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ABSTRACT OF THE THESIS

The Effect of Glucagon-Like Peptide-1 Receptor Agonist on Mouse Placental Lipid Metabolism

by

Tianyi Zang
Master of Science in Biology
University of California San Diego, 2022

Professor Jianhua Shao, Chair
Professor Li-Fan Lu, Co-Chair

Glucagon-like peptide-1 (GLP-1) is an incretin that lowers blood glucose level by
enhancing glucose-stimulated insulin secretion (GSIS). GLP-1 receptor agonists (GLP-1-RAS)
have been approved to treat type 2 diabetes mellitus and obesity. However, little is mentioned

about GLP-1-RA’s effects during pregnancy. Pregnancy induces maternal metabolic adaptation



due to the increased fetal energy demands. Studying how pregnancy alters metabolism can help
understand pregnancy-related disorders. Our lab found that pregnancy increases the pancreatic a-
cell-derived GLP-1 level, which leads to enhanced insulin secretion (Qiao et al., 2022). Since
insulin is known to directly affect lipid metabolism, the role of GLP-1 in lipid metabolism,
especially placental lipid metabolism, is worth investigating. In this thesis, C57BL/6 mice were
injected with semaglutide, a long-acting GLP-1-RA, during their late pregnancy. Tissue samples
were collected at E18.5 to study the impact of GLP-1R activation on placental lipid metabolism.
Using the oil red O staining, our results showed that semaglutide injection significantly increased
placental lipid levels. Surprisingly, semaglutide injection did not alter maternal serum insulin and
triglycerides concentrations. There was also no significant change in AKT, AMPK, and mTOR
pathways in placentas of semaglutide-treated dams. However, there was a trend of increase in
lipoprotein lipase (LPL) mRNA in placentas of semaglutide-treated dams. We speculate that
increased LPL expression might increase lipid level in placentas since LPL hydrolyzes circulating
triglycerides and facilitates fatty acid uptake by trophoblast cells. However, further studies are
needed to confirm this mechanism and to fully understand the role of GLP-1 in lipid metabolism

during pregnancy.



INTRODUCTION

Obesity is a common metabolic disease which prevails worldwide, and the World Health
Organization (WHO) has classified it as a pandemic issue (1). It is highly associated with type 2
diabetes mellitus (T2DM), manifested by elevated blood glucose levels and decreased insulin
sensitivity and function (2). 5% to 8% of adults suffer from T2DM, mainly due to are high caloric
intake and lack of exercise (3). While obesity and T2DM have been well-studied, developing these
disorders during pregnancy is more complicated since they pose long-term adverse health risks for
both mother and offspring. Obesity can lead to miscarriage and congenital abnormalities in early
pregnancy and increased risk of Cesarean section delivery, which may result in wound infection
and rupture (1, 4). In addition, postpartum obese women have a higher risk of venous
thromboembolism, depression, and breastfeeding difficulties (4), and their newborns will have
increased body fat and a higher risk of childhood obesity (1, 4, 5).

Most importantly, maternal obesity is highly correlated with gestational diabetes mellitus
(GDM), which becomes more prevalent due to the obesity epidemic (5-8). GDM is a common
metabolic disorder occurring in 6% of pregnancies (6), yet its etiology is very complex, involving
both genetic and environmental factors (7). Failure to expand pancreatic B-cell mass and
insufficiency in insulin secretion during pregnancy can lead to GDM (8). It also increases the risk
of preeclampsia and causes about 50% of women to develop T2DM later in life (4, 5). Treatment
of GDM begins with lifestyle changes, including healthy diets and physical activities, to regulate
blood glucose level and gestational weight gain (6-8). If not enough, treatment with metformin,
glyburide, or insulin should be initiated (6-8). Medications for GDM are similar to those for T2DM,
focusing on insulin secretion and sensitization but still having unwanted side effects to patients

(2). Insulin injection is a safer treatment for pregnant women since insulin is a large molecule that



does not cross the placenta (8). On the other hand, oral drugs such as metformin and glyburide can
be transported via placenta to the fetus and can be detected in umbilical cord blood (8). Currently,
long-term effects of anti-diabetic drugs on offspring via in utero exposure is still uncertain (7).
This thesis will focus on the effects of glucagon-like peptide-1 receptor agonist, one of the
available treatments for obesity and T2DM, during pregnancy.

Glucagon-like peptide-1 (GLP-1) is a 30-amino-acid peptide hormone that functions
primarily as an incretin hormone which lowers the blood glucose level by increasing glucose-
stimulated insulin secretion (GSIS) in pancreatic B-cells and inhibiting glucagon secretion in
pancreatic a-cells (9-12). GLP-1 is cleaved from proglucagon, the product of glucagon gene, via
prohormone convertase 1 (PC1) in the intestinal L-cells (13). The secretion of GLP-1 in the gut is
triggered by food intake, and GLP-1 is rapidly broken down into GLP-1(9-36)-amide by dipeptidyl
peptidase IV (DPPIV) (9, 10). Recent studies proved that, besides the intestinal L-cells, high
glucose levels and destruction of B-cells stimulate GLP-1 production in the a-cells (13, 14). a-cell
to B-cell communication is essential in regulating insulin secretion and glucose homeostasis (15).
GLP-1 increases the B-cell mass by stimulating B-cell proliferation and differentiation, and
inhibiting B-cell apoptosis (16). In addition, studies also showed that GLP-1 is secreted in the brain,
which functions to regulate neural activities (13, 14). It can enhance the proliferation of neuron
cells and improve memory and learning (17). Most importantly, long-term animal studies
demonstrated that, at pharmacological levels, GLP-1 reduces food intake and body weight (11, 12).

The receptor of GLP-1 (GLP-1R) is a 463-amino-acid transmembrane protein belonging
to the family B G protein-coupling receptors (GPCRs) (10, 17). Besides GLP-1 peptide, GLP-1R
is also the receptor for oxyntomodulin and exendin-4 (17). The activation of GLP-1R stimulates

Gs protein to increase the level of cyclic adenosine monophosphate (cCAMP), which activates



protein kinase A and promotes proinsulin gene transcription (10, 17). Furthermore, GLP-1R
activation causes depolarization of the pancreatic p-cell membrane, which facilitates calcium
influx via voltage-dependent calcium channels and results in exocytosis of insulin from the p-cells
(17). Besides, GLP-1R is also found in many other tissues, and GLP-1R signaling results in a wide
variety of effects including increased peripheral glucose disposal, delayed gastric emptying,
improved blood lipid metabolism, and reduced fat deposition (18).

Due to GLP-1’s incretin effects, GLP-1R agonists (GLP-1-RAs) are approved for the
treatment of T2DM. Currently, the available GLP-1-RAs consist of GLP-1 analogs and mimetics
that are specially designed to prolong the short half-life of GLP-1. Despite being only 53%
identical to GLP-1, exenatide, an exendin-4 analog, is an effective anti-diabetic treatment since it
can resist the cleavage of DPPIV (10). Liraglutide, a once-daily treatment for T2DM, is an acylated
GLP-1 analog that can bind to serum albumin to reduce degradation (19). Semaglutide, a new
GLP-1 analog and a potential once-weekly treatment for T2DM, was designed to have even lower
GLP-1 receptor affinity and higher albumin affinity than liraglutide (19, 20). In fact, the public
assessment report for semaglutide showed that its terminal half-life reached 8 hours in mice and
148 hours in humans (21). Therefore, this study chose the long-acting semaglutide as the
experimental drug. GLP-1-RA has several advantages over other anti-diabetic treatments. First,
since GLP-1-RA specifically enhances GSIS, insulin secretion is increased only when the blood
glucose level is high. This reduces the risk of hypoglycemia, occurring often at the wrong timing
of insulin injections. Moreover, GLP-1-RA can reduce body weight while other anti-diabetic
treatments usually lead to increased body weight. This allows GLP-1-RA to target T2DM and

obesity simultaneously. Finally, GLP-1-RA, because of its appetite-reducing and gastric-emptying



effects, is an approved and effective weight loss therapy in obese patients, and lower body weight
greatly reduces their risk of developing T2DM.

This thesis aims to investigate the impact of GLP-1-RA on mouse placental lipid
metabolism. Lipid metabolism is a delicate balance of lipid synthesis and breakdown, in which the
liver plays a crucial role. However, obesity may cause the accumulation of hepatic triglycerides
(TG) and lead to nonalcoholic fatty liver disease (NAFLD) (22). Lipids, mainly consisting of TG
and cholesterol, are digested and absorbed by the intestinal cells, transported in blood by binding
to lipoproteins, such as chylomicron and very low-density lipoprotein (VLDL), and hydrolyzed by
lipoprotein lipases (LPL) into fatty acids (23). Fatty acids are either stored in the form of
nonesterified or free fatty acids, bound by serum albumin, or reesterified into lipids (23). Lipids
are accumulated by fatty acid uptake from the blood and de novo lipogenesis and cleared by tissue
lipolysis and its secretion into the blood (22, 24). Dyslipidemia occurs when there are high
concentrations of TG and low-density lipoprotein (LDL) carried cholesterol yet low concentration
of high-density lipoprotein (HDL) carried cholesterol (25).

Lipid metabolism during pregnancy is altered by the maternal metabolic adaptation in
response to the increased fetal energy demands. Complications before and during pregnancy, such
as obesity and excessive gestational weight gain, increase the risk of childhood obesity and
impaired glucose metabolism (26). The distribution of lipids among the mother, the placenta, and
the fetus depends on the different gestational stages. The accumulation of lipid and fatty acid in
maternal adipose tissue occurs in the first and second trimesters, while the transfer of fatty acid to
fetus increases in the third trimester (23, 27, 28). Increased fat deposition in early pregnancy
provides sufficient fatty acid supply to the fetus in late pregnancy, which is essential for fetal cell

structure and energy metabolism (23). The placenta preferentially transfers fatty acid from mother



to fetus via lipoprotein receptor, lipase, and fatty acid-binding protein, and the contact surface area
between maternal blood and syncytiotrophoblasts and the amount of fatty acid transport protein
(FATP) are two factors that limit the rate of fatty acid uptake by the trophoblasts (23).

Lipid metabolism is a complex physiological process involving various hormonal
regulations. The level of insulin, fluctuating between fasting and eating, determine whether lipids
are synthesized or degraded (29). Insulin activates de novo lipogenesis in adipose tissue and liver,
increases lipid uptake from blood, yet inhibits lipolysis in tissues (22, 30). In addition, a study
showed that intravenous infusion of insulin reduces the blood TG level (31). Studies also verified
that T2DM and insulin resistance are associated with dyslipidemia, and diabetic dyslipidemia
greatly increases the risk of cardiovascular diseases (25, 32, 33). Insulin resistance causes
overproduction of VLDL and chylomicron in liver and intestine and accumulation of free fatty
acids in blood (25, 33). Moreover, obesity-induced insulin resistance leads to increased fatty acid
secretion from the adipose tissue and increased fatty acid uptake by tissues (22). Pregnancy also
modulates lipid metabolism by altering the insulin signaling. Insulin needs increase during
pregnancy due to higher maternal caloric intake, gestational weight gain, and presence of placental
hormones (8). The increased insulin sensitivity in early pregnancy contributes to the maternal fat
deposition in adipose tissue (23, 28). On the other hand, placental hormones impair insulin receptor
signaling while stimulating pancreatic B-cell proliferation and GSIS (34, 35). Therefore, despite
having high insulin levels in late pregnancy, the mother is still in an insulin-resistant state, which
greatly suppresses the effects of insulin on lipid metabolism to ensure adequate delivery of fatty
acid to the fetus.

Besides insulin, lipid metabolism is also regulated by many other signaling pathways.

Phosphatidylinositol 3’-kinase (PI3K) and Akt, or protein kinase B, activate sterol-regulatory



element-binding protein (SREBP) to increase fatty acid and cholesterol accumulation (36). AMP-
activated protein kinase (AMPK) reduces hepatic TG level by inhibiting acetyl CoA carboxylase
(ACC), which prevents de novo lipogenesis and promotes fatty acid oxidation (37). Moreover, the
activation of the mechanistic target of rapamycin (mTOR) increases TG accumulation through
stimulating lipogenesis and inhibiting lipolysis and B-oxidation (29). In addition, the regulation of
adipose TG lipase (ATGL) and hormone-sensitive lipase (HSL) can improve obesity-induced
insulin resistance (38, 39). Besides, pregnancy-induced changes in hormone levels also regulates
lipid metabolism. Early pregnancy has high estrogen, progesterone, and cortisol levels which
promote lipogenesis (28), and estrogen also suppresses maternal liver LPL level, resulting in
higher hepatic lipid level (23). Late pregnancy has high HSL level, which enhance lipolysis in
maternal tissue, and low expression of peroxisome proliferator-activated receptor gamma (PPARY),
which accelerates lipid metabolism (28).

As a peptide hormone, GLP-1 can also regulate lipid metabolism via various pathways.
GLP-1 is effective in improving the obesity-induced insulin resistance. A study showed that
overweight/obese children and adolescents have higher fasting GLP-1 levels, which increase
insulin secretion and expand pancreatic $-cell mass, to compensate for the insulin resistance (40).
Moreover, GLP-1 can improve lipid metabolism to potentially treat atherosclerosis and NAFLD
(41). GLP-1-RA lowers the risk of major adverse cardiac events (MACE) by impacting insulin
resistance, body weight, blood pressure, lipid profile, and heart and vascular endothelium (42). It
also prevents hypertriglyceridemia and non-alcoholic steatohepatitis (NASH) by reducing the
hepatic TG level, the hepatic and intestinal production of TG-rich lipoprotein, and the intestinal
absorption of dietary lipids, while increasing the peripheral utilization of TG (25, 33, 41, 43).

Liraglutide, one of the GLP-1-RAs, may potentially improve NASH by reducing insulin resistance



in liver and adipose tissue to inhibit lipolysis and hepatic lipid production (44). In addition,
liraglutide can restore autophagy by enhancing the lysosomal functions (45), inhibit fatty acid
synthase (FASN) in adipocytes via PKA and MAPK signaling pathways (46), and promote the
browning of subcutaneous white adipose tissue (WAT) (47). On the other hand, a recent phase Il
clinical trial showed that the once-daily treatment of semaglutide, a long-acting GLP-1 analog, has
a stronger weight-loss effect than once-daily liraglutide treatment and qualifies as a future anti-
obesity drug (20). Compared with liraglutide, semaglutide also has a stronger effect of reducing
the blood TG level (48). Overall, most studies showed positive impacts of GLP-1-RAs on lipid
metabolism.

Although many studies have proved that GLP-1-RAs are effective as anti-diabetic and anti-
obesity treatments, little has been mentioned about how GLP-1 pathway functions in pregnancy.
Our lab found that pregnancy increases the pancreatic-a-cell-derived GLP-1 level, which results
in more insulin secretion (49). Our results matched the study from Moffett et al. which proved that
an increase in intra-islet GLP-1 level activates B-cell expansion during pregnancy (50). However,
the effects of activating GLP-1R on mother and fetus remain uncertain (51). This thesis aims to
investigate the effects of GLP-1-RA during pregnancy. Since insulin is known to directly impact
lipid metabolism, the role of GLP-1 in lipid metabolism, especially placental lipid metabolism, is
worth researching. In this study, C57BL/6 mice were injected with semaglutide during their late
pregnancy. Tissue samples were collected at E18.5 to study the effects of GLP-1R activation on

placental lipid metabolism.



RESULTS

Experimental Setup

In order to study the impact of glucagon-like peptide-1 receptor agonist (GLP-1-RA) on
mouse placental lipid metabolism, semaglutide was subcutaneously injected into mice during their
late pregnancy. Figure 1 showed a schematic timeline of saline/semaglutide injections and tissue
collection during mouse pregnancy. Pregnancy was determined by the presence of a vaginal plug,
and the day pregnancy was detected was assigned the embryonic day (E) 0.5. Semaglutide was
injected at E13.5, E15.5, and E17.5, and saline was used as controls. Then, blood and placentas
were collected at E18.5 from the saline/semaglutide-treated dam and processed as described in the

Material and Methods section.

Semaglutide injection increased placental lipid levels

Placentas were collected from the saline/semaglutide-injected mice at E18.5 and were
stained with oil red O for visualization of placental lipid accumulation, consisting primarily of
triglycerides (Figure 2). Structurally, the placenta is divided into three sections — decidua,
junctional zone, and labyrinth. Decidua is the part connecting the placenta to the maternal uterine
lining. Labyrinth is the region that mixes the maternal and fetal blood vessels. Junctional zone is
the gap between decidua and labyrinth.

Most of the oil red O staining accumulated in the decidua, while small oil red O dots
appeared in the labyrinth. From the images, the semaglutide-treated placenta had more oil red O
staining in the decidua region than the saline-treated placenta (Figure 2A). Moreover, there were
more oil red O dots in the semaglutide group, showing in the magnified placenta labyrinth images

(Figure 2B). To verify this result more accurately, oil red O staining of the placenta labyrinth was



quantified using ImageJ software, and the data showed that the semaglutide-injected group had
significantly increased oil-red-O-stained area compared to the saline-treated group (Figure 2C).
Overall, these results proved that semaglutide injection in mice during late pregnancy significantly

increased the placental lipid level.

Semaglutide injection did not alter the maternal serum triglyceride (TG) and insulin
concentrations

Since semaglutide injection increased the placental lipid level, serum TG level was also
measured to confirm whether the semaglutide’s effect was restricted to the placenta. Serum was
collected from the saline/semaglutide-injected mice at E18.5. The result from the TG assay Kit
showed that the serum TG concentrations were not significantly different between the saline and
semaglutide groups (Figure 3A). Thus, we speculate that the effect of semaglutide might be limited
to the placenta.

On the other hand, since semaglutide increases the insulin level by promoting the glucose-
stimulated insulin secretion (GSIS), the serum insulin concentration was measured to confirm its
incretin effect. Surprisingly, the result from the mouse insulin ELISA kit showed that serum insulin
concentrations were not significantly different between the saline and semaglutide groups (Figure
3B). Therefore, the incretin effect of semaglutide during pregnancy might not be apparent, yet
more studies are needed to confirm this. In sum, semaglutide injection in mice during late

pregnancy did not change the serum concentrations of TG or insulin.



No significant change was found in AKT, AMPK, and mTOR pathways in placentas of
semaglutide-treated dams

To find out the mechanism by which semaglutide injection increased placental lipid levels,
its effect on different signaling pathways in placenta was investigated. AKT, AMPK, and mTOR
proteins were all involved in the signaling pathways that regulate lipid metabolism, and their
expression levels were measured by western blot. Unfortunately, the results showed that
semaglutide injection did not change the expression levels of phospho-AKT, phospho-AMPK, and
phospho-mTOR in placentas of E18.5 dams (Table 1, Figure 4). Hence, more experiments are

needed to discover any possible mechanism of its lipid-elevating effect.

Semaglutide injection resulted in a trend of increase in lipoprotein lipase (LPL) mMRNA in
placentas of dams

Attempted to continue searching for a potential mechanistic link between semaglutide and
elevated placental lipid levels, we performed reverse transcription quantitative PCR for multiple
genes involved in the regulation lipid metabolism. Experimental results showed that the LPL
MRNA expression level trended upward in placentas of semaglutide-injected dams (Table 2,
Figure 5). Since LPL can hydrolyze circulating TG, it is possible that placental LPL level is

correlated with the placental lipid level.
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Figure 1. Schematic timeline of saline/semaglutide injections and tissue collection during
mouse pregnancy. Pregnancy was determined by the presence of a vaginal plug, and the day
pregnancy was detected was assigned the embryonic day (E) 0.5. Saline/semaglutide was injected
subcutaneously at E13.5, E15.5, and E17.5, and the blood and placentas were collected at E18.5.
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Figure 2. Semaglutide injection increased the placental lipid levels. Placentas were collected
from the saline/semaglutide-injected mice at E18.5 and were stained with oil red O for
visualization of placental lipid accumulation (A) Representative images of the overall placenta
structure, scale bar is 500um. (B) Representative images of the magnified placenta labyrinth, scale
bar is 25um. Saline group is at the top and semaglutide group is at the bottom. (C) Quantification
of placenta labyrinth oil red O staining, detailed calculation is shown in the Method section, saline

n=12, semaglutide n=10. (* represents p<0.05)
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Figure 3. Semaglutide injection did not alter the maternal serum triglyceride (TG) and
insulin concentrations. Serum was collected from the saline/semaglutide-injected mice at E18.5
for TG assay and insulin ELISA. (A) Serum TG concentration (mg/dL), saline n=15, semaglutide
n=12. (B) Serum insulin concentration (ng/ml), saline n=12, semaglutide n=10.
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E18.5 Placenta Western Blot
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Figure 4. No significant change was found in AKT, AMPK, and mTOR pathways in
placentas of semaglutide-treated dams. Placentas were collected from the saline/semaglutide-
injected mice at E18.5 for western blot. Phospho-AKT, phospho-AMPK, and phospho-mTOR
protein expression levels were normalized to GAPDH, saline n=12, semaglutide n=12. Protein
bands were shown in Table 1.
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Figure 5. Semaglutide injection resulted in a trend of increase in lipoprotein lipase (LPL)
MRNA in placentas of dams. Placentas were collected from the saline/semaglutide-injected mice
at E18.5 for reverse transcription quantitative PCR. LPL mRNA expression level is normalized to
18S rRNA, saline n=12, semaglutide n=12.
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TABLES

Table 1. Protein bands for E18.5 placenta western blot. Protein bands for phospho-AKT,
phospho-AMPK, phospho-mTOR, and GAPDH. Saline n=6 and semaglutide n=6 for each
membrane. Quantification of the protein bands are shown in Figure 4.

Membrane 1
GAPDH 'S e
Saline Semaglutide
p'AKT ——— - —— e ————
P-AMPK wesesswsssse
p'mTOR e mBAREARy se-

Membrane 2

— e G — — D —— e —

Saline Semaglutide
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Table 2. Primer sequences for E18.5 placenta real-time quantitative PCR. Primer sequences

for lipoprotein lipase (LPL) gene and 18S rRNA gene

Gene Forward (5’ to 3°) Reverse (5’ to 3’)
LPL GAAGTCTGACCAATAAGAAGGTCAA TGTGTGTAAGACATCTACAAAATCAGC
18S rRNA | CGAAAGCATTTGCCAAGAAT AGTCGGCATCGTTTATGGTC
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DISCUSSION

This thesis discussed the impact of glucagon-like peptide-1 receptor agonist (GLP-1-RA)
on mouse placental lipid metabolism. In this study, C57BL/6 mice were injected with semaglutide
during late pregnancy, and tissue samples were collected at E18.5. Our main finding was that
semaglutide injection increased the placental lipid levels (Figure 2). The lipid-raising effect of
GLP-1-RA appears to contradict most current studies, which propose a lipid-lowering effect of
GLP-1-RA. However, there was very limited research on GLP-1-RA’s impact during pregnancy,
and we could not find any research discussing its impact on placental lipid metabolism specifically.
Therefore, more experiments are needed to verify and explain this outcome.

We also found that semaglutide injection did not change the serum insulin concentration
(Figure 3A). It is known that semaglutide, as an incretin hormone, can increase the insulin level
by stimulating glucose-stimulated insulin secretion (GSIS), yet surprisingly, our experiments
proved that the insulin level was unchanged. Some may argue that for semaglutide to be effective,
the frequency and cycle of injections need to be increased. However, we speculate that it is the
unique nature of pregnancy that leads to this result. During late pregnancy, the increased fetal
energy demands and the needs for sufficient nutrient transport to the fetus lead to maternal insulin
resistance. Semaglutide’s incretin effect on pregnant mice might not be significant due to the
reduced insulin sensitivity in dams. Not only does the mother no longer need more insulin, but
insulin resistance also inhibits the binding of insulin to its receptors, causing unbound insulin to
degrade. Hence, the serum insulin concentration might not be altered by any incretins. Meanwhile,
the effectiveness of semaglutide injection could be verified by the increased pancreatic B-cell mass
in E18.5 pancreas (unpublished data from our lab’s graduate student Cindy Lu), which suggested

that semaglutide injection promoted proliferation of cells that secrete insulin.
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Since semaglutide injection did not change the serum triglycerides (TG) concentration
(Figure 3B), semaglutide’s lipid-increasing effect and its mechanism might be limited to the
placenta. In search of any potential mechanism, we investigated how semaglutide injection
affected various lipid metabolism pathways in the placenta. Western blot results showed that there
was no significant change in AKT, AMPK, and mTOR pathway in placentas of semaglutide-
injected dams (Figure 4), meaning that the action of semaglutide might not involve AKT, AMPK,
and mTOR pathways. On the other hand, the result from the reverse transcription quantitative PCR
showed that semaglutide injection resulted in a trend of increase in lipoprotein lipase (LPL) mRNA
in placentas of dams (Figure 5). This surprising result provides direction for a mechanistic link
between GLP-1 and its lipid-elevating effect during pregnancy.

LPL is an enzyme that hydrolyzes the circulating lipoproteins such as TG-rich lipoprotein
(TRL), chylomicron, and very low-density lipoprotein (VLDL), and the resulting fatty acids and
monoacylglycerol are absorbed by the tissue locally (52). During pregnancy, the circulating
maternal fatty acids released by LPL are absorbed by the placenta and bind to the cytosolic fatty
acid-binding proteins (FABPs) (53). Then, they are either transported to the fetal blood, oxidized
by the trophoblast cells, or re-esterified and stored as lipid droplets in the placenta (53). Pregnancy-
induced insulin resistance promotes lipolysis of the maternal tissues and inhibits fatty acid uptake
by the maternal tissues, leading to increased lipid accumulation in the maternal blood (54). The
increased blood lipid level activates placental LPL (pLPL) (54). Therefore, it is possible that
semaglutide injection increased pLPL levels, and pLPL hydrolyzes the circulating lipids and
facilitates fatty acid uptake by the trophoblasts.

However, it is still unclear whether the injection directly or indirectly impacted pLPL levels.

The study from Egholm et al. showed that GLP-1Rs are expressed in the endothelial cells, and the
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activation of Gs protein promotes the proliferation of endothelial cells (55). Since lipoproteins
bind to pLPL at the vascular endothelium (56), the activation of endothelial GLP-1R by
semaglutide may directly increase the number of endothelial cells and the pLPL levels. On the
other hand, since semaglutide injection increased the pancreatic B-cell mass (unpublished result
from Cindy Lu), cells that secrete insulin, the mother might respond by further increasing maternal
insulin resistance to block insulin’s effect and ensure adequate nutrient transport to the fetus. Thus,
semaglutide injection indirectly resulted in more insulin resistance that led to higher pLPL levels.
However, the detailed mechanisms of how GLP-1 alters placental lipid metabolism via pLPL are
still unknown. More future studies are needed to verify this potential mechanism and to fully

understand the role of GLP-1 in lipid metabolism during pregnancy.
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MATERIAL AND METHODS

Material

ECL Western Blotting Substrate was from Abcam (Cambridge, United Kingdom). Protein
Assay was from Bio-Rad Laboratories, Inc. (Hercules, CA). Antibodies against phospho-AKT,
phospho-AMPK, and phospho-mTOR were from Cell Signaling Technology, Inc. (Danvers, MA).
Mouse Insulin ELISA Kit was from Mercodia (Uppsala, Sweden). Semaglutide was from Novo
Nordisk Inc. (Plainsboro Township, NJ). The antibody against GAPDH was from Santa Cruz
Biotechnology (Dallas, TX). Oil red O and primers against 18S rRNA gene and lipoprotein lipase
gene were from Sigma-Aldrich (St. Louis, MO). NUPAGE gels, Alexa flour-conjugated goat anti-
rabbit antibody, TRIzol Reagent, SuperScript 111 reverse transcriptase, oligo(dT)12-1s primer, and
PowerUp SYBR Green Master Mix were from Thermo Fisher Scientific (Waltham, MA).

LabAssay Triglyceride was from Wako Chemicals (Richmond, VA).

Mice

C57BL/6 mice from Jackson Laboratory (Bar Harbor, ME) were used to design the mouse
model of this study. Ten to twelve-week-old nulliparous female mice were randomly selected for
mating. For this thesis, a mouse was determined pregnant by the presence of a vaginal plug and
was assigned the embryonic day (E) 0.5.

Experiments using mice were carried out under the Association for Assessment and
Accreditation of Laboratory Animal Care guidelines with approval from the Institutional Animal

Care and Use Committee (IACUC) of the University of California, San Diego.
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Saline/semaglutide injections
Pregnant mice received either saline or semaglutide injections (6ug/kg) subcutaneously at

E13.5, E15.5, and E17.5.

Blood and placenta collection/processing

Blood and placentas were collected in the fed state at E18.5. Serum was obtained from the
blood after centrifuging under 5,000rpm for 20min at 4°C at and was then preserved at -20°C.
Placentas were either stored at -80°C or fixed with 4% paraformaldehyde (PFA) in PBS overnight
at 4°C for tissue embedding. After that, 4% PFA was changed to 10% sucrose overnight at 4°C,
then to 30% sucrose overnight at 4°C. Finally, placentas were embedded in OCT compound
(Tissue-Tek), snap-frozen with liquid nitrogen, and cryosectioned into 4-pum-thick sections on the

slides which were preserved at -20°C.

Insulin ELISA

The insulin concentration of E18.5 serum was measured using the mouse insulin ELISA
kit. The enzyme conjugate solution and the wash buffer solution were diluted to 1X. 10uL of
Calibrators, controls, and sample serum were pipetted into each well of the microplate. 100uL of
1X enzyme conjugate solution was added into each well, and the microplate was incubated on a
shaker at room temperature for 2hrs. After that, solution in the wells was discarded. Each well was
then washed 6 times with 1X wash buffer, and wash buffer was discarded after every wash. 200uL
of Substrate TMB was added into each well. After incubating at room temperature for 15min, S0uL

of Stop Solution was added into each well, and the solution was mixed by briefly shaking the
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microplate. Finally, the optical density at 450nm was measured by a microplate reader (BioTek)

within 30min, and the results were converted to insulin concentration (ng/mL).

Triglyceride (TG) assay

The TG concentration of E18.5 serum was measured using LabAssay Triglyceride. First,
the Chromogen reagent was prepared by dissolving Chromogen Substrate to Buffer Solution, and
the standard solution is diluted according to the protocol. In each well of the microplate, 300uL of
Chromogen reagent was mixed with 2uL of serum, standard solution, or blank solution, and the
microplate was incubated at 37°C for 5min. The absorbance at 600nm was measured using the

microplate reader (BioTek), and the results were converted to TG concentration (mg/dL).

Oil red O staining

Oil red O staining can visualize the lipid accumulation in tissue. Oil red O solution was
prepared by dissolving oil red O in 60% isopropanol. Slides with the frozen placenta sections were
labeled, air-dried, and soaked in water for 3min. The slides were incubated in 60% isopropanol for
1min and stained with oil red O solution for 15min. After that, the slides were incubated in 60%
isopropanol for 30sec and soaked in water until clear. Then, they were stained with hematoxylin
for 1min, soaked in water until clear, and mounted with agueous mounting medium.

Images of the stained sections were recorded within 24hrs using the microscope software
(BZ-X800E; Keyence, Laguna Hills, CA). For calculations, the oil-red-O-stained area was divided
by the tissue area, and the average percentage from images of one placenta was used as one data

point. ImageJ software (NIH) was used for the calculations of areas in the images.
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Reverse transcription quantitative PCR (RT-gPCR) assay

Messenger RNA (mMRNA) was extracted from the placenta tissue using TRIzol Reagent.
The placenta tissue was mixed with ImL of TRIzol Reagent per 50-100mg of tissue and
homogenized using a homogenizer (Bertin Technologies) for 5min. Then, 400uL of chloroform
and 100uL of 8M potassium acetate were added, followed by 5min of centrifugation at 10,000rpm.
The supernatant from the top layer was transferred to new tubes and mixed with 400uL of
isopropanol. After centrifuging for 5min, the mRNA pellet was formed, and the liquid around it
was discarded. Then, 500uL of 70% ethanol was added, followed by another centrifugation.
Finally, the liquid around the pellet was discarded again, and the tubes were air-dried overnight.

Water was mixed with the mRNA pellet depending on the pellet size, and the tubes were
incubated at 60°C for 10min. The concentration of each mMRNA sample was measured by
BioPhotometer (Eppendorf), and the amount of water needed to dilute each mMRNA sample was
calculated. Random oligo(dT)12-18 primers and the diluted mMRNA samples were mixed in tubes
and incubated at room temperature for 10min. Then, the tubes were heated at 65°C for 5min, spined
down, and incubated at room temperature for 10min. 4uL of 5X First-Strand Buffer, 1uL of 0.1M
DTT, 1uL of ANTP, and 1uL of SuperScript III Reverse Transcriptase were added to the tubes.
After spinning down, the tubes were put into the PCR machine (Bio-Rad) with the protocol of
5min at 65°C, 1hr at 42°C, and 5min at 90°C. The resulting cDNA was diluted with 20uL of water.
After that, 5 uL of PowerUp SYBR Green Master Mix, 0.5uL of specific forward and reverse
primers (Table 1), 1uL of cDNA samples, and water were mixed and pipetted into wells of a
microplate, which was covered and put into the QuantStudio 3 Real-Time PCR System (Thermo

Fisher Scientific). All MRNA expression levels were normalized to 18S rRNA.
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Western blot assay

Total protein was extracted from the placenta tissue by homogenizing the tissue with lysis
buffer in a homogenizer (Bertin Technologies), and the supernatant was transferred to new tubes
after centrifuging at 5,000rpm for 20min. Then, the tubes were centrifuged again at 15,000rpm for
20min, and the supernatant was collected. The concentration of each protein sample was measured
using Protein Assay (Bio-Rad) and the microplate reader (BioTek). After that, the protein samples
were mixed with dye and incubated at 105°C for 10min. Different volumes of the protein samples,
depending on the concentration, were pipetted into the NUPAGE gels along with the marker.
Electrophoresis started at 100V for 10min and continued at 140V for 1hr until the dye reached the
bottom. The polyvinylidene fluoride (PVDF) membranes were labeled and prewetted with 100%
methanol. After that, filter papers, NUPAGE gels, and PVDF membranes were soaked in the
transfer buffer, made of tris, glycine, and methanol, and stacked in the sandwich method. The roller
was used to prevent bubbles between layers. The protein samples were transferred from gel to
membrane at 100V for 2hrs in transfer boxes with ice.

After the transfer, the PVDF membranes were blocked with 5% milk in tris-buffered saline
with Tween (TBST) for 1hr, washed with TBST for 5min, and blotted with primary antibodies
(phospho-AKT, phospho-AMPK, phospho-mTOR, and GAPDH antibodies) overnight at 4°C.
Then, the membranes were washed with TBST for 5min twice and blotted with secondary
antibodies (goat anti-rabbit antibody) for 1hr. After that, the membranes were washed with TBST
for 5min 3 times and incubated with the ECL Western Blotting Substrate for 5min before exposure
in dark room. The exposure time varied for different antibodies, and the protein bands on the film
were quantified using Quantity One software (Bio-Rad). All protein expression levels were

normalized to GAPDH.
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Statistical analysis
Data are expressed as mean =*standard error of the mean (SEM). Statistical analyses were
performed using Student t-test or ANOVA, followed by Bonferroni post-tests using Prism software.

Differences were considered significant at P < 0.05.
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