherapy with GLP-1 receptor agonist liraglutide or
PDE 4 inhibitor roflumilast is superior to metformin in weight loss in obese PCOS women: A pilot randomized study. J. Ovarian
Res. 2015, 8, 32. [CrossRef] [PubMed]

47. Elkind-Hirsch, K.; Marrioneaux, O.; Bhushan, M.; Vernor, D.; Bhushan, R. Comparison of Single and Combined Treatment with
Exenatide and Metformin on Menstrual Cyclicity in Overweight Women with Polycystic Ovary Syndrome. J. Clin. Endocrinol.
Metab. 2008, 93, 2670–2678. [CrossRef] [PubMed]

48. Jensterle Sever, M.; Kocjan, T.; Pfeifer, M.; Kravos, N.A.; Janez, A. Short-term combined treatment with liraglutide and metformin
leads to significant weight loss in obese women with polycystic ovary syndrome and previous poor response to metformin. Eur. J.
Endocrinol. 2014, 170, 451–459. [CrossRef]

49. Kahal, H.; Aburima, A.; Ungvari, T.; Rigby, A.S.; Coady, A.M.; Vince, R.V.; Ajjan, R.A.; Kilpatrick, E.S.; Naseem, K.M.; Atkin, S.L.
The effects of treatment with liraglutide on atherothrombotic risk in obese young women with polycystic ovary syndrome and
controls. BMC Endocr. Disord. 2015, 15, 14. [CrossRef]

50. Nylander, M.; Frøssing, S.; Clausen, H.V.; Kistorp, C.; Faber, J.; Skouby, S.O. Effects of liraglutide on ovarian dysfunction in
polycystic ovary syndrome: A randomized clinical trial. Reprod. Biomed. Online 2017, 35, 121–127. [CrossRef]

51. Elkind-Hirsch, K.E.; Paterson, M.S.; Seidemann, E.L.; Gutowski, H.C. Short-term therapy with combination dipeptidyl peptidase-4
inhibitor saxagliptin/metformin extended release (XR) is superior to saxagliptin or metformin XR monotherapy in prediabetic
women with polycystic ovary syndrome: A single-blind, randomized, pilot study. Fertil. Steril. 2017, 107, 253–260.

52. Sever, M.J.; Ferjan, S.; Janez, A. Incretin system: New pharmacological target in obese women with polycystic ovary syndrome.
In: Debatable topics in PCOS patients. IntechOpen 2017, 57.

53. Lashen, H. Review: Role of metformin in the management of polycystic ovary syndrome. Ther. Adv. Endocrinol. Metab. 2010,
1, 117–128. [CrossRef]

54. Cho, Y.M.; Kieffer, T.J. New aspects of an old drug: Metformin as a glucagon-like peptide 1 (GLP-1) enhancer and sensitiser.
Diabetologia 2011, 54, 219–222. [CrossRef]

55. Maida, A.; Lamont, B.J.; Cao, X.; Drucker, D.J. Metformin regulates the incretin receptor axis via a pathway dependent on
peroxisome proliferator-activated receptor-α in mice. Diabetologia 2011, 54, 339–349. [CrossRef]

56. Mannucci, E.; Ognibene, A.; Cremasco, F.; Bardini, G.; Mencucci, A.; Pierazzuoli, E.; Ciani, S.; Messeri, G.; Rotella, C.M. Effect of
metformin on glucagon-like peptide 1 (GLP-1) and leptin levels in obese nondiabetic subjects. Diabetes Care. 2001, 24, 489–494.
[CrossRef]

57. Hayes, M.R.; Leichner, T.M.; Zhao, S.; Lee, G.S.; Chowansky, A.; Zimmer, D.; De Jonghe, B.C.; Kanoski, S.E.; Grill, H.J.; Bence, K.K.
Intracellular signals mediating the food intake-suppressive effects of hindbrain glucagon-like peptide-1 receptor activation. Cell
Metab. 2011, 13, 320–330. [CrossRef] [PubMed]

58. Lindsay, J.R.; Duffy, N.A.; McKillop, A.M.; Ardill, J.; O’Harte, F.P.; Flatt, P.R.; Bell, P.M. Inhibition of dipeptidyl peptidase IV
(DPP-IV) activity by oral metformin in type 2 diabetes. Diabetic Med. 2003, 20, 4–5.

http://doi.org/10.1371/journal.pone.0076786
http://doi.org/10.1530/EJE-16-0831
http://doi.org/10.1210/endo.133.6.8243312
http://doi.org/10.1155/2020/1484321
http://doi.org/10.1016/j.molmet.2015.07.008
http://doi.org/10.3181/00379727-132-34260
http://www.ncbi.nlm.nih.gov/pubmed/5355108
http://doi.org/10.1095/biolreprod35.3.647
http://doi.org/10.3181/00379727-104-25753
http://doi.org/10.1210/endo-102-5-1645
http://doi.org/10.1210/js.2017-00305
http://doi.org/10.1186/s13048-015-0161-3
http://www.ncbi.nlm.nih.gov/pubmed/26032655
http://doi.org/10.1210/jc.2008-0115
http://www.ncbi.nlm.nih.gov/pubmed/18460557
http://doi.org/10.1530/EJE-13-0797
http://doi.org/10.1186/s12902-015-0005-6
http://doi.org/10.1016/j.rbmo.2017.03.023
http://doi.org/10.1177/2042018810380215
http://doi.org/10.1007/s00125-010-1986-3
http://doi.org/10.1007/s00125-010-1937-z
http://doi.org/10.2337/diacare.24.3.489
http://doi.org/10.1016/j.cmet.2011.02.001
http://www.ncbi.nlm.nih.gov/pubmed/21356521


Biomolecules 2022, 12, 1736 13 of 13

59. Preiss, D.; Dawed, A.; Welsh, P.; Heggie, A.; Jones, A.G.; Dekker, J.; Koivula, R.; Hansen, T.H.; Stewart, C.; Holman, R.R.; et al.
Sustained influence of metformin therapy on circulating glucagon-like peptide-1 levels in individuals with and without type 2
diabetes. Diabetes, Obes. Metab. 2017, 19, 356–363. [CrossRef] [PubMed]

60. Flatt, P.R.; Conlon, J.M. Editorial: Newer peptide-based agents for treatment of patients with Type 2 diabetes. Peptides 2018,
100, 1–2. [CrossRef]

61. Moffett, R.C.; Naughton, V. Emerging role of GIP and related gut hormones in fertility and PCOS. Peptides 2020, 125, 170233.
[CrossRef] [PubMed]

http://doi.org/10.1111/dom.12826
http://www.ncbi.nlm.nih.gov/pubmed/27862873
http://doi.org/10.1016/j.peptides.2018.01.004
http://doi.org/10.1016/j.peptides.2019.170233
http://www.ncbi.nlm.nih.gov/pubmed/31935429

	Introduction 
	Materials and Methods 
	Experimental Animals 
	Assessment of Stages of Estrous Cycle 
	Breeding Experiment 
	Gene and Protein Expression Studies 
	Statistics 

	Results 
	Expression of Genes for GIPR and GLP-1R in Female Reproductive Tissues of C57BL/6 Mice 
	Histological Localization of Incretin Receptors in Reproductive Tissues of Female GIPR-Cre and GLP1R-Cre Mice 
	Stages of Estrous Cycle in GIPR-/- and GLP-1R-/- Mice 
	Reproduction Outcomes in Control, GIPR-/- and GLP-1R-/- Mice 

	Discussion 
	Conclusions 
	References

