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Abstract

Type 2 Diabetes (T2D) is a metabolic disease characterized by chronic elevation
in plasma glucose levels.T2D affects millions of people worldwide. One risk factor for
developing T2D is accelerated postnatal growth, or “catch-up growth” (CUG), in early
life. Consequences of interventions to prevent CUG, including early-postnatal
undernutrition (UN), on adaptation to environmental stress have not been investigated.

I hypothesize that mice exposed to postnatal UN are protected from weight gain
and glucose intolerance, but have decreased pancreatic plasticity and gut-intrinsic factors.
An ICR/CD1 mouse model for CUG prevention using early postnatal caloric restriction
was generated and challenged with high fat diet (HFD). Postnatal UN mice are unable to
adapt to HFD resulting in decreased insulin secretion and worsened glucose tolerance.

Pancreatic islet area and number were quantified using H&E staining. Mice with
postnatal UN had decreased islet area and number on chow but not on HFD. Islet
composition was not different in postnatal UN mice.

Insulin secretion is restored during an oGTT. Therefore, regulatory genes for
incretin and bile acid synthesis, lipogenesis, and gluconeogenesis were investigated. This
showed that lipogenesis and intestinal bile acid regulatory genes were reduced on HFD
when CUG is prevented. This study shows that prevention of CUG using postnatal UN
results in reduced glucose-stimulated insulin secretion and islet area on chow as well as
reduced expression of lipogenesis and bile acid regulatory genes and worsened glucose

metabolism when challenged with HFD.
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Chapter I.

Introduction

Type 2 diabetes (T2D) is an epidemic that has worsened with the emergence of
the Western diet and increased sedentary behaviors. T2D is defined by elevated glucose
levels, often due to insulin resistance and decreased insulin secretion. Many risk factors
for T2D are being studied as well as potential interventions. Risk factors include being
overweight, over the age of 45, sedentary lifestyle, familial history, and history of
gestational diabetes or prediabetes (CDC, 2019a, 2019b; Mayo Clinic Staff, 2021).

In normal glucose metabolism, insulin is primarily secreted in direct response to
glucose but also in response to incretins. Incretins are hormones secreted by the small
intestine in response to food intake that can augment glucose-stimulated insulin secretion
(MacDonald, Joseph, & Rorsman, 2005). Insulin then promotes glucose uptake from the
blood in peripheral tissues, inhibits glucose production in the liver, and promotes lipid
storage in adipose tissue. The uptake of glucose and inhibition of glucose production both
work to maintain homeostatic glucose levels (Schade & Eaton, 1974). Other factors are
involved in glucose metabolism such as bile acids and fibroblast growth factors (FGFs)
including FGF15/19 (Ahmad & Haeusler, 2019; Kurosu et al., 2007; Potthoff, Kliewer, &
Mangelsdorf, 2012; X. Wu et al., 2009).

Multiple human and mouse studies have found that a suboptimal intrauterine
environment, sometimes marked by low birth weight (LBW), also increases risk of

hyperglycemia, obesity, and dyslipidemia (Xiao et al., 2010). LBW is often accompanied



by postnatal catch-up growth (CUG) defined as rapid postnatal growth (Isganaitis et al.,
2009; J. C. Jimenez-Chillaron et al., 2006; Portrait, Teeuwiszen, & Deeg, 2011; Stein,
Obrutu, Behere, & Yajnik, 2019; Wei et al., 2003). In mice, the prevention of CUG
protects from diet independent obesity and hyperglycemia. However, when these animals
are challenged with a 60% high fat diet (HFD), their glucose tolerance worsens more than
control animals and they develop insufficient insulin secretion.

In this study, I will examine if the maladaptation of postnatal UN to HFD may be
due to decreased pancreatic plasticity and decreased adaptation to dietary fat. Islet
morphology and composition will be observed using H&E and immunofluorescence
staining to determine alterations in islet size and a:p cell ratio. The impact of gut-intrinsic
factors on insulin concentration will be investigated using an oGTT and insulin ELISA.
Regulatory genes for incretin and bile acid synthesis pathways will be investigated using

RT-gPCR.

Background of the Problem

Type 2 Diabetes (T2D) is a rapidly growing epidemic with the rise of obesity and
Western diets. According to the Centers for Disease Control and Prevention, about 1 in
10 Americans have diabetes, and of those, 90-95% of patients have Type 2. About 1.5
million Americans are diagnosed with diabetes each year (ADA, 2018).

T2D was considered to only affect adults until children and teens began
presenting with the disease as rates of childhood obesity increased in recent years. T2D is
characterized by hyperglycemia often a result of insulin resistance and/or decreased
insulin secretion. Markers used to diagnose T2D include a fasting blood glucose >126,

glucose levels during oral glucose tolerance testing >200, or HbALlc levels of >6.5%



(CDC, 2019a; Grarup, Sparsg, & Hansen, 2010; Zemlin, Matsha, Hassan, & Erasmus,
2011). Common risk factors for T2D include being overweight or obese, sedentary
lifestyle, over-nutrition, age >45 years, family history of T2D, history of gestational
diabetes, and non-Caucasian ethnicity (CDC, 2019a; Golden, Yajnik, Phatak, Hanson, &
Knowler, 2019). Weight loss and healthy eating have been proven to improve or even
reverse T2D (CDC, 2019b).

Major comorbidities of T2D include macrovascular diseases such as myocardial
infarction and stroke and microvascular diseases such as nephropathy, neuropathy, and
retinopathy (Cade, 2008). Hypertension is often accompanied by insulin resistance; ~75%
of T2D patients are diagnosed with hypertension (de Boer et al., 2017; Long & Dagogo-
Jack, 2011).

While lean individuals are also diagnosed with diabetes, obesity usually precedes
a T2D diagnosis (Malone & Hansen, 2019). Nonalcoholic fatty liver disease is often
found in individuals with obesity or T2D, and results from inappropriate or “ectopic”

lipid deposition in the liver (Dharmalingam & Yamasandhi, 2018) .

Glucose Homeostasis

Glucose in energy metabolism

After glucose uptake by a cell, glucose is metabolized via glycolysis to pyruvate,
generating ATP. When oxygen is low (such as during high-intensity acute exercise),
muscle-derived pyruvate can be converted to lactate and converted in the liver into
glucose for additional energy generation. When oxygen is readily available, pyruvate is a

major substrate for the Kreb’s Cycle, or TCA cycle. This cycle generates reducing



equivalents for use in the electron transport chain and mitochondrial oxidative
phosphorylation (OXPHOS) to generate additional ATP. Metabolites from the TCA cycle
are also involved in cholesterol and amino acid pathways. When glucose is needed for
other pathways or energy in other tissues, pyruvate is converted back to glucose through
gluconeogenesis (Martinez-Reyes & Chandel, 2020).

The pentose phosphate pathway is also critical for glucose metabolism. This
pathway consists of oxidative and non-oxidative phases. The main product of both phases
is ribose-5-phosphate (R-5-P). R-5-P is a substrate for nucleotide synthesis and the
production of aromatic amino acids. The oxidative pathway also produces NADH which
feeds into the OXPHOS, steroid, and fatty acid pathways. The R-5-P produced during the
non-oxidative phase can also be converted to fructose-6-phosphate, a substrate for the
glycolytic pathway, upstream of the TCA cycle (De Loecker & Prankerd, 1961; Perl,
Hanczko, Telarico, Oaks, & Landas, 2011; Rossi, Zatti, & Greenbaum, 1963; Stincone et
al., 2015).

Retention and storage of extra energy is also extremely important so glucose is
stored as glycogen through glycogenesis and fatty acids are stored as triglycerides.
Dietary glucose can be converted to triacylglycerol through de novo lipogenesis and
stored (Dimitriadis, Maratou, Kountouri, Board, & Lambadiari, 2021). Additionally,
insulin secreted in response to glucose promotes synthesis of triglycerides and inhibits

lipid degradation (Saltiel & Kahn, 2001).

Role of insulin in glucose regulation
To maintain whole-body glucose homeostasis after food has entered the digestive

system, a complex pattern of hormone signaling is initiated to regulate gastric emptying



and glucose uptake. Insulin secretion is stimulated rapidly after food intake. This
postprandial insulin secretion inhibits glucagon secretion and gluconeogenesis to prevent
the body from unnecessarily increasing glucose production (MacDonald et al., 2005).
Insulin secretion is regulated by glucose and incretin signaling as well as dietary free
fatty acids (FFASs). Short-chain FFAs inhibit insulin production while long-chain FFAs
promote insulin secretion (Rdder, Wu, Liu, & Han, 2016).

As the food travels to the small intestine, dietary nutrients are absorbed, and
glucose uptake in the pancreatic B-cells in the islets of Langerhans is facilitated by the
GLUT2 transporter. Glucose is then metabolized through glycolysis to generate ATP.
The B-cells sense the change in cellular energy after glucose is metabolized. This
increased ATP:ADP ratio causes the closure of ATP-sensitive potassium ion channels
which depolarizes the cell membrane and opens voltage-dependent calcium channels,
triggering the release of insulin granules. Insulin is secreted in two phases in response to
the increased blood glucose levels. First-phase insulin secretion occurs within five
minutes after a bolus of glucose and the majority of insulin granules are released. The
second-phase is slower as the remaining insulin is secreted (MacDonald et al., 2005).

Insulin lowers blood glucose by stimulating glucose uptake in peripheral muscle
tissue, inhibiting gluconeogenesis, and promoting glycogen synthesis (Hatting, Tavares,
Sharabi, Rines, & Puigserver, 2018). As an anabolic hormone, insulin also promotes the
packaging and storage of energy sources such as amino acids through protein synthesis
and lipids through triacylglycerol synthesis (Czech, Tencerova, Pedersen, & Aouadi,

2013; Schade & Eaton, 1974).



Incretins

Incretins are hormones secreted by enteroendocrine cells shortly after eating that
enhance insulin secretion by the beta cell in a glucose-dependent manner. This class of
peptides includes glucose-dependent insulinotropic polypeptide (GIP), glucagon-like
peptide 1 (GLP-1), and secretin (Kim & Egan, 2008). Incretin exposure can also promote
B-cell proliferation in mice, this could also potentially impact islet composition, as
reflected by changes in the ratio of a to -cells in islets (Goke, 2008).

In a fasted state, GIP levels are negligible but K cells in the stomach and proximal
duodenum are stimulated by glucose or fat in food to secrete GIP. This results in a G-
coupled protein receptor response in B-islet cells to trigger insulin secretion. GIP can also
stimulate B-cell proliferation and reduce B-cell apoptosis. While GIP can have protective
effects on B-cells, it is rapidly degraded by DPP-IV to avoid prolonged B-cell stimulation
(Kim & Egan, 2008).

GLP-1 is a product of the pre-proglucagon gene. Of note, pre-proglucagon has
tissue-specific differential regulation and also produces glucagon (GCG) in a-cells which
is responsible for stimulating hepatic gluconeogenesis (Vergari et al., 2019). GLP-1 is
produced in L cells of the small intestine as a result of a posttranslational modification of
proglucagon (Nadkarni, Chepurny, & Holz, 2014; Vergari et al., 2019). To stimulate
insulin secretion, GLP-1 binds the GLP-1 receptor on j3-cells. Other main effects of GLP-
1 include inhibition of gastric emptying, food intake, glucagon secretion, 3-cell apoptosis,
and gluconeogenesis (Kedees, Grigoryan, Guz, & Teitelman, 2009). GLP-1 can also

increase B-cell proliferation through the PDX-1 (pancreatic duodenal homeobox protein-



1) pathway in mice (Kahles et al., 2014; Kim & Egan, 2008). Similar to GIP, GLP-1 is
also degraded by DPP-IV to avoid prolonged B-cell stimulation (Kim & Egan, 2008).

In T2D, overall GLP-1 levels are decreased despite some a-cell production in
response to the chronic high glucose (Nadkarni et al., 2014; Vilsbgll, Agersg, Krarup, &
Holst, 2003). It has been found that treatment of patients with T2D with a receptor
agonist for both GIP and GLP-1 has beneficial effects on both -cell function and insulin
sensitivity (Thomas et al., 2019). Similarly, treatment with GLP-1 analogues also
improves insulin secretion and reduces glucose levels in patients with T2D, indicating
that patients with T2D remain sensitive to GLP-1 signaling (Zander, Madsbad, Madsen,

& Holst, 2002).

Bile Acids and FGF15/19

Bile acids are synthesized by the liver and secreted into the biliary tree and
intestine in response to food intake. They play an essential role in increasing solubility of
dietary lipids (Russell, 2003). The two major species of bile acids are cholic acid and
chenodeoxycholic acid.

Bile acids are regulated by a negative feedback loop as they can be extremely
toxic to cells if the intracellular levels are not kept in check. Bile acids activate the
Farnesoid X Receptor/Retinoid X Receptor (FXR/RXR) pathway to regulate bile acid
production (Kalaany & Mangelsdorf, 2006). Through the TGR5 bile acid receptor, bile
acids can also stimulate GLP-1 secretion largely independent of the FXR pathway
(Ahmad & Haeusler, 2019).

In response to FXR/RXR activation, FGF15, the mouse ortholog of human

FGF19 (herein referred to as FGF15/19), is produced in the small intestine and regulates



bile acid synthesis (Inagaki et al., 2005; Nagano et al., 2004; Pandak et al., 1991). This
growth factor was identified as the intermediate between bile acids and suppression of
bile acid synthesis through the FXR pathway in the liver and intestines (Inagaki et al.,
2005; Nagano et al., 2004; Pandak et al., 1991). FGF15/19 binds FGFR4 in the liver
which activates the CREB-Pgc-1a pathway. This results in the inhibition of
gluconeogenesis similar to the effect of insulin (Potthoff et al., 2011). Additionally, there
is increased protein and glycogen synthesis (Kir et al., 2011). Like insulin, FGF15/19 is
anabolic and can promote glucose uptake in adipose tissue (Kurosu et al., 2007; Potthoff

etal., 2012; X. Wu et al., 2009).

Catch-up Growth and Undernutrition

Uterine and early-childhood environments have come to the attention of
researchers attempting to identify additional risk factors for T2D and obesity (Fernandez-
Twinn & Ozanne, 2006; Martin-Gronert & Ozanne, 2005). Previous human cohorts such
as the Dutch Famine cohort have shown that undernutrition in utero but ad libitum food
intake after birth result in increased risk of obesity and metabolic disease, including T2D.
Since the famine was short but extreme, these children were born with LBW then had
restored calorie intake after birth. This resulted in catch-up growth (CUG) which occurs
after a period of lowered nutrition followed by adequate nutrition resulting in increased
adiposity as an individual reaches “normal” weight. Specifically, when CUG occurs in
early life, it is a marker of increased risk of metabolic disease in later life (Dulloo,
Jacquet, Seydoux, & Montani, 2006; Isganaitis et al., 2009; Portrait et al., 2011; Stein et
al., 2019). Other cohorts similar to the Dutch cohort have been studied around the world

including Taiwan and India with the same outcome of increased metabolic risk (Wei et



al., 2003). Similarly, in adults, weight loss followed by regain yields a change in body
composition favoring increased adiposity, a process known as “catch-up fat” (Hardikar

etal., 2015).

Impact on Glucose Metabolism

Studies from our lab have sought to determine if prevention of early-life catch-up
growth would be beneficial for metabolism in mice with low birth weight resulting from
experimental undernutrition in utero. Previously, our lab has published that weight gain is
reduced and glucose tolerance is improved in mice when CUG is prevented using
postnatal undernutrition (J. C. Jimenez-Chillaron et al., 2006; Josep C. Jimenez-Chillaron
et al., 2009). Additionally, prevention of CUG reduced adipocyte number and size and

reduced lipogenic gene expression (Isganaitis et al., 2009).



Preliminary Data

Impact of Postnatal UN with Chow Feeding

Postnatal UN resulted in sustained decreased body weight. To investigate the impact of

postnatal undernutrition on both control and prenatal undernutrition mice, we followed
our previously published mouse model methods (Figure 1) (J. C. Jimenez-Chillaron et al.,
2006). Experimental undernutrition was imposed on pregnant dams by a 50% caloric
restriction from day 12.5 until the end of pregnancy. Undernutrition mothers (U) had
significantly decreased body weight compared to controls (C) starting on day 14.5 of

pregnancy (Figure 2A).

Control FO E12.5-PO F1 PO-P21 F1 Adult Males

&

Figure 1: Generation of Postnatal UN Model

Prenatal caloric restriction began at day 12.5 of pregnancy (E12.5) until birth (P0).
Postnatal caloric restriction began at birth (P0) until weaning at postnatal day 21 (P21).

10



Animals born to undernutrition mothers (U) had a ~ 23% decrease in birth weight
(p<0.0001) (Figure 2B). UC animals remained smaller than CC during weeks 1 and 2
(p<0.05), were ~1g lighter than CC at weaning at age 3 weeks (p<0.0001) and maintained

similar body weight into adulthood.
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Figure 2: Prenatal UN resulted in decreased maternal body weight and F1 birth weight
(a) Maternal prenatal body weight (C = 31, U = 96 pregnant females) (b) F1 offspring

birth weight before normalization (C = 126, U = 92 litters) and after normalizing litter
size (C = 121, U = 84 litters)
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To reduce postnatal growth, a subset of CC and UC mice were subjected to
caloric restriction from birth until weaning; these groups were termed CU and UU,
respectively (Figure 1). CU and UU animals both maintained significantly lower body
weight compared to both CC and UC from weeks 1-3 (p<0.0001) and into adulthood
despite ad libitum feeding after 3 weeks of age (Figure 3A+B; for statistics see
Supplementary Table 1). This suggests that postnatal undernutrition provides long-term

protection against obesity when fed a chow diet ad libitum.

A Males F1 CUG
25. F+++ §888 ¢dd¢ diid
20_ I A AN - CC
-= CU
5 157 T
g 104 - W
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0 1 2 3
Age (Weeks)
B Males F1 BW

_ 50% CR; Ad Libitum
]

DN U D % BP0 DAR Dl 1 W PO P PAVAC S
Age (Weeks)

Figure 3: Postnatal UN resulted in sustained decrease in body weight, despite ad libitum
feeding after weaning

(@) F1 male body weight during suckling; 50% CR for CU and UU mice (CC =73, CU =
35, UC =59, UU =10 litters) (CC vs. CU -+, CCvs. UC-"; CCvs. UU - §; CU vs. UC

-¢; CUvs. UU - n.s.; UC vs. UU - ¢) (b) F1 male body weight into adulthood (CC = 16-
73, CU = 3-35, UC = 7-59, UU = 3-10 litters)
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Postnatal UN improved glucose metabolism. To investigate the consequences of

undernutrition on glucose metabolism, we performed intraperitoneal glucose (ipGTT) and
insulin (ipITT) tolerance tests at 4-5 mo. and 1 yr. During the 4-5 mo. old ipGTT, the CC
and UC groups did not differ. By contrast, both CU and UU mice had improved glucose
metabolism. CU animals had lower glucose than CC animals at 30 minutes (p<0.01) and
a delayed peak at 60 minutes. UU animals had lower glucose at 30 and 60 minutes
(p<0.05) and there was a trend toward a decreased AUC in comparison to the CC group
(p=0.1) (Figure 4A+B; for statistics see

Supplementary Table 2 and Supplementary Table 3). At 1 yr., the improved glucose
tolerance in the CU and UU groups was no longer present (Figure 4E+F).

Mice subjected to postnatal undernutrition had improved insulin sensitivity, as
demonstrated during an ipITT at 4-5 mo. There were no differences between CC and UC
animals. However, CU animals had a delayed peak at 60 minutes and were significantly
lower than CC at 60 minutes (p<0.05) and 120 minutes (p<0.001). The CU group was
also decreased compared to UC at 120 minutes (p<0.05). The UU animals had lower
glucose levels at 15 minutes compared to UC (p<0.05) and at 60 (p<0.05) and 120
minutes (p<0.01) compared to CC. There was no difference in the AUC between groups
(Figure 4C+D).

At 1 yr., differences in insulin sensitivity were greater than at 4-5 months. CU
animals had a significantly lower glucose at 120 minutes compared to CC (p<0.01), with
a trend for lower AUC than UC (p = 0.1). The UU animals were the most insulin
sensitive with lower glucose concentrations than CC and UC at both 60 (p<0.05) and 120

minutes (p<0.001 and p<0.01, respectively). The AUC of the UU animals was also

13



significantly lower than CC (p<0.01), CU (p<0.05), and UC (p<0.0001) (Figure 4G+H).
These data show that postnatal UN animals maintain improved insulin sensitivity into

later life.
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Figure 4: Postnatal UN improved glucose tolerance and insulin sensitivity.

(@) 4-5 mo. ipGTT (2g/kg; CC =7, CU =6, UC =8, UU =8 mice) (b) 4-5 mo. ipGTT
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CC=7,CU=7,UC=7,UU =8mice) (h) Lyr.ipITT AUC (CCvs. CU -4 CCvs. UC
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Postnatal UN animals had impaired insulin secretion. To examine if the improved
glucose and insulin tolerance are linked to differences in circulating insulin
concentrations, an insulin ELISA was performed on serum samples collected during the
ipGTT at 1 year of age. All groups had similar glucose levels, allowing for comparison of
glucose-stimulated insulin secretion (Figure 5A).

All groups had similar basal insulin concentrations. There were no differences in
glucose-stimulated insulin levels between CC and UC animals. By contrast, CU animals
had decreased insulin concentrations at 15 minutes compared to CC and UC animals
(p<0.01). Similarly, the UU animals had lower 15-minute concentrations compared to the
CC and UC animals (p<0.001) (Figure 5B). These data suggest that improved insulin
sensitivity in mice with a history of early postnatal UN animal may allow these groups to
maintain normal glucose levels despite reduced insulin levels.
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Figure 5: Postnatal UN animals had decreased insulin concentration during ipGTT
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(@) ipGTT glycemia at basal and 15 minutes post-ip injection (b) Insulin concentrations
at basal and 15 minutes post-ip injection (CC =7, CU =6, UC =8, UU = 8 mice)
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Postnatal UN prevented catch-up fat. To evaluate the impact of prenatal undernutrition,

postnatal undernutrition, or both on body composition, DEXA scans were done at 3-4
mo., 6-7 mo., and 1yr. At 3-4 mo. old, both CU and UU animals had lower body weight
than CC and UC (p<0.0001). The lean mass percentage of the CU animals was
significantly higher (p<0.0001) and fat mass percentage was lower than the CC
(p<0.0001). In comparison to UC, CU animals had higher lean mass percentage (p<0.05)
and lower fat mass percentage (p<0.01). The lean percentage of UU animals was higher
and the fat mass was lower than CC (p<0.0001). UU also had a significantly higher lean
and lower fat percentage than UC animals (p<0.001 and p<0.01, respectively) (Figure
6A-C). Thus, postnatal UN animals had increased lean mass and decreased fat mass in
comparison to CC and UC animals.

Similar significant differences were observed during the 6-7 mo. DEXA. CU and
UU had lower body weight and maintained significantly lower fat percentage and higher
lean mass than the CC animals (p<0.05). However, significant increases in lean mass and
decreases in fat mass between the UC and postnatal groups disappeared (Figure 6D-F).

Despite similar body weights at 1 yr. compared to 6 mo., there were no longer
differences in body composition (Figure 6G-1). Over time, the lean mass percentage in all
groups decreased while the fat mass percentage increased but this effect is more
prominent in the postnatal groups. The CC and UC groups had a ~5.3% and ~3.8%
decrease in lean mass percentage and a ~5.2% and ~3.7% increase in fat mass percentage
from 3-4 mo. to 1 yr. The CU and UU groups decreased by ~7.5% and ~9% in lean mass
percentage and increased in fat mass by ~7.7% and ~9.8% from 3-4 mo. to 1 yr. The

postnatal undernutrition prevents catch up fat in early life but the effect does not last into
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late life. This data suggests that postnatal UN animals are not protected from age-

associated increases in fat.
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Figure 6: Postnatal UN prevented catch-up fat.
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Aims and Hypothesis
Early postnatal undernutrition improves glucose metabolism compared to control
animals when fed chow ad libitum on chow. | hypothesize that prevention of CUG
through postnatal UN results in maladaptation to high-fat diet due to decreased pancreatic
plasticity and dysregulation of enteric factors. Islet morphology and composition and gut-
intrinsic factors such as incretins, FGF15/19, and bile acids will be investigated as
potential mediators of the inability of postnatal UN animals to adjust and compensate for

chronic high fat exposure.

Specific Aim 1

Hypothesis: Mice exposed to postnatal UN will have impaired glucose-stimulated

insulin secretion and worsened glucose tolerance on HFD in later life.

A cohort of mice from CC, CU, UC, and UU groups were exposed to 60% HFD
and compared to chow-fed counterparts. Body weight was used to determine if postnatal
UN animals were susceptible to diet-induced obesity. To evaluate the effect of HFD on
glucose tolerance and insulin sensitivity, an intraperitoneal (ip) GTT and ipITT were
done after 9 mo. of HFD. Glucose-stimulated insulin secretion was evaluated using an

ELISA to determine if postnatal UN mice can adapt to produce more insulin on a HFD.

Specific Aim 2

Hypothesis: Islet area or composition of postnatal undernutrition animals

contributes to the decreased GSIS in postnatal UN mice.
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It has been shown that pancreatic islet mass increases to attempt to accommodate
increased chronic fat exposure (Mosser et al., 2015). H&E stained pancreas slides of
chow and HFD-fed animals were used to determine islet size using ImageJ.

Islet composition is also an important factor as beta cells proliferate to increase
the number of insulin-producing cells in a chronic high glucose environment (Goke,
2008). Immunofluorescent staining was used to identify islet B-cells (insulin®), a-cells
(glucagon®), and cellular nuclei (DAPI). Insulin® and glucagon™ cells were counted and

the a:P cell ratio was calculated for chow and HFD animals.

Specific Aim 3

Hypothesis: The decreased GSIS in the post-natal UN groups is independent of

contributions of gut-intrinsic factors.

Insulin concentrations during an oral GTT were quantified using an ELISA to
determine if insulin secretion was altered compared to ipGTT. While incretins and bile
acids are not a factor when an ip injection is used, intestinal- and incretin-dependent
mechanisms can contribute to insulin secretion after oral glucose administration.

RT-gPCR was also used to determine expression of intestinal and hepatic genes
involved in incretin hormone synthesis, bile acid regulation and synthesis, glycolysis, and

fatty acid synthesis.
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Chapter II.

Materials and Methods

Animal Model

CD1/ICR control mice (Envigo) were bred and exposed to either ad libitum
feeding (C) or a 50% caloric restriction beginning on day 12.5 of pregnancy (U),
generating CC and UC offspring, respectively. At birth, some C and some U offspring
were exposed to a 50% caloric restriction for three weeks during suckling, generating the
CU and UU groups, respectively (Figure 1). Dams were weighed daily during pregnancy
Maternal and offspring weights were recorded at PO then weekly during suckling. At PO,
all litters were normalized to 8 pups per litter to ensure all were similar size so offspring
received similar nutrition during suckling. To avoid bias, only the 8 pups closest to the
whole litter average for each litter were chosen.

After weaning, F1 males were weighed monthly. At 6 months of age, a cohort of
mice from each group were switched from chow to 60% HFD (n=10/group, UU n = 7).
Animals of each UN treatment group were chosen from litters to ensure representative
sampling. All animal studies were approved by the Joslin Diabetes Center IACUC
(protocol #99-05).

Ad libitum feeding of 60% HFD (Research Diets D12492) began at 6 months of
age to a cohort of CC, CU, UC, and UU mice. Food was weighed weekly to calculate
food intake. Body weights were measured weekly alongside a cohort of chow-fed CC,

CU, UC, and UU mice
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ipITT
Mice were fasted for 4 hours and weighed before and after fasting. Intraperitoneal
injections of sterile insulin of 2 U/kg after 5 mo. of HFD and 3 U/kg after 9 mo. of HFD
were done using BD-100 Insulin Syringes. Glucose levels were measured before injection
and at 15, 30, 60, and 120 minutes after injection using a WaveSense™ AgaMatrix Presto

glucometer and AgaMatrix Presto No Code test strips.

ipGTT
Mice were fasted 16 hours overnight and weighed before and after fasting.
Intraperitoneal injections of sterile glucose 2 g/kg after 5 mo. of HFD and 1.5 g/kg after 9
mo. of HFD were done using insulin syringes. Glucose levels were measured before
injection and at 15, 30, 60, and 120 minutes after injection. Blood samples of ~100 pl
were collected from a tail nick before gavage and 15 minutes after gavage using
heparinized capillary tubes under a heat lamp. Samples were kept on ice then centrifuged

at 2,000 rcf for 20 minutes at 4°C. Serum was collected and immediately stored at -20°C.

oGTT
Mice were fasted 16 hours overnight and weighed before and after fasting. Mice
were gavaged with glucose (1 g/kg). An animal feeding needle (Fisher Scientific # 01-
208-87) was slightly bent and attached to a sterile 1mL syringe to directly deliver glucose
down the esophagus. Glucose was measured before oral gavage and 15, 30, 60, 90, and
120 minutes post gavage.
Blood samples of ~100 pl were collected from a tail nick before gavage and 15

minutes after gavage using heparinized capillary tubes under a heat lamp. An inhibitor

22



mixture was added to the blood for each time point using 1 pl EDTA-N2, 5 pl Aprotonin,
and 1 pl DPP4 inhibitor to prevent GLP-1 and other protein degradation. All samples
were mixed well with the inhibitors and kept on ice until centrifugation at 2,000 rcf for

20 minutes at 4°C. Serum was collected and stored immediately at -20°C.

Insulin Concentrations

Insulin concentrations for serum samples were quantified using an Ultra-Sensitive
Mouse Insulin ELISA kit (Crystal Chem cat.# 90080) low range assay (0.1-6.4 ng/mL).
The 25.6 ng/mL mouse insulin stock solution (reconstituted in 100 pl of distilled water),
mouse insulin standards (a 1:3 dilution to 6.4 ng/mL concentration then 1:2 serial
dilutions), and wash buffer (1:20 dilution in distilled water) were prepared prior to
starting.

To prevent increased variation due to pipetting, a multichannel pipette was used
for all steps after adding individual samples. After thoroughly mixing, 5 ul of each serum
sample or standard solution were pipetted into each well with 95 pl of sample diluent.
Standard solutions were analyzed in duplicate for each lot of plates. The microplates were
covered and incubated at 4°C for two hours.

Well contents were aspirated and washed five times with 300 ul of wash buffer
and emptied on paper towels between washes. The anti-insulin enzyme conjugate was
mixed with a 2:1 dilution of Enzyme Conjugate Stock Solution in Enzyme Conjugate
Diluent. 100 pl of the anti-insulin enzyme conjugate was added to each well and the
plates were incubated for 30 minutes at room temperature.

After aspirating, wells were washed with 300 pl of wash buffer seven times. 100

pl of Enzyme Substrate Solution was added to each well before incubating for 40 minutes
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at room temperature in a dark drawer to avoid exposure to light. The enzyme reaction
was ended with the addition of 100 pl of Enzyme Stop Solution to each well. Using a
BioTek Instruments Eon Plate Reader, the absorbance at A450 and A630 was recorded
for each plate after removing the plate cover.

To analyze, the A630 absorbance was subtracted from the A450 absorbance for
all samples. Duplicates of the standard curve values were averaged and normalized to the
blank. The A450-630 vs known insulin concentration (ng/mL) was graphed on a scatter
plot in Microsoft Excel. A line of best fit was used to create a linear equation and the R2
value was observed to ensure it was at least 0.99. The line of best fit and A450-A630
value was used to calculate the insulin concentration for each sample. During analysis,
samples exceeding the standard curve were assigned the highest concentration on the

standard curve (6.4 ng/mL).

Tissue collection

Animals were fasted for four hours and sacrificed at 21 months of age. HFD
animals were on 60% HFD for ~9 months at time of sacrifice. Body weight was
measured before and after fasting. Glucose was assessed via tail vein after fasting and
prior to sacrifice. Animals were anesthetized using isoflurane and the diaphragm was cut.
Blood was collected via cardiac puncture in tubes containing DPPIV inhibitor, EDTA,
and Aprotonin to prevent protein degradation. Tissues collected included pancreas, liver,
testes, intestines, brain, and fat depots (subcutaneous, gonadal, and brown adipose tissue).
Excess fat and other tissues, including the gallbladder and spleen, were trimmed from the
pancreas, intestines, and liver. The pancreas was spread and fixed in Z-fix then

transferred to 1X PBS. Parts of the liver and fat deposits were also fixed in 10% formalin
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before being transferred to 1X PBS. The intestines, brain, and the majority of the liver
and fat deposits were flash frozen in liquid nitrogen then stored at -80°C. All tissues were
weighed prior to being fixed or frozen. Photos of mice were taken to document observed

tumors.

H&E Staining

Microscope slide preparation and staining for H&E was done by the HMS Rodent
Histopathology core. 5um slices of fixed pancreas tissue preserved in paraffin blocks
were affixed to charged microscope slides before staining with hematoxylin and eosin
(H&E). Qualitative observations regarding liver steatosis and pancreatic islet hyperplasia
were documented by Dr. Roderick Bronson, pathologist at HMS.

Aperio whole slide scanning was done at the Boston Children’s Hospital at 40X
magnification. The NDPI files were converted using NDP.view?2 to prior to tissue and
islet area analysis using ImageJ. The area of the whole slide and total islet area were

quantified using ImageJ.

Immunofluorescent Staining
Unstained microscope slides were also prepared by the HMS Rodent
Histopathology core, similar to the H&E slides.
These unstained slides were then placed in each of the following solutions,
sequentially, for three minutes each: Xylene (x2), 100% Ethanol (x2), 95% Ethanol (x2),
70% Ethanol, then MilliQ filtered water. Slides were immersed in 1X sodium citrate

buffer and microwaved at 50% power for 5 minutes then 40% power for 5 minutes twice

25



for antigen retrieval. Slides were allowed to cool for ~30 minutes in the buffer then
washed with MilliQ water.

Tissue was blocked from non-specific staining with 5% normal donkey serum at
RT for 1h then washed with 1X PBS for 5 minutes. All antibodies were diluted in 5%
normal donkey serum and slides were washed twice with 2% lamb serum before applying
each antibody. A 1:1000 solution of Mouse Anti-Glucagon antibody (Millipore Cat.#:
MABNZ238) was added as the first primary antibody and slides were incubated at 4°C
overnight. Slides were then incubated overnight at 4°C with a 1:800 dilution of Guinea
Pig Anti-Insulin (Abcam Cat.#: ab195956). The secondary antibodies were AlexaFluor
594 Donkey Anti-Mouse (Jax Cat.#: 715-585-150) to stain for glucagon and Donkey
Anti-Guinea Pig (Jax Cat.#: 706-545-148) to stain for insulin. Both secondary antibodies
were diluted 1:200 then separately incubated for 1h at RT. Dapi mounting media was
used when sealing coverslips on each slide to stain nuclei blue. Slides were stored at 4°C
when not in use and allowed to warm for ~1h prior to use.

Photos were taken using a BX60 Olympus Inverted microscope with a
MicroPublisher 6™ camera of all islets for each slide using green, red, and blue light.
Glucagon positive (o/red) and insulin positive (B/green) cells were identified and counted
using Imagel. Cell counts were normalized to islet area. Islet area was calculated using

ImagelJ. The a:p ratio was calculated from the raw cell counts.

RNA Isolation
Tools and gloves were sprayed with RNaseZap™ from Invitrogen to avoid RNase
contamination. All samples were done in random order to reduce bias toward any group.

Frozen liver tissue samples were kept on dry ice to avoid tissue degradation and ~100g of
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tissue was cut from frozen tissue and placed directly in 1000 pl TRIzol. For intestine
tissue, the ileum was placed directly in 1000 pl TRIzol. Tissue was lysed with a sterile,
4.8 mm diameter stainless steel bead using the Qiagen TissueLyser Il at 25 Hz in 2-3
minute increments at 4°C. Samples were then centrifuged for 10 minutes at 12000 rcf in
4°C and the supernatant was transferred to a clean tube and incubated at room
temperature for 5 minutes. 200 pl of chloroform was added and each tube was shaken
vigorously by hand for 15 seconds. After a three minute incubation at room temperature,
tubes were centrifuged. The clear supernatant containing RNA was transferred to a new
tube, carefully avoiding the cloudy middle section or pink bottom section. The middle
section contains protein while the pink bottom contains DNA, both of which would cause
impure RNA. 500 pl of isopropanol and 1 pl of Glycoblue were added to precipitate the
RNA and to enhance identification of the pellet. Samples were incubated at room
temperature for 10 minutes to allow precipitation then centrifuged as before to pellet the
RNA. Supernatant was discarded and the pellet was washed twice with 75% EtOH with
vortexing and centrifugation at max speed for 10 minutes at 4°C between washes.

Pelleted RNA was stored in 75% EtOH at -80°C until just prior to DNase treatment.

DNase Treatment
DNase treatment is used to digest DNA as genomic DNA can confound PCR
results. EtOH was aspirated using a vacuum and RNA pellets were air dried then
resuspended in 100 ul of nuclease-free water. RNA concentration and purity were
assessed using a NanoDrop ND-1000 Spectrophotometer.
The concentration of RNA was used to calculate the amount of DNase | (New

England Biolabs Cat. #M0303L) needed to completely degrade 1 ug of DNA per 10
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minutes of incubation in 50 pl of RNA. All samples were incubated with 5-10 pl of
DNasel (0.25 pl DNase | enzyme per 1 ug RNA, maximum 10ul) and 5 pl 10X DNasel
Reaction Buffer for 1 hour at 37C to ensure complete DNA degradation. Samples were
incubated at 75°C for 10 minutes to inactivate the DNase enzyme.

A 1:10 volume of 3M sodium acetate (pH 5.2) and 2.5 times the volume of 100%
EtOH was added to each tube, mixed, and incubated overnight at -20°C to precipitate the
RNA. Samples were centrifuged at 4°C for 20 minutes at maximum speed. The
supernatant was discarded and the pellet was washed in 75% EtOH and centrifuged at
4°C for 10 minutes at maximum speed. The supernatant was aspirated and the pellet air-
dried. The pellet was reconstituted in 50 pl of nuclease-free water. The RNA was

quantified using the NanoDrop to determine dilutions for cDNA generation.

cDNA generation
The High Capacity cDNA Reverse Transcription kit (ABI) was used with 1 ug of
RNA per 20 pl reaction. RNA was diluted to 1ug/10 pl with nuclease-free water. The
master mix was prepared as indicated in Table 1 for all samples plus a no-template
control (10 pl of nuclease-free water instead of RNA) and two extra samples to assess
accuracy of pipetting. The no-template control was used to ensure PCR signals were not

due to random polymerization or self-annealing of primers in the RT-qPCR.
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Table 1: Master mix for cDNA generation

Reagent ul/sample
10X RT Buffer 2
25X dNTP Mix 100 nM 0.8
10X RT Random primers 2
Reverse transcriptase 1
Nuclease-free H20 4.2
Total volume 10.0

10 ul of master mix were combined with 10 pl of RNA (or nuclease-free water
for the no-template control) in 200 ul RNase-free PCR tubes. The RT reaction was
performed in a MJ Research PTC-200 Peltier Thermal Cycler with a heated lid using the

protocol in Table 2.

Table 2: Thermocycler protocol for cDNA generation

Step Time Temperature
1 10 min 25°C
2 120 min 37°C
3 5 min 85°C
4 Hold 4°C

Samples were diluted to ~5ng/ pl of cDNA by adding 180 pl of nuclease-free

water then stored at -20°C until use for RT-gPCR.

RT-gPCR
Primers were reconstituted in nuclease-free water to 100 uM. Forward and
reverse primers for each primer pair were used in a 5 uM concentration (Table 3). iTag
Sybr Green 2X, primers, and water were used to prepare master mixes for each primer

pair (
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Table 4). Enough master mix per primer was made for all samples, the no-
template control, and 2 extra samples. A repeat micropipette was used to add 2 pl of ~5ng
cDNA per sample and 8 ul of master mix was added to a 384 well plate. For each primer,
all samples and non-template control were analyzed in duplicate. For both liver and
intestines, 36B4 was used as a loading control gene (also known as a housekeeping gene)

in duplicate for all samples on each separate plate.

Table 3: Primer sequences used for RT-gPCR

Gene Primer Sequence

Fgf15 Forward | 5' ACG TCC TTG ATGGCA ATC 3
Reverse | 5' GAG GAC CAA AAC GAACGAAATT 3

Gceg Forward | 5' ACA CCA AGA GGA ACC GGAAC 3
Reverse | 5" TCT TCT GGG AAG TCT CACCT 3

Fasn Forward | 5' GGC TCT ATG GAT TAC CCA AGC 3
Reverse | 5'CCAGTGTTCGTTCCTCGG A3

p-klotho | Forward | 5 TGT TCT GCT GCG AGC TGT TAC 3'
Reverse | 5" TAC CGG ACT CACGTACTGTTT 3

Pepckl | Forward | 5 ACGC ATT CAACGCCAGGTTC 3
Reverse | 5'CGA GTC TGT CAG TTC AAT ACC AA 3

Cyp7al | Forward | 5 GAA CCT CCT TTG GAC AAC GGG 3
Reverse | 5'GGA GTT TGT GAT GAA GTG GAC AT 3

Srebplc | Forward | 5 GGA GCC ATG GAT TGC ACATT 3
Reverse | 5'GGC CCG GGA AGT CAG TGT 3'

G6pc Forward | 5" TCT TGT CAG GCATTGCTGTGGC 3
Reverse | 5'GGT GGA CCC ATT CTGGCC GC 3

Cyp8bl | Forward | 5 CCA AGT GCC CCG GCAGGT TC 3
Reverse | 5" TCACTG CAC GGG CTT CAG GC 3

36h4 Forward | 5' GGC CCG AGA AGACCTCCTT 3
Reverse | 5' TCA ATG GTG CCT CTG GAG ATT 3'

Table 4: Primer master mix for RT-gPCR

Reagent ul per sample
Sybr green 2x 5
5 UM Primer mix 1
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H20 2

Total Volume 8

Using the QuantStudio QS6 and the ABI 7900 RT-PCR machines, all plates were
run using the protocol outlined in
Table 5. The dissociation curve was recorded for all primers to ensure a single

amplification product and no non-specific annealing.

Table 5: RT-gqPCR protocol

Step Time | Temperature | # of Cycles
Activation hold 95°C hold
Denature 3 sec 95°C 40
Anneal/Extend | 30 sec 60°C 40

To analyze, the threshold was adjusted for each gene to be within the linear range
of the Ct curve. The Ct values for each well were exported to Microsoft Excel. The
deltaCt (dCt) was calculated for each duplicate by subtracting the Ct of the housekeeping
gene from the Ct of the target gene. Delta Ct is inversely correlated to gene expression.
The average dCt of all control (CC) samples was used to normalize the ddCt for each
sample by subtracting the average dCt of the controls from the dCt of each sample
duplicate. The relative fold change was then calculated by using the equation fold change
= 27(-ddCt) because each cycle results in 2-fold amplification. The fold change of each
sample duplicate was averaged for each target gene before graphing and statistical

analysis.

Statistical Analysis
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Unless otherwise specified, all data was analyzed using GraphPad Prism 9.
Statistical outliers were removed using the ROUT method (Q=1%). Tissue weight data
was analyzed using an Ordinary One-Way ANOVA with Tukey’s multiple comparisons.
The ipGTT, ipITT, and oGTT glucose levels were analyzed using a Two-Way ANOVA
with Tukey’s multiple comparisons using GraphPad.

Frequency of observed tumors at sacrifice and cancer frequency on H&E stained
liver slides was analyzed using Fisher’s Exact Test. Observed liver steatosis and
pancreatic islet hyperplasia on H&E stained slides was analyzed using a Chi-Squared test
using RStudio and graphed using GraphPad Prism 9.

All quantified values for pancreatic H&E and immunofluorescence stained slides
were analyzed with a nonparametric One-Way ANOVA with Kruskal-Wallis multiple
comparisons. All PCR and insulin ELISA results were compared using Welch’s T-Test to

determine differences between diet treatments for each group.
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Chapter I11.

Results

Effect of HFD Challenge on Postnatal UN Body Weight

Postnatal UN had diet-induced obesity (D10) on HED. Given that postnatal
undernutrition reduced early-life adiposity, we asked if postnatal UN would also be
protective against DIO. Mice in the CC, CU, UC, and UU groups were fed with a 60%
HFD ad libitum and weight gain was compared with that of their chow-fed counterparts.
On HFD, CU and UU animals maintained lower weight than CC and UC animals (Figure
7A+B; Statistics in

Supplementary Table 2 and Supplementary Table 3). Weight gain was independent of
food intake (Figure 7C).

Differences in body weight gain were analyzed at 30 weeks, a time point before
mortality increased. HFD animals gained ~15g after 30 weeks in contrast to a 7g weight
gain in chow-fed animals. Compared to their starting body weights, all chow-fed animals
gained 10-15%. CC-HFD and UC-HFD animals gained ~25% of their starting body
weights while CU-HFD and UU-HFD gained ~34% of their starting body weights
(Figure 7D+E). These data suggest that postnatal UN does not protect against weight gain

on a HFD, despite maintaining lower body weight.
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Figure 7: Postnatal UN did not protect against DIO.

(a) HFD body weight (CC-HFD = 6-10, UC-HFD = 5-10, CU-HFD = 7-10, UU-HFD =
3-7 mice) (b) Chow body weight during HFD exposure (CC-Chow = 15, UC-Chow = 13,
CU-Chow = 11, UU-Chow = 11 mice) (c¢) HFD mice food intake during HFD exposure
(d) Change in body weight from weeks 1 to 30 of HFD (e) Percent change in body weight
from weeks 1-30 of HFD.
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Glucose Tolerance and Insulin Sensitivity

Postnatal UN had worsened glucose metabolism on HFD. While weight differences

between groups were not altered by HFD, we investigated differences in glucose and
insulin tolerance using ipGTTs and ITTs after 5 and 9 months of HFD.

During the 5 mo. ipGTT, there were no significant differences but the CU-HFD
and UU-HFD animals had a delayed peak at 60 minutes compared to the CC-HFD and
UU-HFD animals (Figure 8A+B). All four groups had a similar ipITT after 5 months of
HFD (Figure 8C+D).

Glucose tolerance after 9 mo. of HFD (at 1 yr. 3 mo. of age) was similar to that at
5 months in CC-HFD animals. CU-HFD and UU-HFD animals had an increased peak at
30 minutes compared to the previous ipGTT. Glucose levels at 30 minutes were higher in
CU-HFD and UU-HFD animals as compared with the CC-HFD and UC-HFD animals
(p<0.05). At 60 minutes, CU-HFD animals continued to have increased glucose levels
compared to CC-HFD (p<0.05). UU-HFD animals also maintained significantly higher
glucose levels at 60 minutes compared to CC-HFD and UC-HFD (p<0.01) (Figure
8E+F).

There were no differences in insulin sensitivity between groups, as assessed by
ipITT, after 9 mo. of HFD (Figure 8G+H). Over time, postnatal undernutrition groups

demonstrated degeneration of glucose and insulin tolerance after 9 mo. of HFD.
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Figure 8: HFD worsened glucose metabolism in CU and UU groups.

(a-d)ipGTT (a) 2g/kg 5 mo. of HFD(CC-HFD = 10, UC-HFD =9, CU-HFD =9, UU-
HFD =7 mice) (b) AUC (c) 1.5g/kg 9 mo. of HFD (CC-HFD = 10, UC-HFD =9, CU-
HFD = 8, UU-HFD = 6) (d) AUC (e-f) ipITT (e) 2U/kg 5 mo. of HFD (f) AUC (g) 3U/kg
(h) AUC. (CCvs.CU -4 CCvs. UC—n.s.; CCvs.UU-§; CUvs. UC-¢; CUvs. UU -
n.s.; UCvs. UU -¢)
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Postnatal UN had impaired glucose-stimulated insulin secretion. To determine if

differences in insulin secretion could account for the emergence of impaired glucose
tolerance in the postnatal groups on HFD, we analyzed circulating insulin concentrations
from the ipGTT after 9 mo. of HFD using an ELISA. Blood was collected in the fasting
state (0 min) and 15 minutes post-glucose injection. Basal glucose was similar across all
groups. The CU-HFD group had increased glucose at 15 minutes compared to CC-HFD
and UC-HFD (p<0.001). UU-HFD tended to have higher glucose than UC-HFD at 15

minutes (p=0.1) (Figure 9A).
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Figure 9: Postnatal UN on HFD have decreased insulin concentrations in an ipGTT.
(a+b) 1 yr. 3 mo. (9 mo. of HFD) ipGTT blood collection at 0 and 15 minutes (CC-HFD

n =8, CU-HFD n =8, UC-HFD n =9, UU-HFD n = 8 mice) (a) glucose concentration
at basal and 15 minutes (b) insulin concentration at basal and 15 minutes

All groups had similar fasting insulin concentrations. CC-HFD and UC-HFD animals
increased by ~2-fold from basal to 15 minutes and were not significantly different. CU-

HFD animals had a ~1.3-fold increase in insulin concentration and had a lower 15-minute
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concentration compared to UC-HFD (p<0.05). Insulin levels in UU-HFD were similar to
CU-HFD and were significantly lower than UC-HFD at 15 minutes (p<0.01) (Figure 9B).
These data suggest that CU-HFD and UU-HFD have a lowered insulin response to a

glucose bolus.

Late-Life Pathophysiology

Cancer and Mortality

UU-Chow animals tend to have less cancer during aging. At sacrifice (aged 20 months),

33% of all animals had visible tumors. UU-Chow animals had significant reductions in
tumors compared to UC-Chow (p=0.05) (Figure 10A). To quantify observed differences
in hepatic tumors, liver slides were stained with H&E then qualitatively analyzed for both
tumors and liver steatosis. This analysis was concordant with our observations, with a
trend for increased tumors in UC-Chow compared to UU-Chow (p=0.07) (Figure 10B).
UU-HFD animals trended toward increased liver steatosis compared to UU-Chow

(p=0.06), CC-HFD (p=0.09), and UC-HFD (p=0.08) (Figure 10C).
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Figure 10: Postnatal UN had improved liver pathology and mortality on chow.

1 yr. 9 mo. of age (a-c) (CC-Chow = 15, CC-HFD = 6, CU-Chow = 11, CU-HFD =5,
UC-Chow = 13, UC-HFD =7, UU-Chow = 11, UU-HFD = 3 mice) (a) Frequency of
observed tumors at sacrifice (b) Frequency of liver cancer/adenoma based on H&E liver
sections (c) Frequency and severity of liver steatosis and degredation based on H&E
liver sections, excluding livers with cancer (d) F1 chow males survival curve birth until
end of study (CC vs. CU p <0.05, CU vs. UC p <0.05)

CU and UU animals had improved mortality. We next evaluated mortality using a

survival curve, and analyzed differences using a chi squared test. Both CC and UC
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animals began to more rapidly decline at about 1 year of age with only ~55% survival at
the time of tissue collection while the CU and UU animals remained at ~70% survival

(CC vs. CU p <0.05; CU vs. UC p<0.05; UC vs. UU p = 0.14) (Figure 10D).

Body Composition

Postnatal UN animals had increased fat mass on HED. Next, we evaluated specific fat

deposits — gonadal white adipose tissue (GWAT), subcutaneous white adipose tissue
(SCWAT), and brown adipose tissue (BAT). Fat distribution in all four chow groups was
similar. HFD exposure resulted in increased fat composition in all four groups (Figure
11;Supplementary Figure 1). GWAT was increased in UU-Chow animals compared to
UC-Chow animals (p<0.05) (Figure 11A). SCWAT was significantly larger in UU-HFD
and UC-HFD animals compared to chow (p<0.05) (Figure 11B). There were no
differences in BAT between groups (Figure 11C). Overall, the data indicate that postnatal

UN animals gain more fat mass with HFD than CC animals.
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Figure 11: All animals had similar fat depot weights on either diet.
(a) GWAT normalized to body weight (c) SCWAT normalized to BW (e) BAT normalized

to BW (CC-Chow = 15, CC-HFD = 6, CU-Chow = 11, CU-HFD =5, UC-Chow = 13,
UC-HFD =7, UU-Chow = 11, UU-HFD = 3 mice)

Postnatal UN did not alter liver or intestine weight. The intestines and liver were also

weighed as they are integral in the regulation of incretins and bile acids. Raw intestine
weight was lower in CU-chow animals than CC-chow animals (p<0.05) and UC-chow
animals (p<0.01). UU-HFD animals had significantly lower intestine weight than UC-

HFD animals (p<0.01) (Figure 12A). While the raw intestine weight was decreased in
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postnatal groups, normalization to body weight removed all significant differences
(Figure 12B). Liver weight trended toward being decreased in the UU-Chow group
compared to UC-Chow (p=0.09) but there were no significant differences after

normalization to body weight (Figure 12C+D).
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Figure 12: Intestine and liver relative to body weight was not altered by postnatal UN.
(a-b) Intestines (a) Raw weight (b) Normalized to body weight (c-d) Liver (c) Raw weight

(d) Normalized to body weight (CC-Chow = 15, CC-HFD = 6, CU-Chow = 11, CU-HFD
=5, UC-Chow = 13, UC-HFD = 7, UU-Chow = 11, UU-HFD = 3 mice)
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HFD reduced pancreas weight. Pancreas weight was recorded and normalized to body

weight to determine if pancreas mass contributed to the decreased previously observed
insulin secretion. Between groups, pancreas weight was similar on both chow and HFD.
While not statistically significant, in the CU, UC, and UU groups, pancreas weight

tended to decrease on HFD compared to chow (Figure 13A+B).

UU had more severe pancreatic islet hyperplasia on HFD. To determine if pancreatic islet
morphology contributed to the decreased GSIS in HFD compared to Chow in CU and
UU, H&E stained slides of pancreas were evaluated to quantify pancreatic islet area and
composition. We first graded hyperplasia using a qualitative scale. UC-Chow animals
had more hyperplasia compared to CU-Chow and UU-Chow (p<0.01). UC-Chow also
trended to have decreased hyperplasia compared to CC-Chow (p=0.08). HFD had the
greatest effect on UU animals with UU-HFD having significantly more severe

hyperplasia than chow (p<0.05) (Figure 13C).
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Figure 13: Postnatal UN had increased islet hyperplasia on HFD.

(a-c) Pancreas (a) Raw weight (b) Normalized to body weight (c) Observed islet
hyperplasia (CC-Chow = 15, CC-HFD = 6, CU-Chow = 11, CU-HFD =5, UC-Chow =
13, UC-HFD =7, UU-Chow = 11, UU-HFD = 3 mice)
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Pancreatic Islet Morphology

Postnatal UN had decreased islet area on Chow. To quantify pancreatic islet morphology,

islet area and number were analyzed using H&E stained slides. Islet area in CU-Chow
and UU-Chow was significantly lower than UC-Chow animals (p<0.05). Islet number in
UC-Chow was significantly higher than all other chow-fed animals (p<0.05) (Figure

14A+B).

Firstly, we observed the distribution of islet area in the chow animals. In chow, all
CU, UC, and UU groups have a similar distribution of islet area. CC-Chow animals have
a broader distribution of islet area compared to the other three groups. UU-Chow animals
have the narrowest distribution (Figure 14C).

Secondly, we observed the distribution of islet area in the HFD animals. HFD
mice have similar distributions across groups. The UC group has a slightly broader
distribution. The CU-HFD group shifts slightly toward smaller islet area compared to the
other three groups (Figure 14D).

Next, we observed the changes in distribution of islet area in postnatal groups on
both chow and HFD. CC-HFD animals have a narrower peak in comparison to CC-
Chow. CU-HFD mice shift slightly toward smaller islet area compared to CU-Chow. The
UC-HFD animals had a slightly broader distribution of islet area in comparison to UC-
Chow. UU-HFD had a similar curve to UU-Chow but slightly lower amplitude of islets at
the median (Supplementary Figure 2A-D). These data show that, while there was a
difference in islet area in chow, it was not due to increased number of large islets in the

UC group compared to the postnatal UN groups.
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Figure 14: Islet area and number are decreased in postnatal UN on chow

(a) Islet area normalized to tissue area (b) Islet number normalized to tissue area (c)
Distribution of islet area in chow-fed animals (d) Distribution of islet area in HFD-fed
animals (CC-Chow = 8, CC-HFD =5, CU-Chow = 8, CU-HFD = 4, UC-Chow = 6, UC-
HFD =6, UU-Chow = 7, UU-HFD = 3 mice)

Islet composition is not affected by postnatal UN. In addition to islet area, islet

composition affects insulin and glucagon secretion. Quantification of a (glucagon+) and
B (insulint) cells done using immunofluorescence. There was no difference across groups
in o or B-cell number or a: ratio (Figure 15A-C; Supplementary Figure 3 and

Supplementary Figure 4).
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Figure 15: Islet composition was not affected by postnatal UN

(a) a-cell count normalized to islet area (b) f-cell count normalized to islet area (c) o.f
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Gut-intrinsic factors

Response to Oral Glucose

Postnatal UN did not affect the response to oral glucose. To determine if gut-intrinsic

factors increase insulin secretion in mice with a history of early postnatal UN, we
analyzed glucose responses to oral gavage of glucose (1 g/kg) in both chow and HFD-fed
mice. There were no significant differences in glucose between groups on either diet
despite a trend for CC-HFD to be decreased at 15 minutes compared to CC-Chow

(p=0.06) (Figure 16A-C).

Presence of qut-intrinsic factors normalized insulin secretion. Insulin concentrations from

basal and 15 minutes post-gavage were measured using an insulin ELISA. There were no
significant differences in insulin concentration between groups on either chow or HFD
animals (Figure 16D). These data suggest that the presence of enteric factors normalize

insulin secretion in postnatal UN in response to oral glucose.
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Figure 16: Insulin concentration was not different in an oGTT after 9 mo. of HFD
(1 yr. 3 mo. of age) (a) glycemia curve (b) AUC (c) glucose at basal and 15 minutes post-
gavage (d) Insulin concentrations at basal and 15 minutes post-gavage (CC-HFD vs.

CU-CH - #; CU-CH vs UU-HFD - >) (CC-Chow = 8,CC-HFD = 10, CU-Chow = 8,
CU-HFD =7, UC-Chow =9, UC-HFD = 7, UU-Chow = 8, UU-HFD = 6 mice)

Regulatory Genes of Insulin Secretion-Independent Pathways

Intestinal Fgfl5 expression is reduced in UU on HED. Incretin hormones could

contribute to the increase in insulin concentration in the oGTT compared to the ipGTT
(Figure 16 and Figure 9, respectively). Therefore, intestinal expression of genes encoding
incretin hormones were next analyzed using RT-gPCR. There were no significant

differences in expression of intestinal Gcg, the gene which yields the incretin hormone
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GLP1 (Figure 17B). Given that the bile acid-FXR-Fgf15 axis can also contribute to
postprandial metabolic responses, we assessed Fgfl5 gene expression in the intestine.
Expression of Fgf15 was significantly reduced in the UU-HFD group compared to UU-

Chow (p<0.05) while all other groups were similar on either chow or HFD (Figure 17A).

gﬁ Fgf15

Figure 17: Intestinal Fgf15 expression was reduced in UU-HFD

(a) Fgf15 expression (b) Geg expression (CC-Chow =8, CC-HFD =5, CU-Chow = 8,
CU-HFD =4, UC-Chow = 6, UC-HFD = 6, UU-Chow = 7, UU-HFD = 3 mice)

Lipogenesis regulatory gene expression was reduced in UU-HFD. Bile acid synthesis,

lipogenesis, and gluconeogenesis are primarily regulated in the liver. In the bile acid
synthesis pathway, hepatic expression of Cyp8b1 was significantly reduced in CC-HFD
compared to CC-Chow animals (p<0.01) (Figure 18A). There was no difference in
Cyp7al expression or S-klotho (Figure 18B+C). In the gluconeogenesis pathway, neither
Pepckl nor G6pc had differences in gene expression across groups or diet (Figure
18D+E). As cellular energy is also stored as lipids, hepatic lipogenesis regulatory genes

were also analyzed. Expression of Srebplc and Fasn was significantly reduced in UU-
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HFD animals compared to chow (p<0.05 and p<0.01, respectively) (Figure 18F+G).

Hepatic gene expression data suggests that UU animals may have altered adaptation to

HFD within the fatty acid pathway.
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Figure 18: Hepatic lipogenic gene expression was reduced in UU-HFD.

(a-c) Bile acid synthesis regulatory genes (a) Cyp8b1l (b) Cyp7al (c) B-Klotho (d+e)
Gluconeogenesis regulatory genes (a) Pepckl (b) G6pc (f+g) Lipogenesis regulatory
genes (f) Srebplc (g) Fasn (CC-Chow =8, CC-HFD =5, CU-Chow = 8, CU-HFD =4,
UC-Chow = 6, UC-HFD = 6, UU-Chow = 7, UU-HFD = 3 mice)
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Chapter IV.

Discussion

Implications

Many individuals in developing countries experience suboptimal nutrition during
early life but may experience transition to an urban lifestyle and Western diet during later
childhood and adult life. Such transitions have been linked to an increased risk of T2D
(Cohen, Stern, Rusecki, & Zeidler, 1988; Martins et al., 2011).

The effects of early-life catch-up growth (CUG) have been well-documented and
methods of preventing CUG have been investigated. Early-life undernutrition (UN) from
caloric restriction has been shown to prevent CUG and the associated metabolic risks (J.
C. Jimenez-Chillaron et al., 2006). Initially, postnatal UN appears to be beneficial by
protecting against diet-independent obesity and increased mortality. Postnatal UN mice
are more insulin sensitive and have decreased islet area compared to animals that
experienced CUG. Provided these postnatal UN mice remain on a normal chow diet,
there is an overall improvement in glucose metabolism.

By contrast, HFD exposure showed that the postnatal UN phenotype is not
protective against DIO or age-related increased adiposity despite maintaining a lower
body weight. There is also a detrimental effect on glucose tolerance and glucose-
stimulated insulin secretion when postnatal UN mice are exposed to chronic HFD. This
suggests that the phenotype is likely due to impaired insulin secretion rather than insulin
resistance.

Islet morphology and -cell functionality in T2D have been detailed in many

studies. As prediabetes progresses toward T2D, both B-cell function and mass decrease
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(Chen, Cohrs, Stertmann, Bozsak, & Speier, 2017). Due to paracrine effects between cell
types within the islet, modulating insulin secretion and p-cell apoptosis, the relative
number of a-cells to B-cells is important (Moede, Leibiger, & Berggren, 2020). There
was no difference in islet area, number, or composition between UN groups on either diet
implying that differences in insulin concentration are likely related to B-cell function.

Previously, studies have been done in low-protein models to observe the effect of
protein malnutrition on insulin secretion and B-cell function when switched to a HFD.
While these studies focused on adult mice rather than the prevention of early-life CUG,
they showed that there was significant B-cell dysfunction in mice that experienced
malnutrition suggesting a maladaptation to HFD (Leite et al., 2016; Mateus Gongalves et
al., 2019).

Incretin secretion in the gut also impacts insulin secretion and is overall decreased
in T2D individuals (Goke, 2008; Thomas et al., 2019; Zander et al., 2002). Prevention of
CUG did not impact the insulin response to oral glucose or gene expression for intestinal
Gcg suggesting that incretins are being produced and are stimulating insulin secretion
(Tas¢1 & Bingol, 2018).

Other pathways independent of pancreatic islet morphology also play major roles
in glucose homeostasis. Therefore, intestinal and hepatic genes were selected to broadly
observe bile acid synthesis, lipogenic, and gluconeogenesis regulatory gene expression.

Bile acid metabolism is often found to be dysregulated in T2D patients (Prawitt,
Caron, & Staels, 2011; Shapiro, Kolodziejczyk, Halstuch, & Elinav, 2018). Hepatic
Cyp7al is the rate limiting enzyme in bile acid synthesis and is repressed by B-Klotho

(Ito et al., 2005; Zhang et al., 2009). Cyp8b1 is responsible for maintaining the balance
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between cholic and chenodeoxycholic acid (Fan, Joseph, Durairaj, Parr, & Bureik, 2019).
The presence of bile acids in the intestinal lumen increases expression of intestinal
Fgf15/19 which then is secreted into the bloodstream, and inhibits bile acid production in
the liver (Kliewer & Mangelsdorf, 2015).

In this model, Cyp8b1 was decreased by HFD in the control mice but was
unchanged in postnatal UN groups or CUG animals. Fgf15 was decreased by HFD in
animals in which CUG was prevented (UU-HFD). This suggests that, while bile acid
synthesis may remain unchanged, the FXR/RXR pathway may be downregulated on HFD
when CUG is prevented.

Gluconeogenesis is the cellular process in which glucose is produced from
pyruvate. Pepckl is the rate limiting enzyme in gluconeogenesis, regulates the production
of metabolic intermediates in the TCA cycle, and causes a downstream activation and
translocation of Srebp proteins involved in lipogenesis when phosphorylated (Latorre-
Muro et al., 2018; Xu et al., 2020). G6pc codes for glucose-6-phosphatase which is
responsible for producing glucose from glucose-6-phosphate in gluconeogenesis
(Burchell & Hume, 1995). Neither Pepckl nor G6pc were significantly altered by
undernutrition indicating that gluconeogenesis is not differentially regulated at a
transcriptional level.

Dyslipidemia is found in ~50% of T2D patients which contributes to vascular
comorbidities (Mooradian, 2009; Vijayaraghavan, 2010). Fasn encodes fatty acid
synthase which initiates de novo lipogenesis and is regulated by the Srebplc transcription
factor (S. Wu & Néér, 2019). Both Fasn and Srebplc were reduced during HFD therapy

in mice without CUG. Bile acid activation of the FXR/RXR pathway has also been

53



shown to decrease Srebplc suggestion a potential link to the decrease in Fgfl15
expression in the same group (Watanabe et al., 2004).

Taken together, this data implies that maladaptation to HFD could be linked to
major metabolic pathways that are at least partially independent of insulin secretion.
While prevention of CUG with early-life caloric restriction is initially beneficial, this
reduced expression of lipogenesis and bile acid regulatory genes may be contributing to

the inability to adapt to chronic HFD.

Research Limitations

While this study characterized the postnatal UN phenotype further and began to
delve into the possible mechanistic changes created by early-life undernutrition, the
samples were taken from adult/geriatric mice with a high incidence of carcinomas and
adenomas. Cancer is associated with increased inflammation and catabolism, reduced
food intake, and alterations in many molecular pathways including glucose homeostasis
(Dang, 2012). Animals with noted hepatic carcinoma or adenomas were excluded from
the histology experiments and gRT-PCR resulting in a lower sample number. Therefore,
samples taken at a younger age would preserve the sample size and may indicate more
significant differences between groups.

Additionally, gene expression for GIP as well as levels of bile acids, GLP-1 and
GIP were not investigated in this study. Products of the incretin and bile acid pathways
need to be measured to better understand if there is a post-transcriptional decrease in

GLP-1 or GIP or bile acid regulatory proteins.
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Future Directions

While there was no difference in islet composition, 3-cell functionality may differ
between groups, resulting in the decreased insulin concentrations. Measuring insulin after
glucose stimulation of isolated islets from all 8 groups could be used to investigate B-cell
functionality. In addition to insulin secretion, impaired glucose sensing may be
contributing. Therefore, expression of GLUT-2 transporters and downstream signaling
proteins could be informative. Additionally, postnatal UN animals had similar insulin
secretion during an oGTT compared to controls on both chow and HFD indicating that
intestinal factors stimulated insulin secretion. Thus, incretin-stimulated insulin secretion
from isolated islets or in vivo should also be measured to investigate incretin sensitivity.

In this study, transcriptional differences were implicated but protein expression
and post-translational alterations were not examined. While there were no statistical
differences in bile acid synthesis and FGF15/19 regulatory gene expression, there was a
consistent profile in gene expression across the groups and there may be a biologically
significant difference in the functional products of these genes. To investigate if
differences in circulating factors, western blotting should be done for enzymes and
protein products of gluconeogenesis, lipolysis, and bile acid synthesis pathways in the
liver. Circulating bile acids and incretins should also be measured to investigate if there is
a difference in response to oral glucose.

It has also been shown that inhibition of Srebplc leads to decreased triglyceride
and very low-density lipoproteins (VLDLS) in cell culture (Deng et al., 2014). Therefore,
further exploration into triglyceride packaging pathways would give insight into lipid

metabolism in these mice.
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Conclusions
The purpose of this study was to investigate potential mediators responsible for the
maladaptation to HFD of mice that experienced undernutrition in early life. Pancreatic
islet morphology and composition was unchanged on HFD. However, there were
significantly higher islet area and number on chow in animals that experienced CUG
compared to those with postnatal UN. Despite similar islet size, count, and composition

on HFD, postnatal UN animals still produced significantly less insulin.

Gut-intrinsic factors have an impact on insulin in these animals as insulin secretion in
response to oral glucose was similar regardless of treatment. Regulatory genes in the
lipogenesis and bile acid synthesis pathways were significantly altered by HFD in
postnatal UN animals. Overall, this study showed that lipogenesis and bile acid synthesis

regulation and insulin secretion are impaired in undernutrition mice on HFD.
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Appendix 1.

Preliminary Data Statistics

Supplementary Table 1: Statistics of Chow Body Weight
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Statistics of chow body weight from birth to 80 weeks of age. (* p<0.05, **p<0.01,
***p<0.001, **** p<0.0001)
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Supplementary Table 2: Statistics of HFD Body Weight
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Supplementary Table 2: Statistics of HFD Body Weight (Continued)
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Statistics of body weight in HFD-fed animals from 0-62 weeks of HFD. (* p<0.05,

**p<0.01, ***p<0.001, **** p<0.0001)
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Supplementary Table 3: Statistics of Chow Controls During HFD
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Supplementary Table 3: Statistics of Chow Controls During HFD (Continued)

Weeks of
HFD

CC-Chow
vs. CU-
Chow

CC-Chow
vs. UC-
Chow

CC-Chow
vs. UU-
Chow

CU-Chow
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Chow

36

**

37

38

39

40

42

*k*k

43

**

*khkk

*k*k

44

45

46

47

**

48

**

49

50

51

52

53

54

55

56

57

58

59

60

Body weight statistics of Chow animals after HFD was started. (* p<0.05, **p<0.01,
***n<0.001, **** p<0.0001)
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Appendix 2.

Supplementary Figures
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Supplementary Figure 1: Raw Weight of Fat Depots
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Supplementary Figure 2: Islet Area Distribution
(a) CC-Chow vs CC-HFD (b) CU-Chow vs CU-HFD (c) UC-Chow vs UC-HFD (d) UU-

Chow vs UU-HFD (CC-Chow = 8, CC-HFD =5, CU-Chow = 8, CU-HFD =4, UC-
Chow = 6, UC-HFD = 6, UU-Chow = 7, UU-HFD = 3)

69



Supplementary Figure 3: Representative Sections of H&E Slides
Representative sections of full slide scans of H&E stained pancreas at 40X (scale bar is

2.5mm). Examples of islets are indicated with arrows. (a) CC-Chow (b) CC-HFD (c) CU-
Chow (d) CU-HFD (e) UC-Chow (f) UC-HFD (g) UU-Chow (h) UU-HFD
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Supplementary Figure 4: Representative IF Stain of Pancreatic Islets in Chow

Representative pictures of o..f-cell ratio in chow animals. First row: CC-Chow. Second
row: CU-Chow. Third row: UC-Chow. Fourth row: UU-Chow. First column: stain for
insulin (green). Second row: stain for glucagon (red). Third row: merge. Cell nuclei
stained with Dapi (blue).
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Supplementary Figure 5: Representative IF Stain of Pancreatic Islets in HFD

Representative pictures of o..f-cell ratio in chow animals. First row: CC-HFD. Second
row: CU-HFD. Third row: UC-HFD. Fourth row: UU-HFD. First column: stain for
insulin (green). Second row: stain for glucagon (red). Third row: merge of insulin and
glucagon. Cell nuclei stained with DAPI (blue).



