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ABSTRACT OF THE THESIS 
 

GLP-1 Effects on Maternal Metabolism and Fetal Development 

 

 

by 

 

Cindy V Lu 

Master of Science in Biology 

University of California San Diego, 2022 

Professor Jianhua Shao, Chair 

Professor Randy Hampton, Co-Chair 

 

  Glucagon-like peptide-1 (GLP-1) is an incretin hormone that regulates postprandial 

glucose homeostasis through insulin secretion, food intake, gastric emptying, and suppression of 

glucagon secretion. As glucose is one of the vital sources of energy for the fetus during fetal 
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development, the regulation of glucose and its uptake is important. Yet, GLP-1’s role in maternal 

metabolism or fetal development is still unknown. Thus, GLP-1R agonist, Semaglutide, and 

antagonist, Exendin-9, were injected into mice during late gestation to understand the effect of 

GLP-1 on maternal metabolism and fetal development. There were no differences in body weight 

of the dams, food intake, and dam insulin serum levels; however, there was a transient period of 

reduced glucose serum levels in the GLP-1R agonist. Additionally, the E18.5 fetal weight of the 

agonist and the antagonist were reduced compared to the control. Interestingly, there was no 

significant difference between the placenta weights; however, there was a decrease in placenta 

efficiency in GLP-1 antagonist injected placenta leading to the transient period of increased 

levels of glucose in the dam after the injection. While the GLP-1R agonist dams had diminished 

dam serum glucose levels during that period. Furthermore, there was a reduction of angiogenesis 

in the placenta due to the decrease of labyrinth zone, the area of nutrient exchange between the 

dam and fetus in both the agonist and antagonist injected placenta. Therefore, GLP-1 in addition 

to glucose homeostasis may also regulate the endothelial blood vessel by angiogenesis and vessel 

permeability. 
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INTRODUCTION 
 

Glucagon-like peptide-1 (GLP-1) is a peptide hormone that has various metabolic effects 

within the body. These effects include glucose-dependent stimulation of insulin secretion, 

decrease of gastric emptying, inhibition of food intake, increase of natriuresis and diuresis, and 

β-cell proliferation (1). Glucagon-like peptide 1 (GLP-1) was first discovered from the cloning of 

the preproglucagon gene which expedited the study and research of gut endocrine peptide 

hormones (2-3). After the generation and characterization of the first glucagon-detecting 

antibody by Roger Unger, the development of radioimmunoassay (RIA) to detect glucagon in 

blood and tissue samples emerged (4). Additionally, there was confirmation of glucagon-like 

immunoreactivity present in extra-pancreatic tissues, particularly the intestines (5). With this 

detection method, Unger further demonstrated in 1968 that intraduodenal glucose administration 

increases circulating glucagon-like immunoreactivity indicating that the intestines secrete a 

glucagon-like material (6). GLP-1 originates from the 18-kDa mammalian proglucagon protein 

from the preproglucagon gene (Gcg) (7). GLP-1 is expressed in the Preproglucagon (PPG) 

neurons throughout the brain, especially in the nucleus tractus solitarii (NTS) and medullary 

intermediate reticular nucleus, α-cells from the islet in the pancreas, and throughout the intestines, 

specifically in L cells (1,8). GLP-1 in the brain, intestines, and pancreas differ by tissue-specific 

post-translational processing (9-10). In the pancreas, the islet α-cells utilizes prohormone 

convertase 1/3 (PC1/3) and prohormone convertase 2 (PC2) to cleave the proglucagon protein to 

bioactive glucagon, GRPP, IP-1, major proglucagon fragment (MPGF), and GLP-1 (11-13). In 

the intestines and brain, PC1/3 cleaves proglucagon to GLP-1, GLP-2, and oxyntomodulin (7).  

GLP-1 plays an important role in glucose homeostasis and enhances glucose-induced 

insulin secretion while inhibiting glucagon secretion (14-15). In response to food intake, GLP-1 
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is secreted from L-cells that has direct contact with luminal nutrients through its apical surface 

(16-19). GLP-1 diffuses across the basal lamina into the lamina propria and finally into the 

capillaries in the intestine. GLP-1 circulates through the portal system and only 25% reaches the 

liver while 10 – 15% reaches the global circulation which then passes through the pancreas (20). 

This is due to the serine protease dipeptidyl peptidase 4 (DPP-4) that cleaves dipeptides from the 

amino terminus of oligopeptides or proteins that contain an alanine or proline residue in position 

2 which modifies or inhibits their activity which causes the half-life of GLP-1 to be less than 2 

minutes (17). Furthermore, GLP-1 in the portal system also activates GLP-1Rs in the vagal 

sensory neurons that communicate with brain stem neurons to regulate metabolism (14,21). 

Although, a minimal amount of GLP-1 passes through the region, picomolar concentrations of 

GLP-1 is sufficient to activate the glucagon-like peptide-1 receptors (GLP-1Rs) in the pancreas 

(22). GLP-1Rs are broadly found in most tissues of the body such as the brainstem, blood vessel, 

heart, hippocampus, hypothalamus, kidney, lung, pancreatic islets, and stomach (23-26). They 

are G-protein coupled receptors that are from the B family class which are made up of seven 

transmembrane heterotrimeric G-protein-coupled receptors that have that a long extracellular N-

terminus with an α-helical region, five β-strands that form two antiparallel β-sheets and six 

conserved cysteine residues (27,28). GLP-1Rs can also activate other G-coupled receptor 

pathways such as Gαi, Gαo, and Gαq/11 but the prominent pathway is the Gαs which increases the 

level of cyclic Adenosine Monophosphate (cAMP) through activation of adenylate cyclase 

(27,29-31). The activation of cAMP upregulates Protein Kinase A (PKA) and exchange protein 

directly activated by cAMP2 (Epac2) which stimulates voltage dependent Ca2+ channels to open 

and exocytosis of insulin occurs (30,32). GLP-1 induced activation of PKA also stimulates 

expression of transcription factor pancreatic duodenal homeobox-1 (PDX-1) that binds to the 
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insulin promoter to initiate insulin synthesis (18,33-35). Insulin, in turn, regulates blood glucose 

levels by facilitating cellular glucose uptake, regulating carbohydrate, lipid, and protein 

metabolism. Insulin also promotes cell division and growth by its mitogenic effects (36). In 

addition to glucose-dependent stimulation of insulin secretion, GLP-1 also decreases gastric 

emptying, inhibition of food intake, and inhibition of glucagon secretion (1,15,37-38). 

Furthermore, the GLP-1 induced rise of insulin mRNA also displayed an increase in GLUT1 and 

hexokinase1 mRNA expression (33,39). Thus, GLP-1 has a major role in blood glucose 

homeostasis.  

Throughout pregnancy, maternal metabolism changes to accommodate the distribution of 

nutrients between the mother and the fetus which include the various stages of embryo 

implantation, fetal and placental development, lactation, and finally for delivery. One of these 

notorious changes is glucose metabolism. For proper growth and development of the fetus, the 

nutrient flow from mother to fetus across the placenta must be maintained. A glucose gradient is 

established during early pregnancy by fetal β – cells by maintaining a low glucose levels in fetal 

circulation since glucose transport is a passive process and requires facilitation by glucose 

transporters (40-41). In the later stages of pregnancy, the overflow of glucose circulation from 

the maternal circulation causes a shift in the gradient established by the fetus and to counter this, 

placenta releases hormones to increase maternal insulin resistance and hepatic glucose 

production (42-43). To compensate for the maternal insulin resistance, β – cells in the pancreas 

expand their mass and proliferate to increase insulin circulation (44-45). Interestingly, although 

there is pregnancy induced insulin resistance within tissues (46), maternal blood concentrations 

of glucose are reduced because of the surge of glucose consumption in the placenta for fetal 
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development (46-50). Thus, the adaptations in metabolism during pregnancy consists of 

elevating maternal blood insulin and diminished maternal blood glucose concentrations.  

Incretin hormones like GLP-1 have been suggested to have a role in maternal metabolism 

and fetal growth. This is due to the GLP-1’s major role in glucose homeostasis and its influence 

over β – cells. Furthermore, in pregnant GLP-1R KO mice, there was no increase in islet or β – 

cell area compared to the C57BL/6 mice leading to the proposition that perhaps GLP-1 may 

affect the β – cell expansion during pregnancy (51). Multiple studies have indicated there was 

reduced levels of serum GLP-1 during pregnancy (52-55). Researchers have also studied the 

effects of GLP-1R agonists during pregnancy. In rats, there was a potential direct effect of 

Semaglutide, a GLP-1R agonist, in the later stages of pregnancies (56). It was also reported that 

there was reduced fetal weight in rats from rats that had injections of the agonists towards late 

pregnancy (56). Furthermore, in mice there was also a similar study on long-term functional 

alterations following prenatal GLP-1R activation utilizing Exendin-4, another GLP-1R agonist, 

that resulted in increase in offspring weight (57). Thus, the precise role of GLP-1 on pregnancy 

is still ambiguous.  

Given the importance of GLP-1 in glucose homeostasis by its regulation of insulin, GLP-

1 could play a role in maternal metabolism and fetal growth during pregnancy. Pregnancy 

induces the body to be in an insulin resistant state and advances insulin resistance as gestation 

continues (58). Therefore, the aim of this study is to determine the effect of GLP-1 on maternal 

metabolism and fetal development. GLP-1R agonist, Semaglutide, and GLP-1R antagonist, 

Exendin-9 were injected in C57BL/6 mice during the late pregnancy period. The dam tissues, 

fetus tissues, placenta, dam serum, fetal serum, and placenta were collected at E18.5 during the 

end of pregnancy. 
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MATERIALS AND METHODS 
 

The anti-glucagon antibody was from R&D System (Minneapolis, MN). Antibodies 

against Insulin, CD31 and Ki67 were from Abcam (Cambridge, MA). The total GLP-1 ELISA 

kit, IGF-1 ELISA kit, TRIzol, NuPAGE Gels, SuperScript III Reverse Transcriptase and Oligo 

(Dt)12-18 Primer, Alexa-Fluor-conjugated goat anti-mouse, and rabbit antibodies were from 

Invitrogen (Carlsbad, CA). Glucose, glucose oxidase, Exendin-9, BSA, and Schiff Reagent were 

from Sigma-Aldrich (St. Louis, MO). The mouse insulin ELISA kit was from Mercodia (Uppsala, 

Sweden). TG assay kit was from Pointe Scientific, Inc (Canton, MI). NBT/BCIP Stock solution 

was from Roche Diagnostics (Indianapolis, IN). Super Signal West Pico PLUS 

Chemiluminescent Substrate was from Thermofischer scientific (Waltham, Massachusetts). 

Semaglutide (Sem) was obtained from Novo Nordisk (Plainsboro, NJ). Exendin-9 (Ex9) was 

from Med Chem Express (Monmouth Junction, NJ). 

 

Mice 

The mice were C57BL/6 mice from the Jackson Laboratory (Bar Harbor, ME). The 

female mice started mating after eight to ten weeks after birth. Pregnancy was determined by the 

vaginal plug and assigned the embryonic age E (0.5). The dams were then subcutaneously 

injected with the various treatments randomly: Saline (control), Semaglutide (GLP-1R agonist) 

with varying dosages of 6µg/kg and 12µg/kg, and Exendin-9 (GLP-1R antagonist, 15 µg). The 

dams were injected in the morning of E13.5, E15.5, and E17.5 and were also monitored for 

maternal body composition by EchoMRI. Maternal tissue, placenta, and pup tissue were 

harvested at E18.5.  Experiments using mouse models were carried out under the Association for 
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Assessment and Accreditation of Laboratory Animal Care guidelines with approval from the 

University of California San Diego Animal Care and Use Committee.  

 Immunohistochemistry  

The tissues were fixed in either in 4% paraformaldehyde or 10% neutral-buffered 

formalin and then embedded in optimal cutting temperature compound (O.C.T.) or paraffin, 

respectively. For Immunohistochemistry (IHC), the slides were blocked in 2% H2O2 for 10 

minutes and then either heated to 95°C in a water bath for 10 minutes (Glucagon) 30 minutes 

(CD31) for antigen retrieval in 0.1M Citrate Buffer Ph 6.0. For insulin, the antigen retrieval was 

done with PBS 1% SDS buffer for 5 minutes in room temperature. The slides were blocked for 2 

hours at room temperature in a humid chamber with blocking buffer. After that, the slides were 

put in primary antibody overnight at 4°C: Glucagon (1:200), CD31 (1:500), Insulin (1:100) and 

the controls (negative) were put in blocking buffer. After washing, the slides were put in 

secondary antibody (1:200) goat anti-rabbit from Cell Signaling for 2 hours at room temperature 

in a humid chamber. The signal was visualized with 3,3′-diaminobenzidine (Vector Laboratories, 

Burlingame, CA) at room temperature for 10 minutes (Glucagon and Insulin), 30 minutes 

(CD31) and counterstained with hematoxylin. The images for IHC and IF were done on the BZ-

X800E Keyence microscope. The α-cells, β-cells, and pancreas area, Capillary Area Density 

(CAD), Capillary Number Density (CND), Capillary Surface Density (CSD), and Area per 

Capillary (APC) were measured with ImageJ. 

For immunofluorescence (IF), the slides were put in PBS 1% SDS for 5 minutes for 

antigen retrieval and then incubated at room temperature for 2 hours in a humid chamber with 

blocking buffer. The slides were then stained with primary antibody: Glucagon (1:200), Insulin 

(1:100), Ki67 (1:100), and CD31 (1:500) overnight at 4°C. After washing, the slides were put in 
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the secondary antibody conjugated with Alexa Fluor 488 or 568 was applied to the slides and 

incubated for 2 hours at room temperature. The slides were then washed, and sections were 

mounted in DAPI Fluoromount-G (Southern Biotech, Birmingham, AL). The slides were 

visualized by fluorescent optical microscopy with BZ-X800E Keyence microscope. The ratios of 

Ki67 and glucagon or insulin protein–positive cells were calculated with use of IF images. The 

CD31 ratio to the labyrinth area were also calculated with the IF images in ImageJ.   

Staining 

Placentas were fixed in paraffin were stained with Periodic-Acid Schiff (PAS). The 

paraffin slides were deparaffinized and rehydrated before staining, The slides were placed in 

0.5% periodic acid solution for 5 minutes and then rinsed in distilled water. After that, the slides 

were placed in Schiff reagent for 20 minutes and washed with lukewarm water for 5 minutes. 

The slides were counterstained with hematoxylin.  

Placentas that were fixed in paraffin or O.C.T. were stained with Endogenous Alkaline 

Phosphatase (AP). All paraffin slides must be deparaffinized and rehydrated before staining. The 

placenta slides were put in NTMT solution 2 times for 10 minutes. The slides were then stained 

with the NBT/BCIP solution in the dark for 20 minutes and counterstained with Nuclear Fast 

Red. These slides were used to calculate the cross-sectional area of the placenta using ImageJ. 

Assays 

ELISA mouse IGF-1 kit from Invitrogen. The samples must be pre-diluted before adding 

to the assay. The serum was diluted 1:5 fold and diluent A should be used for dilution of the 

serum. To dilute the standards, first briefly spin down the vial and then add 400 μl of assay 

diluent A. Dissolve thoroughly and add 20 μL of IGF-1 standard vial to prepare a 100 ng/mL 
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standard into a tube of 980 μL assay diluent A to prepare a 2,000 pg/mL standard solution. Use 

the 2,00 pg/mL standard solution to produce a dilution series that results in standards of 666.7 

pg/mL, 222.2 pg/mL, 74.07 pg/mL, 24.69 pg/mL, 8.23 pg/mL, and 2.74 pg/mL. Diluent A will 

serve as the blank. Add 100 µL of standards to the appropriate wells and add 100 µL of diluted 

samples to the wells. Cover the wells and incubate overnight at 4°C with gentle shaking. The 

next day prepare 1x wash buffer from 20x wash concentrate by diluting 20 mL of the concentrate 

into 380 mL of deionized water. Prepare biotin conjugate before use and add 100 μl of 1x Assay 

Diluent B into the vial with biotin conjugate concentrate. Diluent B is diluted 20 - fold with 

deionized water before use. Pipette and mix gently, the biotin concentrate should be diluted 80-

fold with 1X assay diluent B. Then wash the wells 4 times with the 1x wash buffer with 300 µL 

of wash buffer per well. After the last wash, remove any remaining wash buffer by aspirating and 

invert the plate against clean paper towels. Add 100 µL of biotin conjugate and incubate for 1 

hour at room temperature with gentle shaking. Discard the solution and repeat the washing step. 

Prepare the 1x Streptavidin-HRP solution 15 minutes before usage by briefly spinning and 

mixing gently before use. Dilute the streptavidin-HRP 200-fold with 1x Assay diluent B. Add 

100 µL of prepared streptavidin-HRP solution and incubate for 45 minutes at room temperature 

with gentle shaking. Discard the solution and repeat the washing step again. Add 100 µL of 

TMB substrate to each well and incubate for 30 minutes at rom temperature in the dark with 

gentle shaking. Add 50 µL of stop solution to each well and tap the side of the plate to gently 

mix. Read and generate the standard curve on the plate reader. The absorbance should be at 450 

nm.  

Mouse insulin ELISA kit from Mercodia. Prepare 1x enzyme conjugate solution by 

diluting with the 11x enzyme conjugate buffer. Prepare the 1x wash buffer solution by diluting 
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21x in distilled water. Prepare the microplate wells to include the calibrators, controls, and 

samples in duplicates. Pipette 10 µL each of calibrators, controls, and samples into the wells. 

Add 100 µL of enzyme conjugate 1x solution into each well. Incubate for 2 hours at room 

temperature on a plate shaker. After that, wash the plate 6 times with 700 µL of wash buffer 1x 

solution per well. After the final wash, invert and tap the plate firmly against a clean paper towel. 

Add 200 µL of substrate TMB into each well and incubate for 15 minutes at room temperature. 

Add 50 µL of stop solution to each well and place on plate shaker for a few seconds to ensure 

mixing. The plate is then read at 450 nm on a plate reader.  

Glucose measurements are done with the PGO enzyme and O-Dianisidine tablets. The 

mix solution is prepared by 400 µL of O-Dianisidine to 25 mL of PGO. Then pipette 200 µL of 

the mix into each well. Next, pipette 1 µL of each standard, control, and sample into the wells. 

Place the plate on the plate shaker to briefly mix. Cover microplate with a plate sealer and 

incubate for 30 minutes at 37°C. Remove any bubbles that are within the wells and then read the 

plate.  

Western Blot and Real-time PCR assays 

 Protein samples were extracted from tissue and then homogenized in lysis buffer for 5 

minutes. The homogenized tissue is then spun in the centrifuge for 20 to 30 minutes at 5000 

RPM in the 4 °C room. The protein was then transferred into a centrifuge tube and put in the 

centrifuge for 30 minutes at high speed in the 4 °C room. The protein was centrifuged and 

transferred again if there are still impurities in the sample. After that, protein concentration was 

calculated. The BioRad Protein assay was used. Add 200 µL of the protein assay to each well 

and add 1 µL of your standards and samples to the wells. Briefly shake the plate on the plate 

shaker to mix and remove any bubbles that are formed. The plate is then read on the plate reader. 
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Depending on what tissue type, the amount of volume of the protein added to the western blot 

will be calcualted. The protein sample are then prepared for the western blot by adding the 

amount of volume needed and the loading buffer. The samples are then heated om a heat block 

for 10 minutes at 160°C. The samples are now ready to be added to the SDS-PAGE gels. The gel 

we use to run the western blot is made in our lab. We first make the 10% SDS-PAGE gel and 

then the 10% stacking gel. The combs are then added after a layer of isopropanol is added to 

even out the stacking gel. The protein samples and protein ladder were then added into the 10% 

SDS-PAGE gels with the running buffer which consists of tris, glycine, and SDS at pH 8.3. The 

gel was then ran using the BioRad wet blotting box at 100V during the first 10 minutes until all 

the protein has passed through the stacking gel. Then it was run at 140V until it reached the 

bottom of the gel. After that the gels are placed with a PVDF membrane in a BioRad wet blotting 

box with the transfer buffer. The transfer buffer consists of tris, glycine, at pH 8.3 with 20% 

methanol. The transfer is then run at 100V for 2 hours. After this, the western blot membrane is 

put into blocking buffer for 1 hour on the shaker. Then the membrane was put in a primary 

solution at 4°C overnight. Horse-radish peroxidase-linked secondary antibodies were from Santa 

Cruz Biotechnology and Cell Signaling. Super Signal West Pico PLUS chemiluminescence 

substrate was used to visualize the bands. Quantity One software (Bio-Rad Laboratories) was 

used to calculate the band densities.  

Total RNA extraction was prepared from tissues with TRIzol and then homogenizing the tissue. 

Then, it was centrifuged for 10 minutes at 600xg in the 4° room. The supernatant was then added 

into a new centrifuge tube. Then, Chloroform was added. Mix the solution gently and then 

centrifuge for 15 minutes at 11,000xg. Transfer the supernatant into a new tube and add 

isopropanol. Mix gently and centrifuge again for 10 minutes at 11,000xg. Then wash the pellet 
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with 70% ethanol with DEPC water. Then centrifuge for 5 mins at 7500xg and remove all the 

supernatant and keep the pellet. Add deionized water and heat the RNA at 10 minutes at a 

heating block at 60°C. After that, the RNA concentration is calcualted by adding 200 µL of PCR 

water into each centrifuge tube and 1 µL of sample to the water and mix. The mix is then added 

to the RNA cuvette and concentration is measured by the Spectrophotometer (Biophotometer). 

The OD should be around 1.5 to 2 to have the best amount of purity. The RNA is now ready for 

cDNA synthesis. cDNA was synthesized with SuperScript III Reverse Transcriptase, Oligo 

(Dt)12-18 Primer, 10x Buffer, 100 mM DTT, dNTP, and RT enzyme. The PCR was then run at 

(enter the program). After that Real-Time PCR was performed with QuantStudio 3 Real-Time 

PCR System (Invitrogen) and specific primers (Table 1). Expression data was normalized to the 

amount of 18s Rrna.  

Statistical Analysis 

Data are expressed as mean ± SEM. Statistical analyses were performed with the 

student t test or ANOVA, followed by Bonferroni posttests with the use of Prism software. 

Differences were considered significant at P < 0.05. 
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Table 1. Sequences for real-time PCR primers 

Gene Forward (5’ to 3’) Reverse (5’ to 3’) 

18S rRNA CGAAAGCATTTGCCAAGAAT AGTCGGCATCGTTTATGGTC 

Angpt1 CAGTGGCTGCAAAAACTTGAGA GGCCGTGTGGTTTTGAACAG 

mFABPpm ATCTGGAGGTCCCATTTCAA ATGGCTGCTGCCTTTCAC 

Glut1 GACCCTGCACCTCATTGG GATGCTCAGATAGGACATCCAAG 

Lat1 CAAAGTGCCAAGAAAAAGAGC CTGAGCAGGGAGGAACCAC 

Snat1 CTTCAGCCATAAAATCCCTCAT CATCGACGTACCAGGCTGA 

Snat2 CAATGAGATCCGTGCAAAAG TGCTTCCAATCATCACCACT 

Vegfa CGGGCCTCGGTTCCA GCAGCCTGGGACCACTTG 

Vegfr1 GAAGGAACAAATAAGATGTGCCG TGTCCGTAGCAGAATCCAGG 
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RESULTS 
 

The C57BL/6 dams were injected with Saline, Sem, Sem HD, or Ex9 during late 

pregnancy at E13.5, E15.5, and E17.5. During these time points, the dams were scanned by the 

EchoMRI the only exception was the Ex9 dams. There was no significant difference in the body 

weight, fat, lean fat, percent fat, and percent lean fat from the EchoMRI scans compared to the 

control. The dam and pups were then harvested at E18.5 with their blood, tissues, weight, 

placenta weight. There was a significant decrease in E18.5 fetal weight compared to the control 

for the three treatments (Figure 1). The most significant decrease was in the Ex9 fetal weight 

(P<0.0001). There was no significant difference between the Sem dosages; however, there was a 

slight decrease (P = 0.069).  The male fetal weight displayed a decrease in body weight between 

the control and Sem dosage treatment with Semaglutide high dosage with the significant 

decrease (P< 0.0007) and low dosage (P<0.04). There was a decrease in the male fetal body 

weight from the Ex9 injected dams but there was no significant difference (P=0.0524). 

Interestingly, in the female fetal weight the only significant difference was found in the Ex9 

treatment (P<0.0007). Although, there is a decrease trend that is also shown in the Sem high 

dosage treatment (P=0.1). Additionally, there was no significant difference in the placenta 

weight between the control and the treatments (Figure 2). The placenta efficiency was also 

calculated by dividing the fetal body weight to the placenta weight. There was only a significant 

difference between the control and Ex9 treated placenta (P<0.003). Additionally, the placentae 

from male pups had no significant difference between the treatments while the female pups had a 

significant difference with the Ex9 placentas (P<0.03). Since there was a decrease in the fetal 

weight and no significant difference in the placenta weight, this led to the investigation to see if 

there was a maternal effect on the fetus from the injection.  
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Figure 1. Reduced C57BL/6 fetal weight of E18.5 dam treated Sem, Sem HD, and Ex9 

compared to Saline. C57BL/6 dams were treated with Saline, Sem, Sem HD, and Ex9 during 

late pregancy with injections during E13.5, E15.5, and E17.5. Fetal weight was taken at E18.5. 

There was no significant difference in the EchoMRI scans for (a) body weight, (b) fat, and (c) 

lean fat. (d) Fetal weight was reduced in all the treatments. Sem (p<0.002), Sem HD (p<0.0001), 

Ex9 (p<0.0001) decrease compared to Saline. (e) Male fetal weight decreased in Sem dosages. 

Sem (p<0.04) and Sem HD (p<0.0007) observed decrease compared to Saline. (f) Female fetal 

weight decreased in Ex9 treatment only. Ex9 (p<0.0007) decrease compared to Saline. All 

weights were obtained by an analytical scale. Saline (N=17) dams, Sem (N=13) dams, Sem HD 

(N=13) dams, and Ex9 (N=5) dams.  
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Figure 2. No difference in placenta weight of C57BL/6 dam treated Saline, Sem, Sem HD, 

Ex9; however, there is a decrease in placenta efficiency in Ex9 treated dams, especially in 

the female placentas. (a) No significant changes of placenta weight were observed in the 

treatments compared to saline treated dams. (b) No differences between the treatments for the 

male placenta weight (c) same is for the female placenta weight. (d) The placenta efficiency ratio 

that was calculated by taking the body weight divided by the placenta weight displayed a 

decrease in the Ex9 treated dams (p<0.003). (e) Interestingly, there is no significant difference 

between the treatments and the placenta efficiency for the male (p=0.1); however, (f) the female 

had the significant difference in the placenta efficiency (p<0.03). All weights were obtained by 

an analytical scale.  
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The availability of resources of energy for the fetus are vital for the potential growth of 

the fetus. The food intake during the injections and late pregnancy displayed no significant 

difference in Sem and Sem HD compared to saline. Additionally, there are studies that also show 

no difference in food consumption (57). Glucose levels indicate the available vital source of 

energy for fetal development and the affect that the injections had on the dams. The maternal fed 

E18.5 glucose serum had no significant difference between the treatments and the control (Figure 

3). Since there is no change in fed serum glucose, the availability of glucose is most likely not 

the cause of the fetal weight decrease. Although, there is no overall difference after the three 

injections of the agonist or antagonist for glucose levels there is a significant difference after 

each injection which can be seen by the significant decrease of the area under the curve (AUC) 

of the E15.5 fed interval glucose serum (Figure 4). Indicating that terminally after all the 

treatments, there was no significant difference; however, there was an effect when the agonist or 

antagonist was initially injected. Furthermore, the maternal fed E18.5 insulin serum had no 

significant difference between the treatments and the control (Figure 3). Despite having an 

increase in insulin levels in the E15.5 fed interval serum there is no significant difference in the 

AUC (Figure 4). This contrasts the β – cell area ratio compared to the total area of the pancreas 

where there is an increase between the control and Sem high dosage (P<0.02) (Figure 5). 

Although, there is also no significant difference for the Sem low dosage and Ex9 groups for β – 

cell area ratio. Thus, indicating that there is additional β – cell area expansion when GLP-1R 

agonist are injected to the pregnant mice. On the other hand, the α – cell area ratio there is a 

decrease trend in the area for all treatments (Figure 5); however, the only significant difference 

was found in the Exendin-9 injected dams (P<0.018). Further investigation is needed to 

determine the mechanism behind the decrease in α – cell area; however, it does indicate that 
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there is a decrease of glucagon that may be due to the agonist or antagonist. Overall, there is an 

observed transient decrease in the glucose levels after injection of the agonist; therefore, 

reduction of fetal weight could be the result of the injection.  

Due to the transient reduced levels of glucose, there was also an observed decrease in 

E18.5 fetal glucose and insulin serum levels in Sem HD and Ex9 treatments (Figure 3). The 

reduced insulin serum levels made the fetus in an insulin deficient state which caused the decline 

of potential fetal growth (59,60). Fetal insulin deficiency may be due to the deficiency in 

nutrients, the production of insulin in the β – cell, or reduced sensitivity to insulin in tissues by 

their receptors (59). Thus, the western blots were done to determine the sensitivity of insulin 

within the tissues. The western blot of the E18.5 fetal liver displayed an increase in the insulin 

receptor between the saline and Sem treated dams (P<0.0002) (Figure 6). Furthermore, there was 

a significant decrease in Sem HD band density (P<0.03) in E18.5 fetal liver (Figure 6). 

Interestingly, p-GSK3 had a significant increase of band density between Sem (P<0.04) and Sem 

HD (P<0.0007) compared to Saline in E18.5 fetal skeletal muscle (Figure 6). Therefore, the 

increase of p-GSK3 in the western blot band density which is known to induce insulin resistance 

by the phosphorylation of insulin receptor substrate – 1 (IRS1) (61) may lead to the reduced 

sensitivity to insulin causing the reduced fetal growth.  
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Figure 3. Glucose and Insulin serum levels for E18.5 dam and fetal for Saline, Sem, Sem 

HD, and Ex9 treatments. E18.5 dam glucose and insulin serum levels were measured. Glucose 

serum levels for E18.5 dam glucose serum (a) and E18.5 dam insulin serum levels (c) had no 

significant difference between the treatments. (b) E18.5 fetal glucose serum levels had 

significant difference in the Sem HD (P<0.05) and Ex9 (P<0.02) compared to the saline fetal 

glucose serum levels. (d) E18.5 fetal insulin serum levels had a significant difference in Sem HD 

(P<0.02) and Ex9 (P<0.05) compared to the saline control insulin serum levels.  
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Figure 4. E15.5 glucose and insulin levels after the second day of injection. After the 

subcutaneous injection of the agonist or antagonist, serum samples were taken from the dam. (a) 

There was a decrease in the Sem HD injected dam glucose levels and an increase in the Ex9 

injected dam glucose levels compared to the control (saline). (b) The AUC of the E15.5 fed 

glucose serum levels with the AUC defined with arbitrary units had a significant decrease in Sem 

HD injected dams AUC (P<0.0007). The Ex9 injected dam glucose AUC had no significant 

difference in the increase of AUC compared to the control. (c) The E15.5 fed dam insulin levels 

had an increase in the Sem HD and Ex9 had no difference in the insulin levels at that time. (d) 

The AUC of the E15.5 fed insulin had no significant difference in both treatments.  
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Figure 5. E18.5 dam and pups’ pancreas β – cell ratio and α – cell ratio. α – cell and β – cell 

ratio was calculated by IHC of glucagon and insulin, respectively. The ratios were calculated by 

dividing the area of glucagon or insulin by the total area of the pancreas. The areas were 

calculated by ImageJ. (a) Increased ratio of Sem HD β – cell ratio compared to Saline (P<0.03) 

and (b) decreased Ex9 α – cell ratio compared to Saline (P<0.02). (d) Images of the 

representative islets that showcase the increase in β – cell area ratio and the decrease in the α – 

cell ratio. (e) No significant difference between the β – cell ratio in E18.5 fetal pancreas. (f) 

Decrease in E18.5 fetal pancreas α – cell ratio for Sem (P<0.02), Sem HD (P<0.05), and Ex9 

(P<0.002) compared to Saline. 
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Figure 6. Western Blot of E18.5 fetal liver and skeletal muscle. There is a significant increase 

of p-GSK3 between saline and the Sem treated fetal liver and skeletal muscle. This increase 

highlights the increase of insulin resistance within the fetus tissues. Band intensity was 

calculated using Quantity One (BioRad laboratories software) and the band density has arbitrary 

unit (AU). (a) In the E18.5 fetal liver there was a significant decrease in Sem HD insulin receptor 

band intensity (P<0.0002) and increase in p-GSK3 band intensity (P<0.03). (b) In the E18.5 

skeletal muscle there was a significant increase in p-GSK3 band intensity for Sem and Sem HD 

compared to saline protein.  
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Other than maternal nutrients, another important factor to look upon in fetal development 

is the growth factors themselves. The most prominent is the insulin/insulin-like growth factor 

(IGF) system which regulates fetal and placental growth and development (62). Insulin-like 

growth factor 1 (IGF-1) and insulin-like growth factor 2 (IGF-2) are the important growth factors 

in fetal development promoting fetal growth (62). The fetus and the placenta both synthesize 

them, and IGF-1 specifically is present in syncytiotrophoblast (epithelial covering of the highly 

vascular embryonic placental villi) and cytotrophoblast (interior layer of the trophoblast) at all 

stages of gestation (62). Additionally, the significantly decreased levels of insulin can cause the 

reduction of fetal growth by decreasing the nutrient uptake and the altering the circulation of the 

insulin-like growth factors (59). Interestingly, the IGF-1 ELISA assay showcased an increase in 

the fetal serum of the Sem low dosage compared to the control (P<0.0005) (Figure 7). There is 

no significant difference between the Sem high dosage and the Ex9 injected dam E18.5 fetal 

serum. The E18.5 fetal serum Insulin-like Growth Factor Binding Protein – 1 (IGFBP1) had a 

decrease in both Ex9 and Sem high dosage treatments; however, the decrease was not significant 

(P=0.06) (Figure 7). IGFBP-1 serves as a binding protein to the IGFs and sequester them from 

receptor binding but also prolongs the half-life of circulating the blood (62). With the decrease in 

IGFBP-1, there is less IGFs available to promote growth. Furthermore, there was a decrease in 

the E18.5 fetal insulin serum levels compared to the Sem high dosage and Ex9 to the control 

(P<0.02 and P<0.047, respectively) (Figure 3). Intriguingly, the E18.5 fetal serum also had 

decrease levels in glucose levels in Sem HD and Ex9 compared to the control (P<0.05 and 

P<0.02, respectively) (Figure 3). Therefore, there must be a decrease in nutrient uptake in the 

placenta rather than the circulations of IGFs that caused the reduction of the fetal weight. 
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Figure 7. Increase in serum IGF-1 levels in GLP-1R agonist and decrease in serum IGFBP-

1. (a). E18.5 fetal IGF-1 levels were measured using an ELISA IGF-1 kit. The E18.5 fetal IGF-1 

levels had a significant difference in Sem (P<0.0005) compared to saline (control).  The IGFBP-

1 protein levels for Sem HD (b) and Ex9 (c) were measured by Western Blot and had no 

significant difference compared to saline (N=6).  
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In addition to the decreased glucose levels, there might also be a physical difference in 

the tissue itself where the nutrients and oxygen are being exchanged, the placenta. The mouse 

placenta has three different zones: the decidua, (DC), the junctional zone (JZ), and the labyrinth 

(LB) zone (46). The cross-sectional area ratio of the placenta was calculated by manually 

sectioning the placenta between the different zones: junctional, labyrinth, and decidua from the 

Alkaline Phosphatase (AP) stain. There was a significant decrease in the LB (P<0.003) between 

the control and Sem placenta while the JZ cross sectional area ratio also exhibited an increase in 

the area (P<0.006) (Figure 8). The Sem HD also exhibits a decrease in LB cross sectional area; 

however, the decrease is not significant (P=0.06) (Figure 8). Additionally, the JZ for Sem HD 

also had an increase in area but the difference between the controls was not significant (P=0.2) 

(Figure 8). A small LB area indicates a reduced transport area for nutrients to reach the fetus, and 

eventually restricting fetal growth (63). Thus, the reduction in the LB area of the Sem and Sem 

HD may lead to the decrease in fetal weight as there is less nutrients transferring to the fetus. JZ 

has been known for its endocrine function within the placenta and the storage of glycogen (64). 

Interestingly, there was an increase in the Periodic-Acid-Schiff (PAS) stain, which is known to 

stain polysaccharides (glycogen) and mucosubstances (glycolipids and glycoproteins) (64) in the 

Sem and Sem HD placenta (Figure 9). The increase in JZ area may be due to the increase of 

glycogen storage in the glycogen trophoblast cell. For the antagonist, Ex9, the JZ also has an 

increase in area but compared to the control it is not significant (P=0.07); however, there was a 

significant decrease in the LB zone cross sectional area (P<0.009) (Figure 8). Despite the 

increase in the JZ area in the Ex9 placenta, there was no difference in the PAS stain. Therefore, 

further investigation is needed to determine whether the increase in PAS stain is directly related 

to the increase in JZ area.  
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 There was an overall increase in the male JZ area ratio between the treatments, but the 

only significant increase was between the control and Ex9 (P<0.03) (Figure 8). In the male LB 

zone, there is a decrease in the cross-sectional area ratio between Sem HD (P<0.005) and Ex9 

(P<0.002) but not for the agonist low dosage (P=0.3) (Figure 8). In the male placenta DC area, 

there is an increase in the cross-sectional area between the control and agonist high dosage 

(P<0.03); however, the Sem was not significant (P=0.38) (Figure 8). The Ex9 treated male 

placenta was also not significant in the DC (P=0.5) (Figure 8). DC has been known to protect the 

fetus from maternal immune cells and provide nutritional support before the placenta is 

established (65); however, not much is known about the influence of the DC if there was an 

increase or decrease for the placenta. It is also important to note that parts of the decidua might 

have been cut to optimize the sectioning of the tissue. The placenta from female pups had an 

increase in JZ cross-sectional area (p<0.03) in Sem and a decrease in the LB cross-sectional area 

(p<0.02) (Figure 8). The Sem HD and Ex9 treated placentas from female pups did not show any 

significant difference in the three zones of placenta. Overall, the male and female placenta 

exhibit a decrease in the LB area and a slight increase in the JZ area.  
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Figure 8. Decrease in labyrinth (LB) zone areas in E18.5 placenta and increase in 

junctional (JZ) zone areas. Placental cross-sectional areas were determined by using Alkaline-

Phosphatase (AP) stain placental sections. JZ, junctional zone; LB, labyrinth; DC, decidua. 

Cross-sectional area was calculated using ImageJ by dividing the different layers by the total 

area of the placenta. (a) Placenta area ratio of all the placenta that was harvested. Saline (N=21), 

Sem (N=20), Sem HD (N=16), Ex9 (N=11). There was a significant increase in the Sem JZ area 

(P<0.006) and decrease in Sem LB area (P<0.003). There is also a decrease in LB area in the 

Ex9 treatment (P<0.009). (b) Representative E18.5 placenta AP stain images. (c) Male placenta 

area ratio had a significant increase in JZ area (P<0.03) in Ex9 treatment and decrease in LB area 

(P<0.002). Sem HD treatment had a decrease in LB area (P<0.005) and increase in DC area 

(P<0.03). Saline (N=7), Sem (N=5), Sem HD (N=8), and Ex9 (N=5). (d) Female placenta area 

ratio had an increase in JZ area (P<0.03) and decrease in LB area (P<0.02). Saline (N=8), Sem 

(N=8), Sem HD (N=6), and Ex9 (N=6). 
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Figure 9. E18.5 PAS stain of Saline, Sem, Sem HD, and Ex9 placenta. PAS stain detects 

polysaccharides and mucosubstances. This includes glycogen, glycoproteins, glycolipids, and 

mucins in tissues. (a) There was an increase in the PAS staining in the junctional zone (jz) of the 

placenta in the Sem and Sem HD compared to saline. There was a visible slight decrease in the 

Ex9 placenta compared to saline.  
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The decrease in LB area reduced the transport area for nutrient exchange and restricts the 

potential growth the fetus will have. Furthermore, there were decreases in transporter protein 

mRNA levels, Snat1 and Glut1 in Sem low dosage injected dams (p<0.008 and p<0.02, 

respectively) also affects fetal growth (Figure 10). On the other hand, there is an increase in Lat1 

and Snat2 transporter proteins in the Sem low dosage injected treatment (P<0.01 and P<0.002) 

(Figure 10). Additionally, there is also a decrease in the FABPdm mRNA levels (P<0.011) 

(Figure 10). The Sem HD transporter proteins had a decrease in SnatT1 mRNA levels (P<0.003) 

and a decrease although not significant in Lat1 mRNA, Glut1 mRNA, and FABPdm mRNA 

(Figure 10).  With the reduction of some transporter proteins, it is plausible that the nutrient 

exchange rate between the dam and the fetus must have been affected by the injection; however, 

there were increases in other transporter proteins. Thus, the nutrient exchange via the protein 

transporters may not be the defining factor of the reduction of fetal weight.  
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Figure 10. mRNA levels of E18.5 placenta from Saline, Sem, Sem HD, and Ex9 treated 

dams. All mRNA levels were normalized to 18S mRNA. (a) and (b) are mRNA levels of 

transporter proteins that had differences in Sem and Sem HD treatments. (c) is the mRNA levels 

of angiogenic factors that lead to or regulate angiogenesis.  
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The next step was to investigate the labyrinth zone, the area of nutrient exchange, to see 

if there are any significant differences in the vessels or factors that may affect fetal growth. 

Previous studies have shown that there are histological measurements to the vascularity of 

nutrient transferring tissues by calculating the capillary area, tissue area, the number of vessels, 

and the vascular surface area by immunohistochemistry (IHC) of platelet and endothelial cell 

adhesion molecule 1 (CD31) (66-68). CD31 is known as an endothelial cell marker that is 

expressed at the junctions between endothelial cells and is involved in angiogenesis by 

regulating endothelial cell migration (69-70). These measurements may explain the decrease in 

the LB area by vascular growth. The capillary area density (CAD) measures the blood flow, the 

capillary number density (CND) measures the vascular branching, the capillary surface density 

(CSD) measures the nutrient exchange, and the area per capillary (APC) measures the capillary 

size (68).  There was a decrease in the CAD, CSD, and CND in the Sem low dosage treatment 

compared to the control (P<0.005 and P<0.0006, and P<0.0006, respectively) (Figure 11). The 

APC did not have a significant difference (Figure 11). This implies that the capillary size did not 

differ between the placentas, but the branching, nutrient exchange, and blood flow did have a 

decrease which matches the decrease in the LB zone. Thus, ultimately decreasing the potential 

growth of the fetus. Additionally, immunofluorescence (IF) intensity of CD31 was also 

calcualted by ImageJ by the ratio of CD31 fluorescence intensity and the labyrinth area. There 

was a decrease in fluorescence between Sem (P<0.006), Sem HD (P<0.0003), and Ex9 

(P<0.0003) compared to saline (Figure 12). The most significant decrease was seen in the Sem 

HD and Ex9 placentas which coincide with the major reduction of fetal weight in those treated 

dams. In addition to the physical differences in the placenta vasculature, there is also the factors 

that can affect the placenta molecularly. There was an increase in Sem HD E18.5 placenta 
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mRNA levels of angiopoietin-1 (ANGPT1) (P<0.05), a stabilizing factor that regulates 

angiogenesis response, (Figure 10) (71) which attenuated angiogenesis within the placenta 

decreasing the chance of increasing surface area to exchange nutrients. There was also no 

significant difference in the VEGFR1 mRNA levels between the treatments; however, there was 

an increase in Vegfa mRNA levels of Sem HD placenta (P<0.008), known to play a critical role 

in angiogenesis and vasculogenesis, compared to saline mRNA levels (Figure 10) (72). 

Altogether, molecularly there is a contradiction within the angiogenic proteins and its influence 

on the placenta. 
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Figure 11. Immunohistochemistry of CD31 demonstrate a decrease in CAD, CND, CSD, 

APC within the E18.5 placenta. CAD, capillary area density. CND, capillary number density. 

CSD, capillary surface area density. APC, area per capillary. CAD is calculated by dividing the 

capillary area divided by the total area. CND is calculated by dividing the number of vessels by 

the total area. CSD is calcualted by dividing the perimeter of the capillaries to the total area. 

APC is calculated by dividing the area of CD31 and the number of vessels. All the measurements 

were made in ImageJ and calibrated to µm. (a) CAD per tissue area had a significant decrease in 

Sem placenta compared to saline (P<0.005). (b) CND per tissue area and (c) CSD per tissue area 

also had a reduction in Sem placenta (P<0.0006).  
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Figure 12. Immunofluorescence of CD31 signifies a reduction of vessel density within the 

Sem, Sem HD, and Ex9 placentas. Vessel density was calculated by the immunofluorescence 

intensity of CD31 by the labyrinth area. All the measurements were made in ImageJ and 

calibrated to µm. Saline (N=6), Sem (N=12), Sem HD (N=10), and Ex9 (N=8). (a) There was a 

significant decrease in the vessel density for Sem (P<0.006), Sem HD (P<0.0003), and Ex9 

(P<0.0003). (b) Representative images for the various treatments.  
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DISCUSSION 
 

Circulating GLP-1 has a major role in postprandial metabolism by potentiating nutrient-

induced insulin secretion (73), inhibition of glucagon secretion (15), and reduction of gastric 

emptying (37-38). During pregnancy maternal metabolism changes substantially as sensitivity to 

insulin rises in dam’s tissues leading to insulin resistance (58). Thus, GLP-1 may take part in 

maternal metabolism and fetal development. The injection of the agonist and antagonist of GLP-

1R greatly changed the fetal development of the pups and had some affects that occurred in the 

dam. The dams had no significant difference in their body weight, fat, and lean fat composition 

from the EchoMRI that was done during pregnancy: E13.5, E15.5, and E18.5 for the Sem and 

Sem HD injected dams. The Ex9 injected dams did not have EchoMRI scans done. The fetal 

weight at E18.5 was decreased between the control and the treatments and no significant 

difference in the placenta weight (Figure 1). Previous studies have also demonstrated there was a 

decrease in the fetal weight and no difference in placenta weight from dams that were injected 

with GLP-1R agonist and antagonist (74-76). The placenta efficiency ratio, dividing the pups’ 

weight with the placenta weight, was also not significant for the GLP-1R agonist treatments but 

was significant for the antagonist treatment (Figure 2). Indicating that the reduction of fetal 

weight in the antagonist treatment was due to the placenta. Since pregnancy changes the 

dynamics of metabolism within the dam’s body to optimize the transfer of nutrients to the fetus, 

the maternal metabolism of the treatments during late pregnancy needs to be investigated. 

The E18.5 dam glucose and insulin serum levels had no difference between the 

treatments (Figure 3); however, there was an observed transient change in Sem treated and Ex9 

treated dams in glucose and insulin serum levels (Figure 4). The observed transient decrease in 

glucose levels most likely caused the decrease in the fetal weight in the Sem treated dams 
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(Figure 4) while the Ex9 treated dams had a decrease in pup’s weight due to the inefficiency of 

the placenta (Figure 2) to transfer nutrients to the fetus as the increase of glucose levels after the 

Ex9 injection in the E15.5 fed serum levels displayed there is an ample amount of glucose 

available to transfer to the fetus but there must be issues with the transfer of the nutrients which 

caused the decrease. It must be noted that with the E15.5 serum levels after injection that the 

dams recovered from the treatment injections regardless of treatment. For the Sem high dosage 

treatment injection the glucose levels recovered after an 8-hour period while the insulin levels 

recovered in 2-hours (Figure 4). The Ex9 treatment recovered glucose levels after the increase in 

four hours and the insulin levels within an hour (Figure 4). The next injection for the treatments 

were then done within 48 hours of the previous injection, giving the dams even more time to 

adapt or recover to the previous conditons. Therefore, the E18.5 serum levels for glucose and 

insulin did not have any significant difference, but the injections did influence the dams as there 

is an increase in the β – cell area ratio for the Sem high dosage treatment while the Ex9 treatment 

had a slight decrease. Furthermore, there was a decrease of the α – cell ratio area of the dam’s 

islets in all the treatments, but only significantly decreased in the Ex9 treatment (Figure 5). As 

GLP-1R is known to promote β – cell expansion it makes sense that there is an increase of the 

ratio to the pancreas; however, the effect that was shown in the α-cell ratio was unpreceded as it 

is unknown if there would be such an effect on the α-cell (33).  

Notably, there is a decrease in E18.5 fetal insulin serum levels and a decrease in the 

E18.5 pups glucose serum levels in the Sem high dosage and Ex9 compared to the saline 

(control) group.  Insulin deficiency in the fetus can cause the decrease in fetal growth or 

development and with the decrease in glucose levels there is a reduced energy supply for the 

pups to grow (59,60). The fetal insulin deficiency may be due to the deficiency in nutrients, the 
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production of insulin in the β – cell, or reduced sensitivity to insulin in tissues by their receptors 

(59); however, the β – cell area ratio for the E18.5 fetal pancreas had no significant difference 

between the control and the agonist or antagonist (Figure 5). As there is no difference in the β – 

cell area ratio of the pancreas, there must be no difference in the insulin secretion within the β – 

cell. The brief reduction of glucose after the injection of the agonist could be the cause of the 

fetal insulin serum level reduction; however, there was no observed transient decline in the 

antagonist injected glucose serum levels. Thus, there must be a sensitivity to insulin within other 

tissues. Moreover, the pups’ skeletal muscle and liver western blots indicate that there is an 

increase in p-GSK3 by the band intensity which is known to induce insulin resistance by the 

phosphorylation of insulin receptor substrate – 1 (IRS1) (61) (Figure 6). Noting that the increase 

in p-GSK3 is seen in the agonist (Sem) treated fetal tissue and there is no data for the antagonist 

(Exendin=9) fetal tissue. Interestingly, the α – cell area ratio for the E18.5 pups had significant 

decrease in all the treatments compared to the control. This reduction of the α – cell ratio could 

indicate that the GLP-1R agonist and antagonist can pass through the placenta and affect the 

pups by reducing glucagon secretion from the α – cells; however, since there is no increase in 

insulin secretion further investigation is needed to determine whether it is due to the agonist or 

antagonist that passed through the placenta. The agonist that was used, Semaglutide, is known to 

pass through the placenta of rats (56) and most likely could pass through the placenta of the mice. 

For the antagonist, Avexitide, further investigation is needed to determine this.  

Growth factors from maternal or fetal origin will affect fetal and placenta growth. The 

most prominent is the IGF system which comprises of two ligands, insulin-like growth factor-1 

(IGF-1) and insulin-like growth factor-2 (IGF-2), and the six insulin-like growth factor binding 

proteins (IGFBPs) with the two receptors, insulin-like growth factor receptor 1 (IGFR1) and 
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insulin-like growth factor receptor 2 (IGFR2) (77). IGF-2 is the primary growth factor for 

embryonic growth and IGF-1 during gestation (77). Interestingly, there was an increase in the 

Sem low dosage IGF-1 levels in the fetal serum while there was no significant difference in the 

Sem high dosage and the Ex9 fetal serum (Figure 7). Additionally, there was a decrease trend in 

the western blot E18.5 IGFBP-1 serum band densities for both Sem high dosage and Ex9 (Figure 

7). With less IGFBP-1, it is possible that there is less IGF-1 in the serum as the IGFBP-1 has a 

higher affinity of IGF-1 than its receptor IGFR (78). However, further investigation is needed to 

confirm this and exemplify the reason behind the increase of the IGF-1 serum in Sem low dosage 

levels.  

Furthermore, the overall decrease in LB area and increase in JZ area indicated the 

physical difference of the placenta between the treatments (Figure 8). The decrease in the LB 

area as stated earlier, reduced the area of exchange of nutrients between the dam and the fetus. 

Although there is an observed decrease in LB area, the transporter proteins had conflicting 

results as there were some transporter proteins that had a decrease in mRNA levels and others 

with an increase (Figure 10). Thus, it is difficult to conclude that it is due to the decrease of 

available transporter protein in the placenta to cause the decrease in the fetal weight. 

Additionally, the overall increase in the JZ area coincide with the increase PAS-stained placenta 

in the Sem treated placentas compared to saline (Figure 9). Previous studies led to the hypothesis 

that placental glycogen provide a source of glucose to support fetal growth during late gestation; 

however, how placental glycogen is metabolized is still not well understood (64). Typically, the 

JZ area will expand until it reaches E16.5 and then reduce by E18.5 indicating that the glycogen 

might be utilized during the rapid fetal growth period during late gestation (64,79). If this is true, 

then the glycogen that was stored in the Sem treated placentas was not utilized during the rapid 
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fetal growth period resulting in the increase of PAS-stained placenta JZ. Although it is plausible, 

the Ex9 treated placenta did not showcase an increase in intensity of the PAS-stained placenta; 

thus, the utilization of the glycogen may not be the reason behind the reduction of the Ex9 fetal 

weight. Interestingly, the cross-sectional area for the different layers of the placenta did not 

exhibit a difference between sex (Figure 8). There’s an overall observed decrease in the LB area 

and an increase in the JZ area for both male and female (Figure 8). This coincides with the fetal 

weight decrease which is observed in both male and female where there are significant decreases 

in some treatments versus others that do decrease but are not significant.  

As mentioned previously, the malfunction of the placenta, leads to IUGR which is the 

restriction or limitation of growth for the fetus (80). Hence, placenta development is important to 

note as the placenta plays a support role for the growth of the fetus. Previous studies have used 

vascular development and angiogenic factors to understand the developing placenta by 

calculating vascular growth (59,63,81). Vascular growth can be calcualted by determining the 

capillary area density, number of capillaries, surface area density, and area per capillary within 

the labyrinth area. The initial implantation of the placenta is important in establishing the first 

blood vessels that ensure the transfer of nutrients to the fetus (82). This process is mainly 

vascuologenesis, the formation of the first blood vessels by differentiation of mesenchymal cells 

into haemangiogenic stem cells (82). After that most of the vessels that arise from the placenta 

are from angiogenesis, the formation of blood vessels from existing blood vessels (82,83). With 

the reduction of CAD, CND, and CSD in the Sem placenta compared to the control, the placenta 

exhibits a decrease in blood flow, vascular branching, and nutrient exchange (Figure 11). This 

reduction leads to the decrease in the fetal weight in addition to the decreased levels of fetal 

insulin and glucose. Furthermore, there was a decrease in vessel density within the agonist and 



41 
 

antagonist placenta compared to saline (Figure 12). The vessel density was calculated by the 

fluorescence intensity of CD31 on the placenta. The decrease in vessel density further 

demonstrated the decrease of angiogenesis within the placenta. Previous studies have found that 

there are GLP-1Rs in the endothelium, cardiac myocytes, and vascular myocytes in mice (84,85). 

Moreover, there was co-expression of the GLP-1R in the smooth muscle actin in mice 

ventricular blood vessels (24,84). However, there were also studies that failed to identify GLP1-

R mRNA transcripts within the coronary artery smooth muscle actins in humans (86). GLP-1R 

expression remains conclusively determined whether the GLP-1R is expressed in the vascular 

endothelium of animals or humans and if it is specific to vascular beds which include the 

placenta vessels (85). Despite this, there are studies that showcase intravenous infusion of native 

GLP-1 that demonstrated significant improvements in rat microvascular blood volume and 

microvascular blood flow (87). Additionally, in previous studies GLP-1R agonists promoted 

angiogenesis in endothelial cells by upregulating the tissue expression of angiogenic factors such 

as endothelial NOS (eNOS), VEGF, and basic fibroblast growth factor (bFGF) (88,88,90). 

Cultured studies of GLP-1 treatment to endothelial progenitor cells also demonstrated an 

increase in VEGF levels promoting proliferation, migration, and maturation of endothelial cells 

(91). Indicating that there is a direct effect of GLP-1 on endothelial cells by VEGF. Moreover, in 

a previous study GLP-1Rs in endothelial cells had reduced VEGFA-mediated vasodilation by the 

GLP-1 activation of the Gs – coupled pathway which interact with the Src kinase that is known 

to control signaling pathways that lead to the control of vessel tone (72). This leads to the 

delayed release of Ca2+ which is needed for the activation of vasodilation via eNOS (71). 

Interestingly, there was an increase in VEGFA mRNA levels within the E18.5 placenta in the 

Sem HD and slight increase in Ex9 placentas (Figure 9). The increase in VEGFA mRNA levels 
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indicate the compensation or homeostasis response of the delay to promote the angiogenesis and 

vasodilation of endometrial endothelium cells (92,93). In addition to this, there was also an 

increase in ANGPT1 mRNA levels in Sem HD and Ex9 placentas (Figure 9) to compensate for 

the delay by regulating angiogenesis (71). In Sem HD, there was an overexpression of GLP-1 by 

the agonist binding to GLP-1Rs which most likely caused the increase of production of ANGPT1 

in the placenta to regulate angiogenesis by decreasing the amount of branching or new vessels 

being made. This is not seen in the Sem (low dosage) treatment as the amount of GLP-1R 

injected was not enough to affect the placenta. Thus, other factors may be the cause of the 

decrease in angiogenesis; however, the overexpression or the blockage of the GLP-1R within the 

placenta additionally could cause the decrease in the fetal weight. In Ex9 placentas, the 

antagonist completely blocks out the pathway in which GLP-1R promotes angiogenesis and 

vasodilation which eventually affects the placenta. This can be seen by the decrease of placenta 

efficiency ratio of the Ex9 injected dams. Further investigation within the angiogenesis pathway 

of the placenta and its development is needed to figure out the reduction of fetal weight.  

Overall, the decline in fetal weight due to the GLP-1R agonist injections during late 

pregnancy was ascribed by the transient decrease of glucose serum levels in the dam which led to 

the reduction of glucose availability to transfer to the fetus. Hormones such as insulin and IGF-1 

play a major role in fetal development; however, with varying contradictions in the fetal IGF-1 

serum levels it is difficult to determine whether it is the cause of the reduction and the fetal 

insulin deficiency from the insulin resistance in fetal tissue needs further investigation as there is 

no data for the antagonist western blot of fetal tissue. In addition to the reduction, there was also 

diminished angiogenesis occuring in the placenta that will further reduce the surface area 

availble to transfer nutrients. This can be depicted in the diminished labyrinth zone where the 
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exchange takes place. Whether there is a direct affect or not is still debated, however, there may 

be an indirect affect from the agonist injection. On the other hand, the GLP-1R antagonist 

injections also had a decline in fetal weight due to the deficiency of the placenta in transferring 

nutrients to the fetus which include the reduction of labyrinth zone area and the blockage of 

GLP-1R induced angiogenesis. Interestingly, the GLP-1R agonist and antagonist had the same 

results for the reduced fetal weight, fetal glucose and insulin serum levels, and the reduction of 

vessel density. It is worth noting that the GLP-1R antagonist had a small sample size compared 

to the agonist injected dams; thus, further studies are needed to determine whether this result is 

the cause of the injection. Further investigation is also needed to determine GLP-1R in the 

endothelium of the placenta capillaries whether the angiogenesis reduction was directly due to 

the GLP-1 agonist or antagonist.  
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