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Abstract
The rate of obesity increased dramatically over the course of the last half century. In the United
States, non-Hispanic black women have experienced a particularly high risk to develop obesity.
The consequences of the epidemic for public health are both direct, like the increased prevalence
of obstructive sleep apnea, and indirect, like the increased prevalence of diabetes and cancer.
Combined, obesity significantly elevates mortality risk. To reverse these risks, bariatric surgeries
like sleeve gastrectomy (SG), have been effective in yielding long-term weight loss alongside
substantially improved metabolic health. Yet, the specific mechanisms and specific organs that
contribute to improvements in metabolic health after post-surgery are not yet clear. Nor are the
changes that stall or eventually reverse the weight loss and metabolic improvements. We have
evidence that there are alterations in insulin responsiveness in subcutaneous adipose tissue at two
weeks post-surgery. Therefore, we became interested in creating a more detailed picture of
subcutaneous adipose tissue metabolic alterations shortly after SG. We enrolled ten women who
were scheduled for SG surgery following informed written consent. Despite not having diabetes,
subjects did have substantial reductions in fasting serum glucose, fasting insulin, and systemic
insulin sensitivity at twelve weeks following surgery. Subjects consumed roughly one-fourth of
the baseline calories per day. We show upregulation of hDBP expression in parallel with several
other elements of adipose tissue circadian clock in association with caloric restriction.
Upregulation of hNPAS2, appeared to be associated additionally with changes to systemic insulin
sensitivity. We showed phase delay of insulin signaling genes (INSR, IRS1, PIK3.CA) and lipid
regulatory gene INSIG2. Further, we showed down regulation in adipokine genes (LEPTIN,
ADIPOQ) and lipolysis gene (ATGL), and upregulation of master transcription factor genes

(SREBP1 and PGCla) and insulin pathway genes (INSR, IRS1, GLUT4, SOCS3). A majority of



the changes could be explained by caloric restriction with expected declines in fasting insulin and
systemic insulin sensitivity. Surgery did not associate with change to INSIG2, but caloric
restriction and associated upregulated lipolysis were associated. These changes that: 1) the adipose
peripheral clock is not phase shifted but its expression is accentuated, 2) adipose tissue metabolic
genes are phase delayed and their expression reflects both fasting and improved insulin sensitivity,
and 3) the changes in gene expression are tightly associated with the metabolic improvements seen
in systemic metabolism. Future experiments are needed to evaluate the degree of interaction

between adipose tissue metabolism and circadian clock function after sleeve gastrectomy surgery.



Chapter 1: Introduction
Overview of Obesity and Metabolic Syndrome

Obesity is a medical condition that has been defined by having an abnormally high weight
to height ratio called body mass index (BMI [kg/m?]). The traditional cut-off point for Class |
obesity is a BMI of above 30. The epidemic of obesity has continued to grow despite global
initiatives to curb and reverse the prevalence of obesity. At the time of the first national survey of
health in the US which was reported over the years 1960-1962, the self-reported rate of obesity in
adults (> 20 years) was only 13.3%. (Craig M. Hales Feb 2020) Yet, in the early part of the last
decade there was a period where the rate of obesity and severe obesity plateaued at around one-
third of US adults (35.7% [2009-2010] and 34.9% [2011-2012]) and around one-in-sixteen adults
(6.3% and 6.4%). (Flegal et al. 2012, Ogden et al. 2014) It was considered an encouraging sign
because the increase in obesity year-over-year was reduced to an apparent net-zero change. As a
result, the CDC Department of Health and Human Services announced a set of initiatives called
Healthy People 2020, which included the goal to further lower the rate of development of obesity
into a net negative to lower the rate of obesity by 4% to 30.5% of US adults. Instead, the most
recent report published by the CDC over the years 2017-2018, reported that the rate of obesity had
risen markedly to 42.4% of adults. (Craig M. Hales Feb 2020) And, as has been reported
previously, the epidemic is substantially less prevalence for Non-Hispanic Asian (NHA)
individuals (17.4% overall) while Non-Hispanic black women (NHBW) exhibit a markedly
disproportionate level of risk to have obesity (56.9%). Further, the disproportionate risks for NHA
individuals and NHBW are also reflected in rates of severe obesity compared with the total US
population (2.0% [NHA], 13.8% [NHBW], and 9.2% [Total]). Yet, a more troubling sign was that

the groups that were associated with the increase in the rate of obesity were non-Hispanic white



individuals (NHW) (34.5% [2011-2014], 42.2% [2017-2018]) and NHA individuals (11.7%
[2011-2014], 17.4% [2017-2018]), which were both disproportionately less likely to have obesity
in the prior reports. As of now, US adults of all races have been associated with increasing rates
of obesity. In a few additional decades, obesity has become a medically-relevant health problem

for everyone.

The health consequences of obesity extend far beyond the mechanical problems associated
with excess weight. Obesity is also associated with increased metabolic stress and endocrine
disruption. While each effect is relatively minor in a short-term scope, the cumulative effect of the
annual direct and indirect economic costs of obesity rose from $78.5 billion in 1998 to an estimated
$147 billion in 2008. In 2008, that would have reflected 21% of all healthcare expenditures.
(Finkelstein et al. 2009, Trogdon et al. 2008)

The indirect effects of obesity are typically attributed to low grade inflammation associated
with increased metabolic stress. (Monteiro and Azevedo 2010, Herder et al. 2007) Two common
presentations of the early metabolic dysfunction associated with obesity are hyperglycemia and
dyslipidemia. Hyperglycemia is defined as chronic high blood sugar and is the result of insufficient
ability of insulin to mediate glucose removal from the blood stream. This condition can be the
result of insufficient insulin production or insufficient insulin action (insulin resistance). Type Il
diabetes mellitus (T2DM) is the combination of these factors such that there is a lack of
compensatory hyperinsulinemia to compensate for the whole-body insulin resistance. (ADA 2010)
The associated risk for T2DM increases at higher classes of obesity. For Class | Obesity (BMI:
30-35) and Class 11 Obesity (35-40), the risk is 2.5 times and 3.5 times higher than healthy weight
individuals. (Ganz et al. 2014) Dyslipidemia is a broad medical term referring to abnormally high

levels of non-HDL lipoproteins (hyperlipidemia) or high amounts of free fatty acids. (Smith 2010)



Typically, dyslipidemia results from dysfunction of adipose tissue and liver lipid metabolism.
(Ebbert and Jensen 2013) The consequences of dyslipidemia can initially be atherosclerosis,
hypertension, and insulin resistance. Later complications of dyslipidemia can be non-alcoholic
fatty liver disease and heart disease. (Singhal 2005, Wolk, Shamsuzzaman Abu and Somers
Virend 2003, Miller and Cappuccio 2007)

Two significant direct consequences of obesity are obstructive sleep apnea and
osteoarthritis. Obstructive sleep apnea (OSA) is the partial or complete cessation of breathing
during periods of the night due to collapse of the upper airway. Major risk factors for the
development of obstructive sleep apnea (OSA) are increased tissue surrounding the airway of the
neck and chest. These changes are thought to increase the collapsibility of the upper airway and
lead to a decrease of chest compliance, respectively. (Schwab et al. 2003, Shelton et al. 1993,
Naimark and Cherniack 1960) Individuals with obesity are at nearly twice the risk of developing
OSA. (Romero-Corral et al. 2010) Furthermore, the severity of OSA is able to be modulated by
weight loss or gain in individuals with mild OSA. (Peppard et al. 2000) Osteoarthritis is a
degenerative bone and joint disorder that is characterized by notable pain and significant loss of
mobility. (King, March and Anandacoomarasamy 2013) Individuals with obesity have been
reported to be at least twice the risk for developing osteoarthritis. (Blagojevic et al. 2010, Coggon
et al. 2001)

The last category of obesity complications that are commonly addressed is risk of cancer.
The mechanisms underlying the development of certain cancers involves more complicated
descriptions of paracrine and endocrine dysfunctions arising from similar indirect perturbations of
organ health. Nevertheless, there is strong evidence for obesity increasing the risk for several

cancers including: endometrial, colorectal, breast, prostate, renal, and adenocarcinoma. (Pischon



and Nimptsch 2016, Avgerinos et al. 2019, De Pergola and Silvestris 2013) When all of these risks
are pooled together, all-cause mortality is elevated by 29% for Class 1l (BMI > 35) and Class Il
(BMI > 40) obesity. (Flegal et al. 2013)

Overview of Metabolic Interventions

The essential challenge of combatting the obesity epidemic is that strategies to lead notable
weight loss are difficult. While the strategies themselves are cheap, the level of observation
required to support individuals undergoing the weight loss quickly become expensive. Traditional
lifestyle modification of diet and exercise have been able to result in significant weight loss and
improvements in metabolic health. (Crowe et al. 2015, Wadden, Butryn and Wilson 2007)
However, long-term weight loss remains difficult to maintain. (Weiss et al. 2007, Unick et al.
2013, van Baak and Mariman 2019, Crowe et al. 2015, Wadden et al. 2007) As a result, the weight
loss achieved through traditional diet and exercise intervention have not been effective enough to

decrease the prevalence of obesity.

Yet, dramatic long-term improvements have been achieved in weight loss, overt measures
of metabolic health, and the reduction of risk factors through bariatric surgeries including vertical
sleeve gastrectomy (SG). Impressively, these effects have been shown to occur beyond the
expectation by weight loss alone. (Chambers et al. 2011, Longo 2014) Bariatric surgeries have
usually been described as a combination of two types of surgical modifications of the digestive
tract: 1) restrictive, 2) intestinal bypass. Recently, each of the surgeries has been transitioned to a
laparoscopic methodology to reduce the degree of healing following surgery, especially healing
under hospital observation. Restrictive surgeries that have been widely performed have been:
gastric banding to restrict the distention of the stomach, and SG to surgically remove the greater

distensible portion of the stomach. Operations that involve intestinal bypass include the



gastrectomy operation, but also include an intestinal rearrangement to decrease the length of

intestinal transit for food as well as the surface area of nutrient absorption.

A meta-analysis covering the results of over twelve thousand patients identified that SG
led to excess weight loss of 43.9% at 12 months, 64.3% at 24 months, and 66.0% at 36 months.
(Fischer et al. 2012) However, the mean excess weight loss at 12 months achieved via SG (56.1%)
less than that achieved by Roux-en-Y gastric bypass (RYGB) (68.3%) in studies with direct
comparisons. (Fischer et al. 2012) Studies have indicated that the more extreme the bypass, the
more effective the degree of weight loss achieved. (Prachand, DaVee and Alverdy 2006) However,
the rate of T2DM remission is has not been consistently different. At 36 months following surgery
one study reported 80.9% remission for SG and 81.2 for RYGB. (Abbatini et al. 2010) A meta-
analysis of 732 patients showed a trend for earlier remission in RYGB without a change at 12
months, 36 months, or 60 months post-surgery. (Osland et al. 2017) Using data (N = 11863) from
the Scandinavian Obesity Surgery Register, bariatric surgery patients with pharmacologically-
treated hypertension were able to reduce the risk for major adverse cardiovascular events by 27%
and reduce risk of stroke by 48% compared to matched non-operated control subjects (N = 26,199).
(Stenberg et al. 2020) Further, the rate of dyslipidemia has been shown to be decreased in
prevalence at 2, 6, and 12 years post-surgery. (Adams et al. 2017) The total rate of new cancers
reported 10-year follow-up examinations after bariatric surgery is significantly lower than non-
surgery obese control group. (Sjostrom et al. 2009) The net result of the metabolic health
improvements from bariatric surgery led to a 40% reduction in all-cause mortality in US patients

relative to the general population with severe obesity. (Adams et al. 2007)

There are some humoral changes that have been observed in the gut. In the hindgut, GLP1

and PYY have been shown to be substantially elevated. (Peterli et al. 2012) GLP1 is a hormone



called an incretin that increases the secretion of insulin from the pancreas after caloric intake.
Contrary to expectations, the effect of GLP1 to improve insulin secretion has not been clearly
evident. (Hutch and Sandoval 2017) PYY is classified as an appetite suppressing peptide. The
increase in post-prandial PYY secretion has been shown to be important for post-surgery
maintenance of satiety. (Mans et al. 2015, Chan et al. 2006) In the foregut, total ghrelin levels have
been shown to be decreased long-term in SG and for the first year before restoration of baseline
levels in bariatric surgeries involving intestinal bypass. (Peterli et al. 2012, Steinert et al. 2013)
The role of ghrelin is usually considered as setting a baseline level of appetite through interaction
with agouti-related peptide secreting neurons in the arcuate nucleus of the hypothalamus. (Chen et

al. 2017)

The distinction on the degree of weight loss, leads to the distinction in the risks of
nutritional deficiencies. Across all bariatric surgeries, the most common nutritional deficiencies
are to iron and copper, folate and zinc, calcium and vitamin D, and vitamin B12. (Mahawar et al.
2017, John and Hoegerl 2009, Stroh, Manger and Benedix 2017, Emile and Elfeki 2017)
Deficiencies may be worsened in gastric bypass operations as compared to restrictive procedures
due to decreased intestinal surface area. (Kwon et al. 2014, Mahawar et al. 2017) However, a few
other contributing factors partially explain the deficiencies: 1) chronic intolerance to meats, fish
and grains, 2) reduced gastric hydrochloric acid production, and 3) dumping syndrome. (Ramadan
et al. 2016, Sturniolo et al. 1991) Most individuals experience at least a period of increased
gastrointestinal reflux which is worsened by consumption of foods that require more exhaustive
digestion, such as: meats, fish, and grains. Moreover, there is an increased rate of partially digested
food leaking into the intestines from the stomach pouch (dumping syndrome). Lastly, decreased

stomach acid slows the rate of nutrient liberation and is strongly associated with gastritis.



One unexpected risk from bariatric surgery was the risk of suicidality and self-harm. In the
prospective SOS study, the pooled hazard ratio of suicide and non-fatal self-harm (mean
observation period of 14 years) was 3.48 for gastric bypass and 2.25 for SG compared to patients
undergoing non-surgical obesity treatment. (Neovius et al. 2018) The differences were not
explained by degree of weight loss achieved. (Spittal and Friihbeck 2018) A similar meta-analysis
was conducted on MEDLINE and Embase databases across 148,643 bariatric subjects compared
to age, sex, and BMI-matched control subjects and found the odds ratio of suicide and self-harm

was 1.90.

Despite the nutritional and psychological risks, there is still consensus that the benefits
outweigh the risks. Even so, there is substantial incentive to isolate the mechanisms leading to the

benefits of these surgeries such that they can be replicated in a less invasive manner.

Overview on Role of Adipose Tissue in Metabolism

Adipose tissue has been defined in the past purely by the presence of adipocytes, which
were thought to be most important for their role for energy storage. (Coelho, Oliveira and
Fernandes 2013) However, over time there was been gradual understanding that adipose tissue is
complex in terms of differences in cellular composition and increasingly complex in terms of the
systemic effects of hormone secretions. (Kershaw and Flier 2004, Choe et al. 2016) Adipocytes
are the largest portion of the volume of adipose tissue. (Leonhardt, Hanefeld and Haller 1978) Yet,
the composition of vasculature, immune cells, dermal cells, and progenitor cells can vary
considerably. (Martyniak and Masternak 2017) The differences are extremely important for the
function of adipose tissue. The stark differences are reflected in distinctions between depots,
between visceral and subcutaneous fat, and from adipose tissue within tumor microenvironments.

(Quail and Dannenberg 2019)



An early understanding of the role of adipose tissue has been the endocrine secretion of
adipokines. Two highly studied adipokines have been leptin and adiponectin. The role of leptin is
primarily through its counter-regulatory role to ghrelin on neurons within the arcuate nucleus.
Leptin acts on POMC neurons to activate melanocortin-4 receptors which leads to increased
satiety. (Varela and Horvath 2012) Leptin is synthesized in response to insulin action, and is
secreted in proportion to glucose uptake into adipose tissue. (Denroche, Huynh and Kieffer 2012)
Both of these factors contribute to the increase in serum leptin in obesity. (Izquierdo et al. 2019)
Adiponectin activity is exerted primarily through up-regulation of the activity of AMPK, which
acts similarly to the effects of insulin. (Fiaschi 2019) Further, the AMPK-SIRT1-PGCla axis is a
key mechanism whereby adiponectin specifically feeds back to improve insulin sensitivity. (Iwabu

et al. 2010)

As the study of adipose tissue has evolved there has been a breakdown of the relevant types
of metabolism. Adipose tissue is effective at both the synthesis and conversion of steroid
hormones. However, follow-up studies have usually confined this role to a paracrine effect.
(Hetemaéki et al. 2017, Rubinow 2018) Nevertheless, estrone synthesis in post-menopausal women
does appear to be a relevant endocrine effect. (Heteméki et al. 2017, Barakat et al. 2016) Plus, the
proximity of adipose tissue depots to organs across the body still suggests that the paracrine effects
of adipose tissue may be highly relevant. (Park, Euhus and Scherer 2011) Still, the most profound
role of adipose tissue is derived from the role of energy storage. In parallel with the liver, adipose
tissue is responsible for the management of whole-body lipid metabolism. (Rui 2014, Frayn, Arner
and Yki-Jarvinen 2006) Therefore, discussion of adipose tissue is discussed in terms of: the
promotion of the number of adipocytes (adipogenesis), the rate of lipid de novo synthesis in

adipose tissue (lipogenesis), fatty acid uptake from the blood, the lipids released from adipose

10



tissue (lipolysis), and to a lesser degree the energetic expenditure of adipose tissue

(thermogenesis). (Hertzel et al. 2008)

The regulation of adipogenesis has been well-described. Adipocyte progenitor cells are
committed to an adipocyte lineage by the concurrent upregulation of a few CCAAT/enhancer-
binding protein (C/EBP) family proteins. The early up-regulation leads to the up-regulation of
PPARYy and C/EBPa. Following which there is a series of positive feedback loops leading to cell

differentiation. (Rosen and Spiegelman 2006, Park et al. 2012)

Lipogenesis and fatty acid uptake comprise a major role of adipose tissue in systemic lipid
accumulation. The master transcriptional regulator of lipogenesis is SREBP1 in adipose tissue.
(Shimano and Sato 2017) In the endosomal membrane SREBP1 is protected from cleavage and
therefore activation by interaction with INSIG2. (DeBose-Boyd and Ye 2018) Under conditions
of elevated insulin action INSIG2 will be ubiquitinated and degraded, which allows for SREBP1
to become activated. (Matsuda et al. 2001) Among the gene target of SREBPL1 is fatty acid synthase
(FASN), which is a key protein in the synthesis of long-chain fatty acids from acetyl-CoA
precursors. (Horton, Goldstein and Brown 2002) Fatty acid uptake is initially driven by lipoprotein
lipase (LPL), which breaks down the triglycerides in lipoproteins, such that fatty acid uptake can
be mediated by the scavenger receptor CD36 (FAT) acting in concert with acyl CoA synthetases
(FATP1 and ACSL1) and endocytic vesicle formation via calveolin-1. (Goldberg, Eckel and

Abumrad 2009, Wu et al. 2006, Lobo and Bernlohr 2007)

Lipolysis is the converse mechanism in adipose tissue to lipogenesis, that leads to the
liberation of long-chain fatty acids and glycerol secretion into the blood. There are additional
mechanisms that are responsible for the secretion of shorter chain fatty acids and keto bodies from

adipose tissue that participate in paracrine signaling. (Miyamoto et al. 2019) Under conditions of

11



low energetic balance in the adipocyte, high sympathetic nervous system signaling, perilipin
proteins become phosphorylated allowing for the exposure of the lipid droplet to intracellular
lipases. (Sztalryd and Brasaemle 2017, Bartness et al. 2014) Important lipases in adipocytes are
adipose triglyceride lipase (ATGL) and hormone sensitive lipase (HSL) that catalyze the
triglyceride-to-diglyceride and diglyceride-to-monoglyceride steps in lipolysis, respectively.
Monoacylglycerol lipase (MAGL) is considered to catalyze the last step in lipolysis to release the
final fatty acid ester from the glycerol backbone. (Thomas Svava et al. 2014, Park 2014) Protein
kinase A (PKA) appears to be a consensus activator of the process of lipolysis through targeted
phosphorylation. Insulin activity mediates a reduction in the activation of PKA. (Duncan et al.

2007)

Adipose tissue thermogenesis in humans is less well-defined in white adipose tissue. At
present there appears to be two mechanism of adipose tissue thermogenesis that have been
described. Both mechanisms appear to putatively be under the control of the transcriptional co-
regulator PR domain containing 16 (PRDM16) in coordination with PPARY coactivator la
(PGCla). (Inagaki, Sakai and Kajimura 2016) The first mechanism is described currently as the
induction of brown-like adipocytes, which are classified as beige adipocytes. These cells
phenotypically appear to be brown adipocytes by exhibiting multiple smaller lipid droplets and
high expression of uncoupling protein 1 (UCP1), but are not of the Myf5* cell lineage. (Shan et al.
2013, Ikeda, Maretich and Kajimura 2018) The second mechanism is through sarco/endoplasmic
reticulum Ca?*-ATPase 2B (SERCA2B) mediated calcium cycling in coordination with ryanodine
receptor. (Mottillo, Ramseyer and Granneman 2018) These mechanisms produce heat through

release of the mitochondrial protein gradient or the endoplasmic reticulum calcium gradient.

12



Respectively, they enable adipose tissue to respond to a cold challenge or as calorie clearance to

prevent metabolic dysfunction. (Wu et al. 2020, Kang et al. 2016)

The other major role of adipose tissue endocrine function has been the identification
cytokine secretion from adipose tissue. A few cytokines receive notable attention: tumor necrosis
factor alpha (TNFa), monocyte chemoattractant protein 1 (MCP1), interleukin 6 (IL6), and

plasminogen activator inhibitor 1 (PAI-1). (Coppack 2001, Makki, Froguel and Wolowczuk 2013)

Immune cells that comprise adipose tissue typically are discussed along three distinct
lineages: 1) macrophages and monocytes, 2) T-helper cells and T-regulatory cells, and 3) innate
lymphoid cells. Adipose tissue resident macrophages can be grouped by polarization: 1) classically
activated (M1), alternatively activated (M2), or more recently 3) metabolically activated (MMe).
A high ratio of M1 macrophages is described as inflammatory, and lead to high levels of secretion
of adipose tissue cytokines like TNFa, IL6, and MCP-1. (Atri, Guerfali and Laouini 2018) The
cytokines promote impaired insulin sensitivity and high metabolic stress in the adipose tissue and
systemically. (Castoldi et al. 2015) Conversely, a high level of M2 macrophages leads to high 1L10
secretion, and generally participates in tissue repair and maintenance of insulin sensitivity.
Additionally, the scavenging function is thought to be important in buffering the variance in the
size of adipocytes within the greater tissue architecture while limiting the degree of lipids that
escape the adipose tissue microenvironment. (Flaherty et al. 2019) A high proportion of MMe
macrophages is less inflammatory than M1 macrophages, but still leads to the increased secretion
of inflammatory cytokine including IL6. MMe polarization is the result of excessive scavenging
of fatty acids including palmitate from the extracellular fluid in adipose tissue. (Tiwari et al. 2019,
Coats et al. 2017) In obesity, the predominate macrophage population may be MMe macrophages

which slow the rate of systemic lipotoxicity, but also induce progressive fibrosis by initiating
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apoptosis of excessively large adipocytes. (Coats et al. 2017, Muir et al. 2017) Further, a reduction
in the ratio of anti-inflammatory T-regulatory cells relative to inflammatory T-helper has been
observed as a precursor to increased infiltration of macrophages and macrophage polarization
away from M2 polarization. (Nishimura et al. 2009, Feuerer et al. 2009, Wu et al. 2007) Lastly, a
Group 1 innate lymphoid cells are shown to accumulate within adipose tissue in proportion to
worsening metabolic health and lead to adipose tissue fibrosis. Further, specific attenuation of
these cells in adipose tissue leads to attenuation of adipose tissue fibrosis while simultaneously

improving systemic glucose tolerance. (Wang et al. 2019, O'Sullivan et al. 2016)

Insulin Signaling and Intersection with Adipose Tissue

The signaling pathway linking insulin to the downstream effects of associated with insulin
is predominately through phosphorylation of Akt2. The pathway starts as insulin receptors binding
to insulin at the cell membrane. Bound insulin leads to the homodimerization of the insulin
receptors and subsequent tyrosine phosphorylation of the alpha-subunits of the receptors. These
sites allow docking for proteins like IRS proteins (namely IRS1), which are subsequently able to
be phosphorylated and activated. Activated IRS1 binds to the regulatory subunits of PI3K, leading
to the activation of the catalytic subunits of PI3K. PI3K catalytic subunits are able to phosphorylate
PIP2 into PIPs and activate mTOR complex 2 (MTORC?2). PIPs is able to dock PDK-1 and lead to
the phosphorylation of AKT at Thr-308. mTORC?2 is associated with phosphorylation of Ser473
on Akt2. Modulation of insulin action can be accomplished by SOCS3 to cap docking sites on

INSR, which prevents binding by other proteins. (Saltiel and Pessin 2002)

The downstream effects of insulin can be broadly broken down into: glucose uptake,
glycogen metabolism, protein synthesis, and cell survival. GLUT4 is highly associated with

insulin-mediated glucose uptake through passive glucose uptake after insulin-mediated
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translocation of GLUT4-containing endosomal vesicles to the plasma membrane. (Lizcano and
Alessi 2002) The largest share of glucose uptake is typically associated with skeletal muscle and
the brain. Yet, adipose tissue glucose uptake is integral for regulation of adipokine secretion and
is necessary for de novo lipogenesis.(Rosen and Spiegelman 2006) Glycogen regulation by insulin
is predominately via the inhibition of glycogen synthase kinase 3 (GSK3p). Inhibition of GSK3f
prevents the inactivation of glycogen synthase, and allows accumulation of glycogen. (Lizcano
and Alessi 2002) The liver and skeletal muscles are the major site of glycogen synthesis, but the
fasting-refeeding-driven excess glycogen accumulation in adipose tissue allows short-term storage
of glucose as glycogen for eventual conversion via lipogenesis. (Carmean et al. 2013) Mechanisms
linking insulin to regulation of cell survival and protein synthesis are more diffuse and complex.
A few defined mechanisms that encourage cells towards energy storage, cell survival, and cell
growth are: 1) the activation of the MAPK cascade, activation of mTOR complex 1 (mMTORC1),
and the nuclear exclusion of Foxol by phosphorylation. (Asada et al. 2007) In adipose tissue, there
is an additional role of insulin to decrease lipolysis through mTORC1 downregulation of ATGL
by Egr and Akt2-mediated inactivation of HSL by phosphorylation. (Mendoza, Er and Blenis
2011, Chakrabarti et al. 2013) Further, nuclear exclusion of Foxol in hepatocytes inhibits
gluconeogenesis by decreasing expression of the key gluconeogenesis genes:

phosphoenolpyruvate carboxykinase and glucose-6-phosphatase. (Barthel and Schmoll 2003)

Termination of the insulin signaling cascade is primarily through endosomal trafficking,
degradation, and phosphatase activity. Following ligand-mediated activation of INSR, a prominent
step in signal termination is the onset of an INSR refractory period through endocytosis. Within
an early endosome, intracellular signaling is prevented due to spatial isolation of INSR from the

other signaling components. (Lizcano and Alessi 2002) INSR can be trafficked back to the
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membrane surface after dephosphorylation of the phospho-tyrosine docking domains, digested, or
translocated to the nucleus. (Wu, Zhu and Robertson 2012) Under normal conditions there is a
small fraction of constitutive internalization (ligand-independent receptor internalization) and a
small fraction of receptor degradation after internalization. (Chen et al. 2019) mTORC1 serine
phosphorylation of IRS1 is major mechanism by which IRS1 can be depleted through protein
degradation. (Wang, Nishina and Naggert) A few phosphatases are important to terminate insulin
signaling. Phosphatase and tensin homolog (PTEN) acts to inactivate IRS1 by dephosphorylation
and spatially isolates Akt2 by degradation of PIP3 into PIP>. (Lazar and Saltiel 2006) Further, PH
domain Leucine-rich protein phosphatase (PHLPP) and protein phosphatase 2A (PP2A) are

involved inactivation of Akt2 by removal of phosphorylation. (Newton and Trotman 2014)

The onset of insulin-resistance in adipose tissue has a few effects that contribute to
systemic insulin resistance and dyslipidemia. In response to chronically elevated insulin levels,
there is a trend to degrade more INSR. (Chen et al. 2019) Chronic insulin action also leads to
gradual decrease in the protein levels of IRS1, which plays a large role in maintaining insulin
resistance. (Wang et al. 2009) As a result, lipolysis and efflux of FFA is elevated. (Morigny et al.
2016) Eventually, the liver is unable to regulate the lipoprotein system to compensate for increased
serum fatty acids. Ectopic deposition of lipids into the liver and skeletal muscle contributes to the
systemic insulin resistance. (Angelini et al. 2019) Lipotoxicity in organs like the pancreas may

contribute to the development of diabetes. (Ye, Onodera and Scherer 2019)

Sleep and Biological Rhythms in Metabolic Health

It is important to note that as the incidence of obesity rose, there was a concurrent rise in
voluntary sleep restriction resulting in chronic sleep deprivation and poor sleep quality. Most

recent epidemiologic statistics indicate that 35.3% of adults are sleeping less than seven hours per
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day. It is notable that the most affected group is African-American women, of which 48.3% are
sleeping less than seven hours per night. (Wheaton et al. 2011, Nunes et al. 2008, Bonnet and
Arand 2005) From a hormonal perspective, sleep restriction of varying degrees has been
consistently connected to increases in serum ghrelin and decreases in serum leptin. (Magee et al.
2009, Spiegel et al. 2004, Taheri et al. 2004) Additionally, from a chronic sleep loss perspective
there have been alterations in norepinephrine, orexin, and cortisol rhythms which are indicative of
loss of sleep/wake rhythms.(Kumari et al. 2009, Leproult et al. 1997, Sakurai 2007, Carter et al.
2009) Importantly, sleep restriction has been shown to have a deleterious effect on global insulin
sensitivity; these changes are independent of BMI and insomnia. (Gottlieb et al. 2005, Spiegel et

al. 2005)

There are well-known connections of sleep and circadian misalignments to metabolic
impairment and obesity. (Knutson et al. 2007, Van Cauter et al. 2008, Hatori et al. 2012, Longo
and Panda 2016) Total acute sleep restriction has been shown to decrease the leptin-to-ghrelin
ratio, which associated with increased subjective hunger ratings. (SCHMID et al. 2008) Partial
sleep restriction (8 days, 4h/night) has been shown to lead to reductions in glucose disposal and
acute insulin release as measured by a frequently-sampled intravenous-glucose tolerance test.
(Donga et al. 2010) Low average sleep duration and interrupted sleep in lean healthy individuals
has been connected to decreases in leptin release, increased BMI, and increased risk of diabetes.
(Taheri et al. 2004, Shan et al. 2015) Further, temporal alignment of eating with circadian rhythms
through time-restricted feeding has been shown to result in resistance to the development of
metabolic disease independent of caloric intake and especially under metabolic stresses like high

fat diets. (Rothschild et al. 2014)
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Overview of the Circadian Clock

The circadian clock is a 24-hr pacemaker that instills a temporal organization to energy-
intensive metabolic processes. (Lamia, Storch and Weitz 2008, Nikolaeva et al. 2012, Zvonic et
al. 2006) The baseline of these rhythms is set for all molecular clocks by the central clock in the
suprachiasmatic nucleus, which is entrained to a few key signals like light. (Czeisler et al. 19993,
Berson, Dunn and Takao 2002, Radziuk 2013) Yet, the circadian clock is a cell autonomous
molecular apparatus found in each cell of major peripheral organs. (Panda, Hogenesch and Kay
2002, Nikolaeva et al. 2012, Zvonic et al. 2006) This design allows for centralized control, which
is decoded by the organ-specific clocks, called peripheral clocks, to affect organ-specific metabolic
functions. Further, humoral signals act on specific clock components of the peripheral clocks or
central clock to facilitate any necessary adjustments. (Panda et al. 2002, Dvornyk, Vinogradova
and Nevo 2003, Ouyang et al. 1998, Spoelstra et al. 2016, Dodd et al. 2005) The adjustments allow
for gradual realignment in response to acute time zone shifts and progressive changes like seasonal
variations in daylight. The exceptional efficiency of the temporal design has allowed conservation
of a circadian apparatus from organisms as simple as algae to a remarkably similarly functioning
clock in plants, fruit flies, mice, and humans. (Pittendrigh 1954, Lam et al. 2018, Kaczmarek,

Thompson and Holscher 2017, Cui et al. 2013, Brown, Kowalska and Dallmann 2012)

The human circadian clock is composed of a core transcription-translation loop and a few
accessory transcriptional loops. The core transcriptional loop consists of the positive limb protein
dimers which drive gene expression of the negative limb genes at E-box promoter regions. The
negative limb protein dimers are responsible for inhibiting the transcriptional activity of the
positive limb while also stabilizing the accumulation of the positive limb elements. The positive

limb is driven by Brain and Muscle ARNT-Like 1 (BMAL1) dimerized to either Circadian

18



Locomotor Output Cycles Protein Kaput (CLOCK) or Neuronal PAS Domain Protein 2 (NPAS2).
(Jin et al. 1999, Gekakis et al. 1998, DeBruyne et al. 2006, Debruyne 2008) The negative limb is
composed of a protein dimer between period genes (PER1, PER2, PER3) and cryptochrome genes
(CRY1, CRY2). (Shearman et al. 2000, Vitaterna et al. 1999, Van Der Horst et al. 1999)
Rhythmicity in the expression of the positive limb is maintained by an ancillary loop that regulates
the expression at REVERBA/ROR response promoter elements (RRE) found upstream of positive
limb genes. (Solt, Kojetin and Burris 2011, Takeda et al. 2011) Retinoid-Related Orphan Receptors
(RORa, RORp, RORy) and Rev-ErbA nuclear receptors (REVERBo, REVERBf) accomplish
positive and negative regulation from baseline. (Meng et al. 2008) Additionally, PER2 is shown to
be important for driving baseline transcriptional levels of BMAL1 as well as for nuclear
localization of CRY1/2. (Shearman et al. 2000) Further, CRY1/2 is responsible for stabilizing
BMAL1:CLOCK and BMAL1:NPAS2 dimers to facilitate accumulation in the nucleus, but also for
inhibiting the E-box enhancer activity. (Griffin, Staknis and Weitz 1999, Kume et al. 1999) Both
positive and negative limb protein dimers require cycling between the cytosol and nucleus and are
sensitive to marking by ubiquitination leading to degradation by the 26S proteasome. (Keesler et
al. 2000, Vielhaber et al. 2000, Kwon et al. 2006, Zheng et al. 1999, Muratani and Tansey 2003,
Camacho et al. 2001) Humoral modulation is enhanced by the other ancillary loop, which acts at
D-site promoters upstream of several negative limb genes (PER1/2/3, CRY2). (Yamaguchi et al.
2000, Yamajuku et al. 2011) Negative regulation via nuclear factor interleukin-3 promoter
transcriptional activator (NFIL3) and positive regulation is driven D-site-binding protein (DBP), a
gene which contains E-box enhancer regions. (Bunger et al. 2000, Ripperger et al. 2000,
Yamaguchi et al. 2000) PERS3 is not essential for the circadian clock feedback loops, but is still

highly active in affecting peripheral tissue metabolism. (Bae et al. 2001)
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Interaction of Circadian Clock and Metabolism

Loss-of-function mutations and gene knock-out experiment on elements of the circadian
clock have provided ample evidence that systemic biological rhythms have significant interaction
with the circadian clock. Loss-of-function mutation in mCLOCK has been associated in mice with
a loss of structured diurnal-nocturnal feeding, which lead to hyperphagia-induced obesity. (Turek
et al. 2005) And mCLOCK mutant mice have been shown to be more sensitive to both insulin-
induced hypoglycemia and meal-induced hyperglycemia. (Rudic et al. 2004, Kennaway et al.
2007) Further, global BMAL1™ mice have been shown to have attenuated rhythms in glucose and
triglycerides. (Lamia et al. 2008) Global mPER2”- mice have exhibited a loss of glucocorticoid
rhythm associated with sleep. (Yang et al. 2006) And, surprisingly, BMAL1 LOF studies have
suggested that baseline expression of the circadian clock genes is determined by non-clock

elements.(Bunger et al. 2000)

Yet, there is a documented role of an interaction of the circadian clock with normal
physiological function. Absolute energetic state of cells has a protracted effect on activity and
transcription of the circadian clock. CAMP is an independent mechanism to regulate the basal
levels of mMPER1 and mPER2, but not of mMPERS3. (Travnickova-Bendova et al. 2002) Modulation
of total NAD levels is responsible for increasing the levels of BMALL transcriptional activity via
a decreased transcriptional repression by PER2 due to increased PER2 interaction with NAD-
dependent SIRT1. (Strzyz 2020) SIRT1 is also a histone deacetylase that will act on BMAL1 and
PER?2 to prevent PER2-CRY1 interaction and increase BMAL1-CLOCK interaction (Asher et al.
2008, Nakahata et al. 2008) The DNA-binding activity is increased in during periods when the
NAD+/NADH ratio is lowered. (Rutter et al. 2001) The post-translational changes of

CLOCK/NPAS?2 are important in the difference in the binding affinity, namely phosphorylation
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and acetylation. (Dardente et al. 2007) The contribution of these interactions was outlined above
in the CRY 1-mediated stabilization of BMAL1-CLOCK during accumulation of the positive arm
elements. During which, CRY1 prevents transcriptional activity at E-box promoter regions. The
dissociation and degradation of CRY1 allows for the restart of the clock transcriptional cycle with

E-box mediated promotion of transcription.

Caloric balance can also have effects through AMPK. AMPK is a kinase that has many
potential protein targets as a central regulator of energy homeostasis, and is activated by a low
energetic state in cells reflected by elevated AMP levels. (Steinberg and Carling 2019) AMPK
activity leads to difference in the phosphorylation of period and cryptochrome genes, which leads
to protein instability through ubiquitination and increased transcriptional repressive activity of
steroid receptors function. (Lamia et al. 2009) The effects can be direct like those to CRY1 or
indirect through activation of casein kinase | epsilon which can phosphorylate PER2. (Um et al.
2007) Physiologically, it has been noted that AMPK is important for the transition to a decreased

respiratory exchange ratio during the night. (Vieira et al. 2008)

A major mechanism explaining the role of circadian clock elements effect on metabolism
is through tissue specific interactions with steroid receptors. (Duez and Staels 2010, Zhao et al.
2014, Hatcher, Royston and Mahoney 2020) Co-immunoprecipitation experiments has indicated
that as much as 37% of nuclear receptor binding sites are also genomic binding sites of mCRY1
and mCRY 2. Strong interactions were discovered with nuclear receptors including: glucocorticoid
receptor, peroxisome proliferator-activated receptor (PPAR) a and PPARYy, liver x receptors
(LXR) o and B, and androgen receptor. (Kriebs et al. 2017) The interactions of CRY1/2 with
nuclear receptor has been mostly co-repression of transcription. (Jordan et al. 2017) CLOCK and

NPAS2 have been shown to interact strongly with RARa and RXRa in vasculature. (McNamara
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etal. 2001) RORa, B, 6 and REVERBG, B receptors exert prominent effects to integrate metabolism
through the ability to heterodimerize with steroid receptors to promote or repress transcription,

respectively. (Yang et al. 2006)

The aim of this thesis was to provide insight into the interaction of adipose tissue with
systemic metabolism shortly after surgery. We choose twelve weeks after surgery to allow for an
interrogation of the association of both weight and metabolic parameters with changes to metabolic
health. We were interested in understanding how overt measures of metabolic risk like fasting
glucose and fasting free fatty acids aligned with sleep metrics and the physiologic alterations of
endocrine hormones. We then characterized the phase of and overall gene expression of essential
genes involved in regulating adipose tissue metabolic function as well as the elements of the
circadian clock. Lastly, we associated the changes at the gene expression level back to the systemic
metabolic changes. Collectively, we provided insight into the contribution of adipose tissue
metabolism to systemic metabolism in the period twelve weeks after vertical SG in women with

morbid obesity.
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Chapter 2: Characterization of Metabolic Outcomes Twelve Weeks Following Sleeve

Gastrectomy in Women with Morbid Obesity

Abstract

Sleeve gastrectomy (SG) surgery is known to lead to profound weight loss and substantial
metabolic improvements by one year following surgery. While the primary intervention performed
was a removal of the greater distensible portion of the stomach, there appear to be complex
networks of compensatory physiological and endocrine alterations. However, it is not yet clear
which organs, and at what times, are responsible for the changes that occur after surgery. This
study was designed to evaluate the effect of SG twelve weeks after surgery. We show that subjects
have lost a substantial amount of weight, leading to significantly lower adiposity and BMI.
Subjects also experienced notable declines in fasting insulin and fasting glucose levels as well as
an increase in insulin sensitivity. At this point, the degree of caloric restriction closely predicts the
degree of weight loss that subjects achieved. In response to the caloric restriction, there is the
observation of a higher ratio of active ghrelin and substantially decreased serum leptin levels.
There is evidence that the adipose tissue is also exhibiting more lipolysis that would underlie
reduced fat mass and weight loss. However, the serum free fatty acid levels are unchanged. Most

notably, we report that global appetite is decreased and hunger is unchanged after surgery.
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Introduction

The epidemic of obesity has continued to grow despite global initiatives to curb and reverse
the prevalence of obesity. In 1960-1962, only 13% of the US population had obesity. (Craig M.
Hales Feb 2020) In 2011-2014, the prevalence of obesity had risen to roughly one-third of the US
adults (>20 years). (Flegal et al. 2012, Ogden et al. 2014) In 2017-2018, 42.4% of the US
population had acquired obesity and 9% had acquired severe obesity. (Craig M. Hales Feb 2020)
The health consequences of obesity extend far beyond the mechanical problems associated with
excess weight. Two significant direct consequences of obesity are obstructive sleep apnea (OSA)
and osteoarthritis. (Schwab et al. 2003, Shelton et al. 1993, Naimark and Cherniack 1960) Further,
individuals with obesity are at nearly twice the risk of developing OSA. (Romero-Corral et al.
2010) Individuals with obesity have been reported to be at least twice the risk for developing
osteoarthritis. (Blagojevic et al. 2010, Coggon et al. 2001) For Class | Obesity (BMI: 30-35) and
Class Il Obesity (35-40), the risk is 2.5 times and 3.5 times higher than healthy weight individuals.
(Ganz et al. 2014) There is strong evidence obesity increasing the risk for several cancers
including: endometrial, colorectal, breast, prostate, renal, and adenocarcinoma. (Pischon and

Nimptsch 2016, Avgerinos et al. 2019, De Pergola and Silvestris 2013)

Bariatric surgery was one class of interventions that was identified early as a powerful
tool to induce gradual long-term weight loss with significant improvement to metabolic health. A
meta-analysis covering the results of over twelve thousand patients identified that SG led to
excess weight loss of 43.9% at 12 months, 64.3% at 24 months, and 66.0% at 36 months.
(Fischer et al. 2012) At 36 months following SG surgery, one study reported 80.9% diabetes
remission for SG. (Abbatini et al. 2010) Additionally, bariatric surgery patients with

pharmacologically-treated hypertension were able to reduce the risk for major adverse
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cardiovascular events by 27% and reduce risk of stroke by 48% compared to matched non-
operated control subjects (N = 26,199). (Stenberg et al. 2020) The net result of bariatric surgery
is a 40% reduction in all-cause mortality in US patients relative to the general population with

severe obesity. (Adams et al. 2007)

We were interested in observing the role of humoral regulation of appetite alongside
subjective hunger and appetite during the period of greater weight loss following surgery. We
choose to study SG in women due to purely restrictive nature of the procedure and due to that
women stably comprise 80% of patients on whom bariatric surgeries are performed. We
hypothesize that the decline in plasma leptin will still be associated with increase appetite and

hunger, but that despite the caloric restriction subjective hunger and appetite will not be altered.

Materials and Methods

Subject characteristics

Pre-menopausal women with morbid obesity were voluntarily enrolled with informed
written consent in the clinical research study (University of Chicago IRB 14-0984) following
approval and scheduling for laparoscopic SG (LSG) surgery. A summary of subject characteristics
was reported (Table 2.1). Subjects did not exhibit irregular lifestyles or irregular menstrual cycles,
or have diabetes managed with medication (HbAlc: 5.6+ 0.6). No malignant diseases were
identified by complete blood count nor was pregnancy detected via urine. Additionally, patients
were monitored by a registered polysomnographic technologist during a full polysomnography

recording to ensure the absence of sleep-related disorders. Subjects with obstructive sleep apnea
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met inclusion criteria with documented compliance using a continuous positive airway pressure

machine.

Laboratory Sessions

Identical sessions were conducted at baseline one-to-two weeks prior to the scheduled

surgery date and twelve-to-thirteen weeks following the surgery date. The duration of each session

was two evenings and one day (Figure 2.1). Metabolic characterization was reported in Table 2.3.

Four isocaloric macrocalorie-matched mini-meals were administered per day. After each meal,

Pre/Post-Surgery Session
Day 1 \|Day 2
7 Bio-impedence,
Waist/Hip
usual bed time Latest wake @Qarﬁ Fat biopsy
| I
| | | M | | | | | M |
Day 2 JPay3
“ Urine Sampling
usual bed time Latest wake @8am )
ivGTT
Lunch/Dc
Em [ EM | ™ | | M
12 14 16 18 20 22 24 02 04 06 08 10 12
Ad = admission, Dc = discharge Bl Hunger/Appetite Questionnaires
M = Meal

Figure 2.1: Structure of in-laboratory sessions. Subjects were scheduled for two identical
laboratory sessions at baseline one week prior to surgery and at twelve weeks following

surgery.
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remaining food was weighed and recorded by CRC nutrition staff. To regulate evening light
exposure, ambient light was lowered three hours preceding the scheduled subject sleep start. Saliva
was collected by cotton salivette, from which melatonin and cortisol were measured by ELISA.
No changes in evening cortisol or melatonin were found. An aspiratory subcutaneous peri-
umbilical fat biopsy was conducted on one of the mornings of the laboratory session. (Broussard
et al. 2012) On the other morning, a frequently-sampled intravenous glucose test (fsIV-GTT) was
conducted. Outcome variables of glucose management were calculated using MINMOD
Millenium software (Pacini and Bergman 1986, Boston et al. 2003). Individual non-invasive body
composition measures have well known pitfalls, but collectively can provide robust indications of
the success of bariatric surgery. We collected from each subject at each laboratory session: BMI,
body weight, adiposity, and waist-to-hip ratio. Adiposity was determined by CRC staff using full-

body bioimpedance.

Biopsy Processing

The processing of the tissue was a modification of the Fried Protocol. (Carswell, Lee and
Fried 2012) (Figure 2.2) A laminar flow hood was used to wash tissue with sterile M199 media
(Gibco cat# 12350-039, +1% low endotoxin BSA, +200 nM N6-Rphenylisopropyladenosine) and
mince it into approximately five milligram segments. These steps removed blood clots and
balanced cellular hypoxia while maintaining tissue architecture that facilitated conventional
paracrine signaling. Following initial processing, the tissue was washed once in BSA-free media
and rested for four hours in a cell incubator (37 °C, 5% CO>) in ten volumes of sterile culture
media (Gibco cat # 12350-059, 1 nM insulin, 40 nM dexamethasone). Then, one hundred
microliters of packed tissue (+ 5%) was aliquoted and measured volumetrically from a 40 um cell

strainer (CellTreat cat # 229481) into one milliliter of culture media (1:10 by volume) per well
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into a twenty-four well tissue culture plate (Falcon cat# 353047). The first collection was
approximately twelve hours following the biopsy in an effort to allow for the majority of cytokine
secretion and acute inflammation to abate. Subsequently, a well of tissue and respective media
were collected separately every three hours, weighed, and snap frozen in liquid nitrogen before
storage at -80°C. Similar protocols have shown that human adipose tissue circadian clock gene
and clock-controlled gene rhythms can be maintained without direct SCN signal. (Fain et al. 2003,
Phillips et al. 2008, Rogers et al. 2008, Garaulet et al. 2011, Gomez-Abellan et al. 2012, Gémez-

Santos et al. 2009, Aubin et al. 2015, Wang et al. 2015) Yet, to preserve the SCN-mediated imprint
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Figure 2.2: Flowchart of adipose tissue ex vivo time series tissue culture experiment.
Subjects were scheduled for two identical laboratory sessions at baseline one week prior to
surgery and at twelve weeks following surgery.

of endogenous entrainment of the peripheral circadian clock, the tissue was not serum shocked.

Polysomnography Recording

Simple polysomnography recording was performed at baseline and post-surgery.
Electrodes were placed, recording monitored, and grading completed by registered sleep

technologist. Each epoch was assigned as a twenty second window. The reported generated
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included the total recording time, the total sleep time, the time spent in each sleep stage, sleep

efficiency, and time spent awake after sleep onset.

Conditioned Media Analysis

Culture media was thawed and time series accumulation of glycerol was measured in
technical duplicates according to kit instructions (Millipore Sigma MAK117). Glycerol secretion
rate was calculated as the average increase in glycerol in media across time series experiment when

calibrated to standard curve.

Fasting Serum and Plasma Hormone Levels

Serum and plasma samples were prepared from samples collected by nursing staff prior to
start of fs-IVGTT. Each were prepared as directed by kit. Acylated ghrelin and total ghrelin were
measured via ELISA (Millipore Sigma EZGRT-89K, EZGRA-88K). Leptin was measured via

radioimmunoassay (Millipore Sigma HL-81K).

Hunger and Appetite Questionnaires

Questionnaires were administered to subjects electronically through ASWIN software on
laboratory laptop computers. Subjects were asked to rate answers to each question by marking
along the visual scale of a 10 cm horizontal black line. Surveys were administered before and after
each meal of the first full day of each laboratory session. Hunger appetite questions were: 1) “How
hungry do you feel right now?”; “How thirsty do you feel right now?”; 3) “How satiated do you
feel right now?”; 4) “How strong is your desire to eat right now?”; 5) “How much food do you
think you could eat right now?”, 6) “How nauseated do you feel right now?”. Appetite
Questionnaire questions were: 1) ‘“What is your appetite for fruits right now?”; 2) “What is your
appetite for sweets right now?”; 3) “What is your appetite for starchy foods right now?”’; 4) “What
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is your appetite for salty foods right now?”; 5) “What is your appetite for dairy right now?”; 6)
“What is your appetite for protein right now?”’; and 7) “What is your appetite for vegetables right
now?”. Composite appetite results were computed arithmetically by summation of respective
simple appetites. Computed appetites results were: 1) Global Appetite, 2) High-Carb, High-Fat, 3)

High-Carb, Low-Fat, 4) Sweets & Starchy, and 5) High Protein.

Mixed Model Construction

Mixed modeling was utilized to estimate the degree of difference in gene expression levels
between baseline and post-surgery. Model fitting was conducted by R package (Ime4). In order to
ensure that the dependence derived from time series collection was accounted for in the statistics,
the random vector was a simple intercept set as the subject identification number (SID).

Experimental ratings were unaltered at entry into the data set.

The surgery-associated parsimonious model was calculated by using surgery as a binomial
variable (Pre [0], Post [1]) and iterative inclusion of factors representing potential corrections for:
1) age (integer, years), 2) pre-surgery weight loss, 3) post-surgery weight loss, or 4) time of day.
Given the known effect of meals to affect hunger and appetite, we represented time of day as the
best combination of factors including 1) prandial (binomial, pre-meal [0], post-meal [1]); and 2)
time point (integer, {1,2, ..., 8}), meal (integer, {1,2,3,4}), latter part of day (binomial, first half
[0], latter half [1]). To allow for correction by weight loss, it was held constant for all respective
points of a given subject. An enhanced model was chosen by: 1) an improved Akaike Information
Criterion of the N+1 model (compared to N model without the addition of the factor), 2) each
factor effect has low Type S error rate (p < 0.05), and low inflation of standard error of estimation

(< 50%).
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Results

Weight loss and Body Composition

Subjects exhibited significant weight loss compared to baseline during the week prior to
surgery (1.7 kg, 1.3%W.L, p = 0.004) and in the twelve weeks following surgery (20.6 kg, 15.5%
WL, 38.5 %EWL, p = 1.5e-8). These changes resulted in a markedly decreased BMI (6.7, 32.5%
EBMIL, p = 2.6e-7). Full-body bioimpedance confirmed that adiposity also decreased (4.5%, p =
2.2e-4). This decrease in adiposity would indicate that 79.0% of the weight that was lost was from

adipose tissue. Waist-to-hip ratio was unchanged at post-surgery (-0.03 + 0.03, p = 0.23).

Table 2.1: De-identified subject characteristics.

Subjects N=10

Race 8 AA, 2 NHW

Age (yr.) 36.1+2.3

Height (cm) 168.2+1.9

BMI(kg/m2)  Baseline 456+ 1.4

BMI(kg/m2) | Post-surgery 38.9+1.8 2.60E-07
Weight (kg), Baseline 128.6 +4.3 a) 4.0e-3
Weight (kg), Surgical Intake 126.9+45 b) 6.0e-10
Weight (kg), Post-surgery 106.3+45 c) 1.5e-8
Calories Eaten, Baseline 2,189 + 93

Calories Eaten, Post-surgery 681 £ 57 7.1e-3
Adiposity (%), Baseline 51.5% + 1.7%

Adiposity (%), Post-surgery 47.0% +£1.5% 2.20E-04
Waist:Hip Ratio, Baseline 0.88 £ 0.02

Waist:Hip Ratio, Post-surgery 0.85+0.03 0.23

All subjects self-identified as non-Hispanic. Weight was measured with subject
vitals at each of three intake appointments. Values in third column represent the
paired t-test values comparing measurements of: a) baseline to surgical intake, b)
baseline to post-surgery, and c) surgical intake to post-surgery. BMI, adiposity, and
waist:hip ratio were measured by CRC staff during the morning for baseline and
post-surgery laboratory sessions. Four meal average for calories eaten was weighed
and measured by CRC nutrition staff. P-values represent paired t-tests comparing
baseline to post-surgery measurements.
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Polysomnography:

Polysomnography sleep profiles did not exhibit significant differences between baseline
and post-surgery. Yet, there were trends for decreased wake after sleep onset, increased total sleep
time, and increased sleep efficiency at post-surgery (Table 2.2). Subjects averaged over seven
hours of sleep in the eight-hour recording window; no subject exhibited markedly different total
sleep or slow wave sleep (N3) between baseline and post-surgery. However, one subject did

exhibit markedly low N3 sleep at both baseline and post-surgery.

Table 2.2: Polysomnography recording results

Total Recording Time Baseline 4820 = 31 0.48
(min) Post-surgery 480.1 + 0.6
Total Sleep Time Baseline 4310 = 104 0.11
(min) Post-surgery 4477 + 6.0
- Baseline 894 + 19 0.08
Sleep Efficiency (%) Post-surgery 931 + 1.2
N1 Sleep Latency Baseline 81 + 138 0.90
(min) Post-surgery 78 + 13
Wake after Sleep Onset Baseline 509 = 89 0.08
(min) Post-surgery 331 + 509
N1 (min) Baseline 328 + 37 0.59
Post-surgery 345 + 37
N2 (min) Baseline 2252 = 149 0.23
Post-surgery 2348 + 131
N3 (min) Baseline 76.9 = 108 0.85
Post-surgery 785 * 158
: Baseline 96.2 + 64 0.68
REM (min) Post-surgery 1000 + 4.2

Subjects had a simple polysomnography recording conducted during the first night of each
laboratory session at baseline and post-surgery (N = 10). A registered sleep technologist
analyzed the raw recordings in epochs of twenty seconds to denote transitions and
maintenance of each sleep stage. Significance of difference in sleep were calculated by two-
tailed paired t-tests.
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Glucose Regulation

A subset of seven subjects completed both a fsIV-GTT and had laboratory meal data
available at baseline and post-surgery. At post-surgery, subjects consumed substantially less
calories (2223 + 168, 591 + 90, p = 2.7e-6). Additionally, fasting glucose (-4.18 mg/dL, p = 0.01)
and fasting insulin levels (-6.62 mU/L, p = 3.8e-5) were substantially lower than baseline.
Systemic insulin sensitivity was improved (0.85, 0.02). Acute insulin response to glucose and
glucose disposal rate were unchanged from baseline. Beta-cell function, which weights first and
second phase insulin secretion, was decreased (-20.13 mU/mM, p = 0.01). Despite an increased

glycerol secretion rate (p = 0.04) which suggests elevated lipolysis, there was no measured change

Table 2.3: Summary of metabolic parameters

Calories Eaten Baseline 2223 + 168 2.7E-06
(kcal) Post-surgery 501 + 90
Fasting Glucose Baseline 8255 * 1.78 0.01
(mg/dL) Post-surgery 7837 *+ 193
Fasting Insulin Baseline 1409 = 292 3.8E-05
(mU/L) Post-surgery 8.47 * 227
Insulin Sensitivity Baseline 1.76 £ 0.19 0.02
(mU/L*min”-2) Post-surgery 261 * 038
Beta Cell Function Baseline 3155 £ 747 0.01
(mU/mM) Post-surgery 2944 * 978
Disposition Index Baseline 1579 £ 270 0.11
(AU) Post-surgery 1460 * 334
Glycerol Secretion Baseline 307 £ 50 0.04
Rate (ng/hr) Post-surgery 514 + 85

Four meal average for calories eaten (N = 7) was weight and measured by CRC nutrition
staff. Subjects (N = 7) had a frequently sampled intravenous glucose tolerance test (fslV-
GTT) conducted during the morning before the first meal of the laboratory session at baseline
and at post-surgery. fasting values were calculated from blood collected before start of
fsIVGTT, outcome measures were calculated using MINMOD software based on the
respective IV-GTT results. Glycerol secretion rate (N = 6) was calculated from culture media
collected across time series experiment normalized to 100 mg adipose tissue. Statistics were

calculated by two-tailed t-tests.
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in the serum free fatty acids levels. Incredibly, the trend for fasting free fatty acids is a decrease,

which suggests that the lipids are effectively cleared from the blood.

Blood Hormone Levels
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Figure 2.3: Serum ghrelin and leptin and respective associations to weight loss. Fasting
serum was collected (N = 8) during the morning prior to the first meal at baseline and at twelve
weeks post-surgery. Hormones measured were: A) acylated ghrelin and total ghrelin via ELISA
(Millipore Sigma EZGRT-89K, EZGRA-88K), and leptin via radioimmunoassay (Millipore
Sigma HL-81K). A&B) serum hormone levels at baseline (black), or post-surgery (grey). C)
Linear modeling to estimate percent weight lost using respective single fixed factor of
respective hormone levels, the ratio of acyl-ghrelin to total ghrelin, or calories eaten across four
meals of laboratory session at baseline (black) or post-surgery (grey). P-values were,
respectively: * < 0.05, ** < 0.01 and *** < 0.001.

Plasma ghrelin levels, acyl and des-acyl, were not significantly changed from baseline,

respectively (p = 0.14, p = 0.49) (Figure 2.3A). However, the percent of acyl-ghrelin-to-total-
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ghrelin was markedly elevated (9.1% [BL], 20.6% [PS], p = 0.014). Serum leptin levels were

markedly decreased at post-surgery (371 [BL], 118 ng/mL, p = 6.7e-4) (Figure 2.3B).
Association of blood hormone levels and weight loss

Unsurprisingly, the decrease in calories eaten associates almost perfectly to the
experimental percent weight loss after surgery (Figure 2.3C). Additionally, there is a clear
association linking greater declines in serum leptin and greater increases in percent active ghrelin

with increased weight loss attained.

Hunger and Appetite Survey Ratings
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There is a trend for decreased rating for hunger and appetite (Figure 2.4). Global appetite
is significantly decreased (22.9 [BL], 15.0 [PS], p = 0.04). There is also a decrease in appetite for
fruits (5.0 [BL], 2.1 [PS], p = 2.7e-4), protein (3.4 [BL], 2.3 [PS], p = 0.047), vegetables (3.9 [BL],
2.1 [PS], p=0.02), and high-carb, low-fat foods (11.6 [BL], 6.3 [PS], p = 0.02). Subjects also rated
less thirst (4.9 [BL], 2.8 [PS], p = 0.02), quantity subject felt they could eat (4.7 [BL], 2.4 [PS], p
= 0.03), and slightly higher rating for nausea (0.5 [BL], 1.6 [PS], p = 0.046). Hunger is not

substantially changed after surgery.

Discussion

The goal of this study was to identify is there were alterations in systemic metabolic
function or sleep-related health parameters following SG. At twelve weeks following surgery,
weight loss was evident. However, there was not a measured change in waist-to-hip ratio in this
study. Yet, the degree of weight loss was approximately in range with prior reports at around
twenty kilograms. It may be surprising that 79.0% of the weight loss was estimated to have come
from adipose tissue. The lack of change to the waist-to-hip ratio could be explained by the adipose
tissue depots responsible for the weight loss. (Galanakis et al. 2015, Garrido-Sanchez et al. 2012)
There are conflicting reports about whether the weight loss from adipose tissue shortly after
surgery is from subcutaneous or visceral fat. The degree of android or gynoid fat loss was not

measured.

It is also clear that there is a caloric restriction element to the weight loss. The differences
in the four-meal average calories consumed in laboratory sessions between baseline and post-

surgery convincingly estimates the degree of weight loss achieved by each subject. And, the
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decline in the fasting leptin in accordance without a change to ghrelin levels, would suggest that
there would be a shift towards increased hunger and appetite. However, this does not align with
the hunger and appetite rating of the subjects. Firstly, global appetite is significantly reduced. And,
secondly, hunger does not show evidence of a change. While nausea was shown to be increased
after surgery, the degree of nausea did not associate with the degree of weight loss. This would
suggest that there are factors outside of ghrelin and leptin that are largely responsible for the

decreased appetite despite significant caloric restriction.

We were surprised to find that the ghrelin levels were not depressed. The traditional
paradigm asserts that SG involves the removal of a large portion of the ghrelin-secreting cells
within the stomach. Several reports have supported the premise, including shortly after surgery. It
is possible that in this study, the remaining ghrelin cells in the proximal duodenum were able to
compensate for the loss of the gastric secretion of ghrelin. If this were the case, then the
dramatically lower caloric consumption would be expected to induced higher ghrelin secretion,
and a higher percent of active ghrelin. It would be unsurprising if cell fatigue eventually resulted

in the decreased ghrelin levels usually present following SG.

The results of the fsSIVGTT indicated that there was less decline to fasting glucose, fasting
insulin, and beta cell function, while there was an increase to systemic insulin sensitivity. Since
the cute insulin response to glucose was unchanged following surgery, it would suggest that there
is a decline the second phase of insulin secretion from beta cells. These results are consistent with
prior results of SG surgeries in patients without Type Il Diabetes. (Basso et al. 2011, Min et al.

2020)

While none of the measurements from polysomnography were altered following surgery,

there were trends for improved wake-after-sleep-onset and sleep efficiency. It is important to note
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that subjects that used a continuous-positive-air-pressure machine at baseline also utilized the
machine at post-surgery. Further, a full-polysomnography recording session was conducted prior
to baseline and post-surgery sessions, which should reduce the risk of spurious differences due to

first exposure to the protocol.
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Chapter 3: Evaluation of Reference Gene Suitability for Serial gRT-PCR Measurements of

Human Adipose Tissue from Obese Women Undergoing Sleeve Gastrectomy Surgery

Abstract

A hallmark of biology is the cyclical nature of organismal physiology driven by networks of
biological, including circadian, rhythms. Quantitative reverse transcriptase polymerase chain
reaction (QRT-PCR) has been a fundamental method to measure oscillation in messenger RNA
expression, which is an essential foundation for the study of the physiological circadian regulatory
network. Adjustment of raw gRT-PCR outputs to enable the detection of rhythmic oscillations has
involved the use of reference gene normalization. However, the validation and identification of
suitable reference genes is a significant challenge across different biological systems. Therefore,
to ensure consistent normalization conditions, we identified a well calibrated reference gene set.
This study focuses on subcutaneous adipose tissue of premenopausal, otherwise healthy, women
with morbid obesity. Tissue was collected longitudinally by primary biopsy at baseline one week
before surgery and twelve weeks following surgery. Further tissue was cultured ex vivo and serially
collected every four hours across a thirty-six-hour time series experiment. Candidate reference
genes were: /8S rRNA, GAPDH, HPRTI, RPII, RPL13a, and YWHAZ. Three analytic tools were
used to test suitability, and the candidate reference genes were used to measure oscillation in
expression of known circadian clock elements (hDBP and hBMAL1). No gene was deemed suitable
as an individual reference gene control, which indicated that the optimal reference gene set was
the geometrically averaged 3-gene panel composed of YWHAZ, RPL13a, and GAPDH. These

methods can be employed to identify optimal reference genes in other systems.
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Introduction

A hallmark of biology is the cyclical nature of organismal physiology, which is driven by
networks of biological rhythms. These rhythms are remarkable for their breadth throughout
biology as showcased by their observation across the phylogenetic tree from bacteria, fungi, plants,
and animals that include fruit flies and mammals. (Pittendrigh 1954, Lam et al. 2018, Kaczmarek
etal. 2017, Cui et al. 2013). Further investigation into the biological rhythms has revealed a major
role of a molecular apparatus composed of a hierarchical set of transcription factors called the
circadian clock, which enables fine-tuning of physiological function to meet the multitude of

constantly changing conditions and demands. (Czeisler et al. 1999b)

A large portion of the molecular basis of central and peripheral circadian rhythms has been
examined via quantitative reverse transcriptase polymerase chain reaction (qQRT-PCR), which has
served as the gold-standard method to measure individual mRNA species. In this period,
reproducibility and comparability of qRT-PCR experiments has been bolstered by establishment
of the MIQE guidelines, which are the minimum information for publication of quantitative RT-
PCR experiments. (Bustin et al. 2009) However, all potential reference genes have conditions
whereby expression has been shown to deviate significantly. For circadian rhythms, the adjustment
step may either accentuate, or attenuate, circadian gene expression differences across the 24-hour
period. The consequence is that we need a library of conditions whereby reference genes or sets
of reference genes have been identified as suitable for normalization. (Bustin et al. 2013) The
primary goal of this study was to characterize the consistency of candidate reference genes for
repeated measurements of circadian gene expression in the context of obesity and bariatric surgery.
We were unable to identify a single gene, but were able to identify a reference gene set that was

suitable.
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Materials and Methods

Study Design

As previously reported, pre-menopausal women with morbid obesity were voluntarily
enrolled with informed written consent in the clinical research study (University of Chicago IRB
09-337-B) following approval and scheduling for laparoscopic sleeve gastrectomy (LSG) surgery.
A subset of four subject were used for the analysis supplied herein. There were no differences in
criteria applied for medical or lifestyle requirements. Nor were there differences in the design or
timing of the baseline and post-surgery sessions. One of the four subject utilized continuous

positive airway pressure machine both the baseline and post-surgery session.

Biopsy Processing

There are no differences in the protocol used for processing the primary tissue biopsy nor
were there differences in the design of the time series tissue culture experiment. The tissue was
washed, minced finely, and rested. Following which, the tissue was volumetrically plated into
separate wells in a 1:10 ratio to minimal M199 media for the tissue culture. Every three hours, a
well of minced adipose tissue was collected and flash-frozen for storage in a -80°C manual thaw

freezer.

Recombinant DNA Sample Preparation

Tissue was homogenized by two ten-second-pulses using a dispersion-based homogenizer
(VWR VDI 12). RNA was isolated from the tissue homogenate using a cold phenol-chloroform-
isoamyl-alcohol liquid-liquid separation followed by acid guanidinium-ethanol mini-column
isolation and final elution with 1 puM sodium citrate (Omega cat # R68300). RNA purity was
verified and concentration determined by Nanodrop UV-spectroscopy. For reverse transcription
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step of cDNA synthesis, 500 ng sample RNA per 20 pulL was converted using Quanta Qscript
Master Mix (cat # 95048) chemistry in a standard thermocycler (Applied Biosystems GeneAmp
PCR System 9700). RNA integrity was conducted using a 5’-3’ primer assay on the reference

gene: YWHAZ; all samples were assessed to have high integrity (1.00 £ 0.72).

Primer Validation

Efficiency and dynamic range were collected via the gold-standard method of a dilution
curve. Maximal cDNA template concentration was a ten-fold dilution from the completed cDNA
synthesis thermocycler reaction volume; successive serial dilutions were eight-fold. The slope of
the line (m) was calculated by a trendline from three or more consecutive dilutions. Efficiency was

calculated using the equation below with m as the slope and d as the dilution:

1
E=d'm-1

Perfect efficiency was 100%. According to MIQE guidelines, primer efficiency estimated above
0.9 can presumed to be perfect efficiency for AACq relative quantification. Primer sets with lesser
efficiency are suggested to use the Pfaffl correction to adjust raw Cq values to be as if the primer
set had optimal efficiency. RPII was the only gene that required a Pfaffl correction (E = 0.89), the

formula for which is listed below:

Z_Cq,raw
Cq.adj = Cq,raw + logz (E + 1)—Cq’raw

Dynamic range was experimentally defined by the template concentrations used to calculate
efficiency. Within this concentration range, no extrapolation is needed to confirm high efficiency
amplification. No raw Cq values obtained fell outside the dynamic ranges calculated from the

dilution curves.
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ART-PCR Hypoxia & | Hormonal Milieu | Visceral & Subcutaneous
Differentiation Changes adipocytes from
The selected Lean & Obese Subjects
screen for effective | 1+ YWHAZ 1. HPRT1 1. HPRT1
2. TBP 2. ACTB 2. HMBS
reference genes was
3. GUSB 3. GAPDH 3. RPL13ax
limited to the bolded {5~ GAppH 4. RPI 5. GAPDH
genes in Figure 3.1, | 5. ACTB 5. YWHAZ 6. YWHAZ
which illustrated 6. 185 rRNA >8. B2M 8. ACTB
18S rRNA 9. 185 rRNA
reference gene Figure 3.1: Experimental conditions that informed selection of
suitabilit from candidate reference genes. Columns represent ranked stability of
y reference genes under each different experimental manipulation from
revious| previous studies. The thick black dividing line indicated genes that were
P y considered unsuitable for use as reference genes. Bolded genes indicated
published the reference genes chosen as candidate reference genes.

experimental manipulations. (Fink et al. 2008, Foldager et al. 2009, Curtis et al. 2010, del Pozo et
al. 2010, Mehta et al. 2010, Amable et al. 2013, Jacob et al. 2013) The primer sequences are listed
in Table 3.1. (Radoni¢ et al. 2004, Curtis et al. 2010, Valadan et al. 2015) hDBP and hBMAL1
primers (Qiagen cat# PPH19697A & PPH06229F) were purchased with a documented guarantee
for high efficiency and broad dynamic range but without a precise sequence. To prepare the qRT-
PCR experiment, all equipment was thoroughly cleaned with 70% ethanol. Only autoclaved tubes
and unopened pipette tip boxes were utilized. Per well, the total reaction volume was 10 puL which
consisted of: 4 uL cDNA template, 5 uL SYBR green master mix (Quantabio cat# 95071), and 0.5
ML of each forward and reverse primers. Template concentration of cONA was 1:100 relative to
the reverse-transcription-reaction-derived cDNA. One plate was used per gene per subject with
three technical replicates, three positive controls to serve as inter-plate calibration, and three no-

template negative controls. Loading was completed over ice before plates were sealed (BioRad cat
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# MSB1001) and centrifuged (1000 xg, 1 min) to eliminate any bubbles. Running conditions on
the CFX Connect Real-time PCR Detection system was: (40 cycles, 60°C annealing temperature).

A melt curve was collected for each plate; no contamination or primer dimers were found.

Tahble 3.1: Summary table of candidate reference gene primer nucleotide sequences with
efficiency (E) and source of prior publication.

Gene List MNucleotide Sequence E Source
188 F:5-CGG CTA CCA CAT CCAA AGG A -3 1.00
R: 5-GCT GGA ATT ACC GCG GCT -3
YWHAZ F:5-TGCTTG CATCCC ACA GAC TA-3' 1.00 (Curtis et al.,
R: 5- AGGCAGACAATGACAGACCA-3 2010)
RPL13a F:5-AAG GTC GTG CGT CTG AAG-3’ 0.94 (Radonic¢ et
R: 5-GAG TCC GTG GGT CTT GAG-3 al., 2004)
RPII F-5-GCA CCACGT CCAATG ACA T-3 0.89 (Radoni¢ et
R:5-GTG CGG CTG CTT CCA TAA-3' al., 2004)
GAPDH F:5-TGCACCACC AAC TGC TTA GC-3’ 0.96 (Curtis et al.,
R: 5-GGC ATG GAC TGT GGT CAT GAG-3' 2010)
HPRT1 F:5-GGA CTAATT ATG GACAGG ACT G -3 1.00 (Valadan et
R: 5-GCT CTT CAG TCT GAT AAA ATC TAC -3’ al., 2015)
Results
BestKeeper

Four subjects were utilized for the sub-study. The total data set was composed of
approximately one hundred points, which is high enough resolution to visualize the distribution of
the expression levels of each potential reference gene (Figure 3.2). A quantile-quantile plot was
constructed to identify whether the relative expression levels was approximately normal. To
prepare the data, raw Cq values were converted to the relative quantities. Secondly, the mean and
standard error was calculated using the relative quantities. Next, estimated data points were

produced from a normal distribution with a mean and standard deviation equivalent to the
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imputed from the raw fluorescence data of candidate reference gene runs. Horizontal axis
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calculated sample mean and sample standard error. The values of the estimated data points were
calculated from the normal distribution at z-scores that reflected the percentile of the rank-
ordered data set. The rank-ordered experimental data set was then plotted against the estimated
data set in a quantile-quantile plot (Figure 3.2). If the experimental data set was perfectly normal,
this plot would reflect a line with slope of one. The plots were approximately linear for each of
the candidate reference genes with each gene suggesting a slightly higher dispersion (slope > 1)

than standard for a normal distribution.

Given acceptable data distributions, general measures of each distribution were calculated
using the Microsoft Excel Add-in BestKeeper. Statistics that provided a general idea of the
suitability of the candidate reference genes were: mean Cq, and standard error. Mean raw Cq is
probative, or qualitative, evidence of stability. Extremely high or low mean Cq (above/below the
range of 20-30) suggested potential for instability in future experiments. Two explanations inform
this general property: 1) the technical limitations of a qRT-PCR assay, and 2) the dynamic range
of each primer set. High Cq, which reflected low transcript copy number, did warrant greater
concern for failed wells and randomness-induced Cq variability. Mean Cq values for each gene
were calculated arithmetically, geometrically, or logarithmically by relative quantities (Figure
3.3). The mean Cq value for 18S was higher than the optimal range (geo p= 16.77). Additionally,
RPII and HPRT1 had mean Cq values near the upper boundary (respective geo u =29.41; 29.65).
The three that were in the middle of the range were YWHAZ, RPL130a, and GAPDH. The
respective geometric mean Cq for these genes were 25.19, 22.5, and 24.35. These results suggested
that using three of the six genes (RPII, HPRT1, or 18S) may add experimental difficulty to

potential future experiments.
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The second statistic used within the software was standard error of the raw Cq values
(Figure 3.3). Given the normality of the sample distributions, a minimized standard error strongly
suggested superior reference gene stability. The suggested cut-off points for individual reference
gene suitability (£ Cq) have been recommended to be 0.5 for genetically homogenous data sets
and 1.0 for heterogeneous data sets. For three genes (18S, RPII, and GAPDH), respective standard

error was markedly elevated (2.37, 1.94, and 1.46) from the recommended standard. F-test
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Figure 3.3: General characteristics of candidate reference gene sample Cq distributions.
(A) Respective estimates of mean Cq (@) were calculated for sample Cq values using
[white ] relative transcript quantities, [grey] geometric averaging, and [ black] arithmetic
averaging. (B) Estimates of standard deviation (&) were calculated from sample Cq values.
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on the raw Cq values for all samples. White indicated comparable experimental variance.
Dark grey indicated statistically significant differences in the estimations of experimental
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comparison of variances indicated that 18S rRNA and RPII had comparable variances (0.22), while
GAPDH had different variance from either (1.3e-4 and 8.3e-3, respectively) (Figure 3.4). For the
remaining three genes tested (YWHAZ, HPRT1, and RPL13a), comparable standard error was
found (1.08, 0.96, 1.01). Yet, it is notable that none of the reference genes exhibited standard error

that was clearly below the heterogeneous data set standard.
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calculated using gBaset+ software. To
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GeNorm

The module geNorm within the subscription software gBase+ was next used to assess
stability by a proprietarily determined variable (M). Under optimal suitability M is minimized to
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zero. Similar to the prior analysis, the cut-off for suitable genes was 0.5 for genetically
homogenous data sets and 1.0 for heterogeneous data sets. Due to the software adjusting for input
sample size, this software was used to look at overall stability of the genes and also stability of the
genes when segregated by biopsy collection. Given that there were three biopsies collected with
identical collection times, the size of the data sets for the individual biopsy experiments are one-

third the size of the cumulative data set.

For each gene, it was clear that one-to-two weeks prior to surgery exhibited the highest M,
and therefore the worst stability (Figure 3.5). However, twelve-to-thirteen weeks following
surgery was more stable for three genes (GAPDH, YWHAZ, and RPL13a) and less stable for three

genes (18S, RPII, and HPRT1) as compared to immediately prior to surgery. As a result of these
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Figure 3.6: Stability values calculated using qBase” software. A) Stability values for
each candidate reference gene by biopsy. Smaller values indicated better suitability
(suitable for homogenous data < (0.5; suitable for heterogeneous data < 1.0). Data set was
partitioned and analyzed separately by biopsy: (white) subcutaneous adipose tissue, one-to-
two weeks prior to bariatric surgery [A 5Q]: (grey) mesenteric adipose tissue. immediately
prior to surgery [B MES]: (black) subcutaneous adipose tissue, twelve-to-thirteen weeks
following surgery [C SQ]. The plotted points represented the data analyzed as one set. B)
Output from geNorm V panel in gBase+ software. Panel suggested the optimal number of
genes to include in the reference gene set. Columns represented stability value associated
with geometrically-averaged top three gene Cq values (V3 =YWHAZ, RPL13a, GAPDH}),
and then the successive stability values that included HPRT1. then RPII. and lastly 185.
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findings, the cumulative data set closely paralleled the stability value of the biopsy obtained one-

to-two weeks prior to surgery.

As an overall ranking, three genes exhibited comparable stability values (GAPDH,
YWHAZ, and RPL13a) at respective M: 1.09, 1.051, and 1.03 (Figure 3.6). HPRT1, despite
indicating higher stability in the previous analysis, was indicated to have notably lower stability
(1.307). RPII and 18S rRNA exhibited M values of 1.60 and 2.11, respectively. As individual
reference genes, none of the genes exhibited overall stability values below one. Yet, the three

highest rated genes were, again, only slightly offset from the soft cut-off point.

Normfinder

In the Normfinder algorithm, stability values were not independently determined for each
candidate gene. Rather, each candidate reference gene was given a stability value estimating the
instability that it provided to the ordered set of geometrically-averaged relative quantities (2-Cq).

As designed, the dependency was to facilitate construction of candidate reference gene sets, which

will be discussed later. As a 0,900
=)
: <

result of the program design, EU.EDD
suitability in this program was | <

Y Prog gn_aﬂn
qualitative and was relative to E

£ 0.000

the other genes in the set. For YWHAZ GAPDH RPL13a HPRT1 RPIl 185

clarity, reported stability Figure 3.7: Stability values as calculated by Normfinder
Excel Add-in with explanatory variable grouping.
values were calculated | Increased suitability of respective reference genes was
qualitatively indicated by lower stability values.

including each of the six | Measurements were grouped to define an explanatory
variable for relative quantity variation. Group were defined
candidate genes (Figure 3.7). | as: (white) collection times, (grev) biopsies. or (black) both
biopsies and collection times.

As the last parameter, the
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program allowed explicit grouping of samples to explain a portion of the variation. In Figure 3.7,
three different sample groupings were used: 1) collection time, 2) biopsy, or 3) both collection

time and biopsy.

For each of the ways to group samples, the genes measured to be the most stable were:
YWHAZ, GAPDH, and RPL13a. 18S, again, was assessed to be the least stable candidate
reference gene irrespective of sample grouping. HPRT1 was ranked to be more stable than RPII
under two groupings, but worse when grouping samples by biopsy. Grouping by collection time
did result in lower stability values compared to the other groupings, which suggested that more

variation could be explained by collection time.

BestKeeper, Composite

Since no individual reference gene was definitively sufficient to serve as the internal
reference, the analysis shifted to identifying the suitable composite reference gene set.
(Vandesompele et al. 2002b) The procedural definition was that, upon geometric-averaging of
multiple reference gene Cq values, the composite Cq for the derived standard will exhibit minimal
standard error across samples. Improved stability has been accomplished through deconstructed
stochastic variation resulting from opposing biological regulation which should be tangential to
the experimental manipulation. However, this effect was balanced by retention of more

individually unsuitable genes in the reference gene set.

Three statistics were used to conduct the analysis: 1) individual gene standard error, 2)
correlation between the genes, and 3) the composite standard error. The process of finding the
optimal set was to, until the composite standard error increased, to iteratively remove the: 1) the

gene with highest remaining standard error, or 2) given similar standard errors, the gene with the
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highest correlation to remaining genes. This iterative progression enabled the most stable genes to
be retained and to maximize the deconstructive variation. The two worst genes were removed from
the model leading to the overall variance to decrease markedly. The complete model had a total
standard error across samples of 1.480. By the removal of 18S the standard error decreased to
1.256; the subsequent removal of RPII decreased the standard error to 1.074. Following the three

individual analyses, it was not clear whether HPRT1 or GAPDH was less suitable.

To gauge the potential consequences of including GAPDH or HPRT1 in the reference gene
set, estimated of Pearson correlation were used to estimate covariation between candidate
reference genes. Contextually, low covariation suggested that geometric averaging would have an
effect to lower experimental variance in future experiments. In this data set, all remaining genes
had significant positive correlation with the other genes except GAPDH and HPRT1 (p =0.166, p
= 0.11) (Table 3.2). HPRTI, while significantly related to both YWHAZ (p = 0.266, p = 0.009)
and RPL13a (p = 0.275, p = 0.007), the correlation is notably less than GAPDH for the same.
Therefore, it was expected that inclusion of HPRT1 would improve future stability of a composite

reference set that included YWHAZ, RPL13a, and/or GAPDH.

Table 3.2: Experimental estimation of Pearson correlation between candidate reference gene Cq
values, Correlation coefficients were calculated from respective Cq values of all samples. P-values
represented the probability that the correlation coefficient resulted from random chance.

185 YWHAZ RPL13a RPII GAPDH HPRT1
185 p 0.4376 0.3531 0.5646 0.5627 0.6119
p-value 1.0 E-05 4.8 E-04 3.1E-09 3.6 E-09 3.69E-11
YWHAZ p 0.4376 0.5630 0.7670 0.7148 0.2663
p-value 1.0 E-05 3.5 E-09 2.0E-19 5.9 E-16 0.00947
RPL13a P 0.3531 0.5630 0.8328 0.6134 0.275
p-value 4.8E-04 3.5 E-09 2.3E-25 4.9 E-11 0.00726
RPII p 0.5646 0.7670 0.8328 0.8605 0.1917
p-value 3.1E-09 2.0E-19 2.3 E-25 1.1 E-28 0.0642
GAPDH P 0.5627 0.7148 0.6134 0.8605 0.1659
p-value 3.6 E-09 5.9 E-16 4.9 E-11 1.1E-28 0.1101
HPRT1 p 0.6119 0.2663 0.2752 0.1917 0.1659
p-value 5.7E-11 0.0095 0.0073 0.0642 0.1101
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To test the prescription, a table was
constructed with all permutations of the four
most suitable genes (Figure 3.8). When
looking at the standard error of gene sets (2 or
3 total) including these genes, the only sets of
genes that were overall more stable included
HPRT1. YWHAZ and RPL13a had almost no
difference in effect on overall stability. And,
due to the higher estimate of standard
deviation and high covariation with YWHAZ
and RPL13a the overall effect of GAPDH was
to increase the reference gene set estimates of
standard deviation. The suggestion from this
analysis was HPRT1 inclusion would improve

future composite stability.

Figure 3.8: Standard deviation of
geometrically-averaged reference gene set.
Excluding RPII and 1885, all possible
permutations of multiple genes were tested.
First, each sample was geometrically-
averaged for included genes. Then, an
estimate of standard deviation was calculated
for the resulting data set.
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Table 3.3: Single exclusion analysis conducted through Normfinder Add-in. To
identify the best three-gene-set, each gene was iteratively excluded from the reference
set, and the stability values were estimated from the remaining genes. Higher stability
was evidenced by lower stability values. Additionally, the stability values of the set of
the four best suited genes were reported. Lastly, estimated mean stability values (i)
were calculated for each gene and reference gene set.

Best Four (-) GAPDH (-) HPRT1 (-)RPL13a (-) YWHAZ | i, gene
GAPDH 0.535 -- 0.369 0.532 0.608 0.511
HPRT1 0.515 0.549 -- 0.555 0.523 0.535
RPL13a 0.377 0.468 0.365 -- 0.398 0.402
YWHAZ 0.364 0.507 0.230 0.387 -- 0.372
na, set 0.448 0.508 0.321 0.492 0.509
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Normfinder, Composite

RPIl and 18S were excluded from this analysis due to two variables: 1) previously
established poor performance of each in all three analyses, and 2) dependent calculation of each
reference gene stability in the analysis module. Similar to the prior test, a selective exclusion was
conducted (Table 3.3). Yet, since three genes are needed for the macro to function, the analysis
only included the differential effect of a single gene exclusion. Similar to the preliminary analysis,
YWHAZ and RPL13a did not notably change the overall data set. However, the effect of GAPDH
and HPRTL1 on the stability of the reference gene set was reversed in effect compared to the
preliminary analysis. Exclusion of GAPDH led to a reduction in average stability of 10-15%,
which was commensurate with the effect of excluding YWHAZ and RPL13a. And, exclusion of
HPRT1 led to a 30% improvement in reference gene stability. These results suggested that the
HPRT1 was the least suited remaining gene for the model. It is notable that this is the opposite

recommendation from the BestKeeper analysis.

GeNorm V

In addition to stability value estimates, gBase+ contains a panel, geNorm V, that conducted
a selective inclusion analysis. Genes with higher calculated M were iteratively included into the
reference gene set. Similar to the earlier stability value, the lower the resulting output the more
stable the reference gene set. The goal output for homogeneous data sets is 0.10, and for
heterogeneous data sets the output is optimally 0.15. The result of the analysis was to indicate that
at least three genes ought to be included in the optimal reference set and that there was evidence
to support the inclusion of four genes (Figure 3.6B). The relative improvement from three genes
to four genes was a decrease from 0.24 to 0.21. Addition of RPII and 18S into the gene set

decreased the relative stability, which agrees with the other analyses that were conducted.
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Figure 3.9: Profiles of relative quantities for geometrically-averaged reference gene sets,
Sample Cq values for each included gene were geometrically averaged together then were
calibrated to the mean Cq values of both included biopsy data sets, which were: (black) one-
to-two weeks prior to surgery and (grey) twelve-to-thirteen weeks following surgery. Clock
time is counting up from day 0, which included the initial biopsy collection in the morning (20
CT = Day 0. 8 PM).

Circadian Gene Normalization

At the completion of the above analysis, it was concluded that YWHAZ and RPL13a were
optimally included in the reference gene set with GAPDH. There is an argument for HPRTL1 to be

included instead of GAPDH. Yet, it presents increased technical challenges due to high raw Cq
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Figure 3.10: Relative quantity of transcript across time for candidate reference genes.
Time series data were used from biopsies: (black) one-to-two weeks prior to surgery or
(grey) twelve-to-thirteen weeks following surgery. Respective relative quantities were
calibrated to the arithmetic average Cq of both included biopsy data sets. Clock time 1s the
hour of day starting from day 0, which included the biopsy in the morning (20 = Day 0, 8
PM).

that could overshadow the benefit of greater coverage of stochastic variation due to lower
correlation to the other genes in the panel. The disputed suggestion was addressed thusly: 1)

illustrating the geometrically averaged relative quantities with four different combinations of
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reference gene sets (Figure 3.9), and 2) one subject had mMRNA expression measured for Dbp, a
circadian clock gene, from samples derived from the biopsies prior to and following surgery
normalized by the same four reference gene sets (Figure 3.10). For the latter, reported fold changes
are relative to the biopsy from which the samples were derived. Lastly, the relative quantities for
each candidate reference gene were plotted across time after calibration to the experimental
average Cq for the data collected from the biopsies: 1) one-to-two weeks prior to surgery, and 2)
twelve-to-thirteen weeks following surgery (Figure 3.9).For Figure 3.9, the four reference gene
sets were: 1) YWHAZ, RPL13a, and GAPDH; 2) YWHAZ, RPL13a, and HPRT1; 3) YWHAZ,
RPL13a, GAPDH, and HPRT1; and 4) HPRTI, RPIIL, and 18S rRNA. The first three reference
gene sets corresponded to the suggested options remaining after the conclusion of the rhythm-blind
analysis. The fourth reference gene set corresponded to the geometric average of the three worst
individually suitable genes (Figure 3.9B). For three potential reference gene sets (Figure 3.9A, C,
and D), there was fluctuation across the time series (between 0.5 and 1.5 relative quantity). For the
post-surgery biopsy, there were minor peaks that occurred at midnight (24 and 48 clock time). For
the pre-surgery biopsy, there were minor peaks at 4 PM of day 1 and 12 AM of day 2. In Figure
3.9B, the pre-surgery biopsy additionally had a peak at midnight of day 1 and the post-surgery
biopsy only had a peak between noon and 4 PM of day 1. Lastly, the difference in relative quantity
was of a greater magnitude than other panels (Figure 3.9A, C, D) and in a reverse direction. The

individual reference gene relative quantity plots were represented in Figure 3.10.

The circadian clock genes, h(BMAL1 and hDBP, were measured for the post-surgery biopsy
of three subjects. The normalizations were to each reference gene set previously shown in Figure

3.9. These data sets were used to conduct a least-squares cosinor analysis using the method
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Figure 3.11: Rhythmic gene expression of clock genes, Dbp and Bmall, as output
from least squares cosinor analysis following normalization. Each gene was
measured (n = 3) across the time series expeniment for ABMALI (grey) and hDBFP
(black) at: twelve-to-thirteen weeks following surgery. Gene expression was
normalized to one of four geometricallyv-averaged reference gene sets. Fold change
was calibrated to maximal ACq of each gene’s normalized data set. Time is clock time
relative to day 0, which had the biopsy during the moming (20 CT = Day 0, 8 PM).
Cosinor analysis was conducted using R project package: cosinor2.

cosinor.Im from R-project package cosinor2. For each gene, cycle length was set to twenty-four
hours and time was the only explanatory variable used for the output variable: fold change. The
object output from cosinor.Im had defined acrophase and amplitude, which were used to calculate
the modeled data set for each normalization condition (Figure 3.11). The curves were calibrated
such that the minimal data point was set to one. The calculated amplitudes for hDBP were,

respectively: 0.43, 0.50, 0.55, and 0.18. The calculated amplitudes for Bmall were, respectively:
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0.08, 0.09, 0.08, and 0.17. In each panel, the acrophase of hDBP was calculated to be prior to
hBMALL in agreement with previous work in mice. (Takahashi 2017) The range for acrophase
differences was between 3:47 and 5:19 hours (Figure 3.11A, 3.11B, and Figure 3.12). For
hBMAL1, the calculated acrophases were, respectively: 0:54, 23:46, 0:43, and 2:39. In contrast,
prior reports of hBMAL1 acrophase preceded our report. (Gomez-Abellan et al. 2012, Gémez-
Santos et al. 2009) However, in our current study we: 1) utilized no FBS serum shock, which
allowed us to maintain the endogenous rhythmicity from each subject; 2) utilized base media of
M199 instead of DMEM; and 3) utilized, in media, low insulin (1 nM) and very low
dexamethasone treatment (40 nM) to support cell viability. For hDBP, the calculated acrophases
were, respectively: 19:36, 19:58, 20:46, and 21:42 (Figure 3.12). Thus, the optimization of
reference genes used to normalize the data affect both the amplitude of gene rhythms of circadian

genes as well as the phase relationship between the two clock genes.
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Figure 3.12: Acrophase for hBMAL]L and hDBP calculated through cosinor
analysis. Cosinor analysis was conducted through use of R-project package: cosinor2.
Acrophase 1s a calculated wvariable of linear modeling object produced through
cosinor.lm() method. Data set for each gene (n = 3), #DBP and hBMALI. was from
biopsies obtained: twelve-to-thirteen weeks following surgery.
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Discussion

Circadian rhythms are indispensable for understanding of normal physiology, and for
research addressing the transition into pathophysiology. This is made clear in studies that have
examined the disruption of circadian rhythms by sleep curtailment or shift work, and the resulting
positive association with obesity, insulin resistance, and diabetes. Improving precision of the
assays that observe circadian rhythms is still on-going. This work is meant to add to this

knowledge, particularly, in this context, gRT-PCR assays for measuring target gene expression.

To accomplish this goal, primary subcutaneous human adipose tissue was ex vivo cultured
and periodically harvested. Previous literature documented that these culture conditions allowed
for the preservation of circadian patterns of gene expression in primary adipose tissue, and the
results shown in Figure 3.12 support this conclusion. These conditions were utilized to allow for
a complex example of adipose tissue health and endocrine regulation on circadian rhythmicity.
With this data, we were able to analyze the proof-of-concept differences in circadian rhythmicity,
and assess how suitable previously verified reference genes were under the tested experimental

conditions.

The aim of this study was to assess whether any of the candidate genes were sufficient to
function individually as reference genes, a practice widely employed in research. Despite vetting
by other papers assessing that the genes used were stable under hormonal treatment, BMI-
variation, and in adipose tissue, in our hands under the experimental conditions and human subjects
used, none of the genes resulted in sufficient stability to function across these conditions. Yet, even
under these extremely heterogeneous conditions it was possible to create a reference gene set
(YWHAZ, RPL13a, and GAPDH) that was most advantageous to interpret experimental results.

At the least, these results strongly suggest that more attention is owed to verifying that the
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reference standard is sufficiently stable for any given experiment. It is plausible to create a system
with an unwieldy oversight burden for disseminating gRT-PCR results. Yet, the process is not
sufficiently transparent regarding the effect of normalization on experimental results. This critique
either overtly or implicitly undermines the confidence in a technique that is still widely relied

upon.

Each method to determine the stability of the reference genes relied on different
assumptions of what was required for an acceptable reference gene standard. Use of more than one
method is encouraged to verify the provisional stability assessment offered by a single method.
The overlap for genes that performed well or poorly did agree between the methods utilized in this
study. However, the suitability became more muddled between the approaches if under the
experimental conditions there was no gene that clearly performed well. In this case, using the
multiple analytic tools offers two options: 1) finer distinctions between suitability of the individual
genes, or 2) incorporation of multiple genes into a reference gene set. Since the genes that are
being considered are likely to be nearer to the border of acceptability, use of multiple methods

fosters a more balanced understanding how each gene could serve within the reference gene set.

There were two genes that deserved to be discussed in particular. Despite still being widely
used, 18S rRNA performed the worst of the six genes tested in the study. This provides increasing
evidence that 18S rRNA has certain experimental conditions that lead to notably high variation.
Since this is the case, this study shows evidence that corroborates that 18S rRNA should be
rigorously tested before acceptance as a reference gene, particularly in regards to circadian clock
genes assayed over a period of time. The other gene of note was HPRT1. As would be expected
with the previously noted high average Cq, there were a high rate of failed qRT-PCR runs. Yet,

also supporting previous literature is that re-running the failed wells did result in an average Cq
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across conditions that was near to the stability of the best performing genes. It remains uncertain
whether the stability is due to actual gene expression or manipulation of stability by the rejection

of any results that fall out of the narrow acceptable range.

This current study does rely on the fundamental assumption that random enrollment yields
representative subject selection. More subjects are always advantageous for suitable representative
of subject populations, and there were a comparatively small number of subjects included in this
analysis. However, the paired aspect of the study design enabled a more thorough interrogation of
the stability of the genes in these individuals. It is true that individual time course measurements
were not entirely independent of the other measurements, but there is not consensus of how
dependency should be effectively controlled given that biological rhythm research already
involves one layer of linear modeling. This study instead made more measurements to account for

the stated dependency.

In the tool BestKeeper, there is explicit regard for the concern of co-regulation of reference
genes and target genes. The conceptual risk is that since neither reference genes nor target genes
operate outside the cellular regulatory mechanisms, there exists the possibility that the
experimental manipulation will be reflected in both the reference gene and target gene expression.
The downside of this result is that the ACq normalization step will eliminate, or dampen, the actual
change in target gene expression. This is an example of a false negative error. Therefore, care
should be taken in the selection of candidate reference genes. Yet, there is no firm guideline as to
what constitutes unacceptable co-regulation. So, instead, it is suggested that this error is
conceptually and experimentally addressed by considering and measuring covariance of a number
of potential reference genes for each set of experimental protocol used to obtain the greatest fidelity

in these critical tools for data normalization.

62



Chapter 4: Adipose Tissue Circadian Clock Upregulation is Highly Associated with the

Degree of Weight Loss Twelve Weeks following Sleeve Gastrectomy

Abstract

In humans with morbid obesity, there is a significant trend for the attenuation of systemic circadian
rhythms and a deterioration of metabolic health. Bariatric surgery has been shown to improve
several systemic and adipose tissue metabolic health parameters. We tested the hypothesis that
bariatric surgery would accentuate the cycling of the adipose tissue circadian clock. We recruited
ten women with morbid obesity who had been scheduled for laparoscopic sleeve gastrectomy
(LSG). We collected a peri-umbilical fat biopsy at baseline and twelve weeks following surgery.
The tissue was minced and sterile cultured in separate wells for approximately twenty-four hours.
A well of fat was collected every three hours and flash frozen. To assess changes in gene
expression of components of the circadian clock, reverse-transcriptase gPCR was conducted from
each tissue section on twelve genes. Fourier-based bimodal cosinor regression was conducted
(CircWave) to estimate parameters of the respective biological rhythm profiles assuming 24-hr
phase duration. The amplitude of the hBMALL1 profile was accentuated after surgery. No phase
shifts were detected. To assess the changes to average expression, a parsimonious mixed effect
models were built from expression data from each circadian clock gene. Expression was increased
for seven genes (hNPAS2, hDBP, hCRY1/2, hPER1/2/3) and decreased for two genes (hNFIL3,
hREVERBa). Changes to hDBP expression were highly associated with changes to several clock
elements (hCRY2, hPER1/2/3). Changes to hNPAS2 expression were associated with changes to
hCRY1, hPER2/3. The degree of these changes was associated with improved weight loss and

decreased calories consumed post-surgery. Therefore, in adipose tissue, the short-term effect of
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LSG appears influence accentuation of rhythmicity driven by greater overall expression favoring

expression of positive regulatory elements for hDBP and hNPAS2.

Introduction

Despite lesser contribution to overall glucose disposal, adipose tissue has been shown to
have a profound impact on systemic metabolic function. (Fu et al. 2005, Salans, Knittle and Hirsch
1968, Li et al. 2011, Cao 2013, Kershaw and Flier 2004, Kohlgruber and Lynch 2015, McGown,
Birerdinc and Younossi 2014, Manna and Jain 2015) Traditional lifestyle modification can result
in improvements in metabolic syndrome, but weight loss remains difficult to maintain. (Weiss et
al. 2007, Unick et al. 2013, van Baak and Mariman 2019, Crowe et al. 2015, Wadden et al. 2007)
Yet, dramatic long-term improvements have been achieved in weight loss, overt measures of
metabolic health, and the reduction of risk factors through bariatric surgeries including LSG.
(Fischer et al. 2012, Shi et al. 2010, Albers et al. 2015, Adams et al. 2007, Basso et al. 2011,
Ashrafian et al. 2011, Bohdjalian et al. 2010, Casella et al. 2016, Castagneto-Gissey and Mingrone
2012) Impressively, these effects have been shown to occur beyond the expectation by weight loss

alone. (Chambers et al. 2011, Longo 2014)

The circadian clock is a 24-hr pacemaker that instills a temporal organization to energy-
intensive metabolic processes. (Lamia et al. 2008, Nikolaeva et al. 2012, Zvonic et al. 2006) The
baseline of these rhythms is set for all molecular clocks by the central clock in the suprachiasmatic
nucleus, which is entrained to a few key signals like light. (Czeisler et al. 1999a, Berson et al. 2002,
Radziuk 2013) Yet, the circadian clock is a cell autonomous molecular apparatus found in each
cell of major peripheral organs. (Panda et al. 2002, Nikolaeva et al. 2012, Zvonic et al. 2006) This

design allows for centralized control, which is decoded by the organ-specific clocks, called

64



peripheral clocks, to affect organ-specific metabolic functions. Further, humoral signals act on
specific clock components of the peripheral clocks or central clock to facilitate any necessary
adjustments. (Panda et al. 2002, Dvornyk et al. 2003, Ouyang et al. 1998, Spoelstra et al. 2016,

Dodd et al. 2005)

Our inquiry was focused on the human subcutaneous adipose tissue clock in time-relation
to LSG surgery. We conducted time-series experiments on sterile-cultured adipose tissue derived
from peri-umbilical aspiratory biopsies at baseline prior to surgery and at twelve weeks following
surgery from women with morbid obesity. At this time following surgery, reports indicate that
weight loss and metabolic improvements have begun but have yet to stabilize. Our hypothesis is
that the circadian clock activity and organization would be improved following LSG surgery. The
particular effects will provide insight into how adipose tissue is involved in the systemic metabolic
changes. We show an apparent upregulation in the E-box and D-box ancillary axes that was
associated with increased negative arm clock expression. The observed changes were associated
strongly with metabolic alterations consistent with negative caloric balance with E-box-associated

connection to improved insulin sensitivity.

Materials and Methods
Subject characteristics

Screening of potential subjects and the process of enroliment into the clinical study was
conducted as previously described (University of Chicago IRB 14-0984). (White et al. 2020) Ten
women with morbid obesity were voluntarily enrolled with informed, written consent following

approval and scheduling for LSG surgery.
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Laboratory Sessions

In-laboratory sessions were structured as previously reported. (White et al. 2020) Identical
sessions were conducted at baseline one-to-two weeks prior to the scheduled surgery date and

twelve-to-thirteen weeks following the surgery date.

gRT-PCR

Experimental design and execution of gRT-PCR runs were as previously described. (White
et al. 2020) The runs were prepared on ice with SYBR green chemistry in low-profile 96-well
plates with melt curve calculation, three technical replicates, and inter-plate calibration on CFX
Connect Real-time PCR Detection systems (40 cycles, 1000 fixed fluorescent unit threshold).
Reference gene normalization was conducted as previously described with three reference genes
using geometrically-averaged Cq, as previously described. (Vandesompele et al. 2002a, White et
al. 2020) Circadian clock gene primers were purchased from Qiagen with a documented guarantee
for high efficiency and broad dynamic range but without a precise sequence. The list of primers
used were: hBMAL1 (PPH06229F), hCLOCK (PPH06233A), hNPAS2 (PPH06232A), human D-
box binding protein (hDBP) (PPH19697A), hNFIL3 (PPH00415E), hRORo (PPH02373A),
hREVERBa, (PPH02259A), hPER1L (PPH02075A), hPER2 (PPH06234E), hPER3 (PPH19810B),

hCRY1 (PPH06231B), and hCRY2 (PPH06235A).

Rhythm and Expression Analysis

To robustly identify alterations in gene expression of the circadian clock a time series
experiment was conducted on minced sterile-cultured peri-umbilical subcutaneous adipose tissue
at baseline and post-surgery as previously described. (White et al. 2020) This experimental design

allows the ability to interrogate alterations in both the twenty-four-hour rhythms in time proximity
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to surgery and to leverage the power of the repeated measures design of the time series experiment

to increase confidence of overall gene expression levels.

Quantitative characteristics of each circadian clock gene rhythm were obtained from
parameter estimation of Fourier-based cosinor regression software (CircWave version 1.4). (Costa
et al. 2013) One harmonic was utilized with phase set to twenty-four hours to allow for testing and
regression to a circadian profile. The experimental delta Cq measurements were formatted in two
steps: 1) conversion to relative expression, and 2) average twenty-four-hour expression for each
subject was adjusted to one. The second adjustment was necessary to treat each subject identically
for the regression, which was conducted once including all ten subject profiles. The set of
estimated parameters were used to create a profile for a twenty-four-hour rhythm with a data
interval of three minutes. The estimated rhythm profile was created for both the baseline
measurements and the post-surgery measurements. The acrophase was the estimated clock time of
maximal expression. The amplitude was defined as half the difference between the point of lowest
expression, the nadir, and the point of maximal expression, the peak. Significance of difference in

profiles were compared using two-tailed t-tests.

Mixed Model Construction

Mixed modeling was utilized to estimate the degree of difference in gene expression levels
between baseline and post-surgery. Each model required that subjects have at least seventy-five
percent of the potential collection samples at both baseline and post-surgery. Model fitting was
conducted by R package (Ime4). In order to ensure that the dependence derived from time series
collection was accounted for in the statistics, the random vector was a simple intercept set as the
subject identification number (SID). Experimental expression level was prepared according to the

equation below:
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Relative expression (2*-ACq) was adjusted for estimated circadian rhythm (RcT) at the
clock time (CT) corresponding to that time point to yield gene expression estimates specific for
each subject (SID) and time point (TP). The sinusoidal 24-hr rhythms would have violated the
linearity assumed in the modeling leading to distorted estimated factor effects and increased

variance.

The surgery-associated parsimonious model was calculated by using surgery as a binomial
variable (Pre [0], Post [1]) and iterative inclusion of factors representing potential corrections for:
1) age (integer, years), 2) pre-surgery weight loss, 3) post-surgery weight loss, or 4) expression
drift across time (time point = integer: {1, 2, ..., n}). This was enabled by holding each potential
correction factor constant for all respective points of a given subject. An enhanced model was
chosen by: 1) an improved Akaike Information Criterion of the N+1 model (compared to N model
without the addition of the factor), 2) each factor effect has low Type S error rate (p < 0.05), and

low inflation of standard error of estimation (< 50%).

Additional models were made to identify any associations of gene expression with the
changes to metabolic parameters. Weight loss after surgery is a primary outcome variable that is
collected. Therefore, given that there is weight loss after surgery, we constructed a univariate fixed
model to estimate the weight loss after surgery (float, 5 digits) given no change in gene expression
(float, 5 digits) from baseline or the average change in gene expression observed in this study from
baseline to post-surgery. Yet, we also wanted to provide insight into which metabolic changes
were associated with the changes to clock gene expression. Therefore, we estimated baseline and

post-surgery gene expression (float, 4 digits) by: 1) fasting glucose (float, 0.01 mg/dL precision),
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2) fasting insulin (float, 0.01 mU/L precision), insulin sensitivity (float, 0.01 mU/L*min~-2
precision), four meal laboratory session calories consumed (float, 1e-4 [kCal] precision), glycerol
secretion rate (float, 0.01 ng/hr precision), fasting serum FFA (float, 0.001 [100 uM] precision).
Disposition Index and beta cell function were run in models, but yielded no significant

associations.

Lastly, models were set up to identify whether the changes in one clock gene was associated
with the change to other clock genes. A complete model was formed to explain the expression of
each gene. Clock elements were excluded that notably increased unexplained variance and that did
not notably decrease AIC. Multiple negative arm clock elements (hPER1/2/3, hCRY1/2) were not
included in the same model due to collinearity of regulation. A parsimonious model was completed
when there was at least one D-box acting, E-box acting, and RRE-acting element as well as a
negative arm element. This allowed comparison of the degree of association between changes to

each element and the association with internal clock transcriptional regulation.

Results
Surgery Effect on Body Composition

A summary of the deidentified subject characteristics is found in Table 2.1. From baseline
to post-surgery, subjects lost on-average 7.4 + 0.4 kg/m? (BMI) (p = 2.6e-7), which was reflected
in weight loss of 21.1 £ 0.9 kg (p = 6.0e-10) and 16.7 £ 0.8 % baseline weight loss (p = 1.8e-10).
Further, waist-to-hip ratio (unitless) decreased 0.03 £ 0.03 (p = 0.23) while adiposity declined 4.6
+ 0.7% (p = 2.2e-4). These changes reflect profound weight loss and notable improvements in

body composition shortly following LSG. Subjects from baseline until preparation for surgery

69



experienced in 1.7 + 0.4 kg (p = 3.4e-3) weight loss corresponding to 1.3 + 0.4 % percent baseline

weight loss (p = 3.5e-3) due to pre-surgery-mandated diet.

Surgery Effect on Metabolic Parameters

A summary of changes to metabolic parameters is found in Table 2.3. The four-meal
average of calories eaten during laboratory sessions decreased 72.3 = 4.0% (p = 2.7e-6) from
baseline at post-surgery. Fasting plasma glucose (-7.3 £ 2.6%) (p = 0.01), fasting plasma insulin
(-50.4 £ 8.8%) (p = 3.8e-5), and beta cell function (-28.7 £ 9.7%) (p = 0.01) decreased from
baseline. Insulin sensitivity (57.2 + 20.9%) (p = 0.02) and glycerol secretion rate (67.4 + 25.6%)
(p = 0.04) increased while disposition index (178 = 104%) (p = 0.11) trended toward an increase

at post-surgery. Serum free fatty acid levels were unchanged after surgery.

Twenty-four-hour Rhythm Analysis

To analyze the twenty-four-hour profiles, we utilized a unimodal cosinor regression
algorithm to create an estimated profile of gene expression for each circadian clock gene
(CircWave). Each of the genes that were measured has been previously shown to exhibit robust
circadian profiles in healthy individuals, which supported the assumption of a twenty-four-hour

phase. For each profile, the regression fit was evaluated for suitability by the algorithm and found

35% " Figure 1: Explained variance of cosinor
30% - regression for clock gene expression levels.
Sterile cultured adipose tissue was collected
25% (N=10) at baseline (black) and post-surgery.
20% The gene expression profiles of clock genes

were analyzed for circadian rhythmicity

Percent Variance Explained

1% T % using cosinor program CIRCWAVE.
10% . Significance was determined by two-tailed t-
5% .a.i + test. P-value was: * < 0.05.

0%

Baseline  Post-surgery
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to have a statistically significant fit (p < 0.05). The ability of the program to assign the variance to
the regression algorithm was increased at post-surgery as compared to pre-surgery (Figure 4.1).

The across-subject average experimental expression before and after surgery was co-plotted with
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Figure 4.2: Circadian profiles of circadian clock genes. Sterile-cultured adipose tissue was
collected every three hours at bascline (e, black) and post-surgery ( ® . grey). Mesor for each
subject and biopsy was adjusted to one arbitrary unit (AU) (N = 10) . Estimated rhythms were
fit using a unimodal cosinor algorithm (CircWave) with phase of twentv-four hours. The
estimated rhythms are shown as solid lines. Raw experimental derived data is displayed as
discrete points £ SEM. The profiles are shown against 24-hour clock time (CT).
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the estimated profile resulting from the parameter estimates output from the model (Figure 4.2).

There were no phase differences detected between baseline and post-surgery (Figure 4.3A).
In alignment with prior reports, positive arm (hBMAL1, hCLOCK, hNPAS2) were anti-phase to
negative arm elements of the circadian clock (hPER1/2/3, hCRY1/2). There was also a notable
phase difference between hRORa and hREVERBe, which is known to be associated with

establishment of hBMAL1 oscillation. The amplitude of the rhythm of hBMALL1 increased from
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Figure 4.3: Analvsis of circadian mRNA rhythm characteristics of clock genes.
Sterile-cultured subcutaneous adipose tissue was collected (n=10) at baseline (black)
and twelve weeks following surgery (grey). Relative expression was fit to a unimodal
cosinor algorithm (CircWave) with phase of twenty-four hours. Characteristics of the
fit rhythm were defined for each gene. A) Acrophase (t). the time of highest expression.
is shown (#) £ SEM of 1. B) Amplitude of estimated rhythm was shown £ SEM of
mean expression. Significance was determined by two-tailed t-test. P-values: ** < 0.01.
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10.2 £ 1.3% to 22.1 £ 3.5% (p = 1.91e-3) (Figure 4.3B). No other genes exhibited a significant

change to amplitude of the rhythm.
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Figure 4.4: Analysis of gene expression level changes after sleeve
gastrectomy surgery. Subcutaneous adipose tissue (n=10) was
collected from sterile culture at baseline (black) and at post-surgery
(grey). Mixed linear modeling was used to estimate the effect of
corrected before  surgery after correction for weight loss and subject baseline expression.

through mixed linear
modeling. Data was
Significance was determined by a two-sided t-test. P-values were,

modeling to exclude respectively: * < 0.05. ** < 0.01 and *** < 0.001.

non-linearity from the

circadian oscillation. Corrections made during modeling included: 1) expression drift during the
time series experiment, 2) weight loss before surgery, 3) weight loss after surgery, and 4) age.
Factors that did not improve model fit were not included in the surgery effect model. All values
are adjusted to a baseline intercept of one. The surgery effect for each gene was reported in Figure
4.4. Two genes were estimated to have decreased expression following surgery: hNFIL3 (-40.5 +
13.5 %, p = 3.2e-3), and hREVERBa (-44.8 + 15.9%, p= 5.2e-3). Seven genes were estimated to
have increased expression following surgery: hNPAS2 (238 + 89%, p = 7.7e-3), hDBP (417 £
121%, p = 7.1e-4), PER1 (375 + 130%, p = 8.6e-3), hPER2 (553 + 184%, p = 3.0e-3), hPER3 (76

+30%, p = 5.4e-3), hCRY1 (158 + 70%, p = 0.013), and hCRY2 (218 + 76%, p = 2.2¢-3).
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Association of gene expression with weight loss
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Figure 4.5: Analysis of clock gene expression on percent weight loss from baseline.
Subcutaneous adipose tissue (n=10) was collected from sterile culture at baseline and at post-
surgery. Mixed linear modeling was used to estimate the effect of each gene expression on
weight loss achieved. 95% confidence interval is shown. Comparison is between estimated
weight loss given average expression of each gene at baseline (black) or post-surgery (grey).
Significance was determined by a two-sided t-test. P-values were, respectively: ** < 0.01 and
*x% <0.001.

Post-surgery weight loss (surgery intake to post-surgery session) averaged 15.5% and
ranged between [9.9%, 18.9%]. We tested whether there was an association of changes to gene
expression with changes to weight loss after surgery. Five genes were associated with significantly
increased weight loss at post-surgery gene expression as compared to pre-surgery gene expression.
The genes were: hNPAS2 (12.47 + 1.57% [BL g.e.], 17.52 + 1.64 % [PS], p = 2.4e-3), hDBP (12.18
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+ 1.75% [BL], 18.47 + 1.80% [PS], p = 5.9e-4), hCRY2 (12.46 + 1.67% [BL], 18.02 + 1.75 %
[PS], p = 1.8e-3), hPER1 (12.78 + 1.58% [BL], 18.24 + 1.63 % [PS], p = 9.9e-4), hCRY2 (12.13 *
1.60% [BL], 18.47 £ 1.64 % [PS], p = 1.6e-4). Weight loss is associated with several metabolic
alterations after surgery. We tested whether the changes in the gene expression are also associated
with changes to metabolic parameters from glucose management, decreases caloric consumption

directly, or changes to fatty acid metabolism.
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Figure 4.6: Association of circadian clock gene expression with fasting glucose. Subcutaneous
adipose tissue (N = 7) was collected from sterile culture at baseline and twelve weeks following surgery.
Fasting blood glucose was determined by ELISA. Mixed linear modeling was used to estimate the
effect of each gene expression on weight loss achieved. 95% confidence interval is shown.
Comparison is between estimated weight loss given average expression of each gene at baseline
(black) or post-surgery (grey). Significance was determined by a two-sided t-test. Significance
was determined by a two-sided t-test. P-values were, respectively: * < 0.05.
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Figure 4.7: Association of circadian clock gene expression with fasting insulin. Subcutaneous
adipose tissue (N = 7) was collected from sterile culture at baseline and twelve weeks following surgery.
Fasting blood insulin was determined by ELISA. Mixed linear modeling was used to estimate the
effect of each gene expression on weight loss achieved. 95% confidence interval is shown.
Comparison is between estimated weight loss given average expression of each gene at baseline
(black) or post-surgery (grey). Significance was determined by a two-sided t-test. Significance
was determined by a two-sided t-test. P-values were, respectively: * < 0.05.

Association of glucose management with gene expression

Parameters of glucose management were derived from MINMOD Millenium software

analysis of raw fsIV-GTT results. We modeled the association of differences in fasting glucose,

fasting insulin, insulin sensitivity, beta cell function, and disposition index on differences in the

gene expression of each clock gene. No significant effect on gene expression were found with

disposition index or beta cell function. Despite the unchanged ZRORo expression following
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surgery, the decline in fasting glucose (82.5 [BL], 78.4 mg/dL [PS]) was associated with a
significant increase in hRORa expression (0.84 + 0.21 [BL], 1.39 + 0.21 [PS], p = 0.01) (Figure
4.6). The decline in fasting plasma insulin (was associated with increased hCRY2 and hPER2

expression (Figure 4.7). The increase in systemic insulin sensitivity was associated with increased

hNPAS2 expression (Figure 4.8).
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Figure 4.8: Association of circadian clock gene expression with insulin sensitivity.
Subcutaneous adipose tissue (N = 7) was collected from sterile culture at baseline and twelve
weeks following surgery. Insulin sensitivity was computed using MINMOD Millenium
software on fsIV-GTT results. Mixed linear modeling was used to estimate the effect of each
gene expression on weight loss achieved. 95% confidence interval is shown. Comparison is
between estimated weight loss given average expression of each gene at baseline (black) or
post-surgery (grey). Significance was determined by a two-sided t-test. Significance was
determined by a two-sided t-test. P-values were, respectively: * < 0.05.
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Association of calories

consumed with gene expression

Four-meal average of
calories consumed  during
respective laboratory sessions
was used to model gene
expression. The decline in
calories consumed ((2223
[BL], 591 [PS]) was associated
with a change in eight genes

(Figure 4.9). There was a
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Figure 4.9: Effect of calories eaten on gene expression of
clock genes. Subcutaneous adipose tissue (n=10) was
collected from sterile culture at baseline (black) and at post-
surgery (grey). Mixed linear modeling was used to estimate
gene expression of each gene using: four meal average
calories eaten during each lab session. Significance was
determined by two-tailed t-tests. P-values were: * < 0.05, **
<0.01, *** < 0.001.

significant decrease in hRORa expression (1.02 + 0.15 [BL], 0.69 + 0.14 [PS], p = 0.02). There

was a significant increase in seven genes: hNPAS2 (0.75+0.77 [BL], 2.75 £ 0.74 [PS], p = 0.008),

hDBP (1.07 +2.13 [BL], 5.71 + 2.03 [PS], p = 0.02), hCRY1 (0.84 + 1.19 [BL], 3.20 + 1.12 [PS],

p=0.04), hCRY2 (0.71 + 1.17 [BL], 3.38  1.12 [PS], p = 0.02), hPER1 (0.48 + 2.39 [BL], 5.72

+2.29 [PS], p = 0.02), hPER2 (0.30 + 0.21 [BL], 6.82 + 0.21 [PS], p = 0.02), and hPER3 (0.79 +

0.49 [BL], 2.06 + 0.48 [PS], p = 0.009).

Association of fatty acid secretion and fasting serum FFA level with gene expression

Systemic fatty acids can be measured by serum fasting free fatty acid levels and adipose

tissue lipolysis was measured by glycerol secretion rate. Increased glycerol secretion rate (30.7

[BL], 51.4 ng/hr [PS]) was associated with increased expression of hCRY1 (0.58 + 1.14 [BL], 3.64

+1.16 [PS], p = 0.01) and hPER3 (1.00 % 0.39 [BL], 2.12 + 0.40 [PS], p = 0.006) (Figure 4.10).
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Free fatty acid levels (498 [BL], 367 uM [PS]) did not significantly associate with changes to gene

expression of any of the circadian clock genes (Figure 4.11).
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Figure 4.10: Association of circadian clock gene expression with adipose tissue lipolysis.
Subcutaneous adipose tissue (N = 8) was collected from sterile culture at baseline and twelve
weeks following surgery. Glycerol secretion rate was computed colorimetric assay on
conditioned media. Mixed linear modeling was used to estimate the effect of each gene
expression on weight loss achieved. 95% confidence interval is shown. Comparison is between
estimated weight loss given average expression of each gene at baseline (black) or post-surgery
(grey). Significance was determined by a two-sided t-test. Significance was determined by a
two-sided t-test. P-values were, respectively: ** < 0.01.
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Figure 4.11: Association of circadian clock gene expression with blood free fatty acid
levels. Subcutaneous adipose tissue (N = 7) was collected from sterile culture at baseline and
twelve weeks following surgery. Fasting free fatty acid levels were computed colorimetric
assay on blood. Mixed linear modeling was used to estimate the effect of each gene expression
on weight loss achieved. 95% confidence interval is shown. Comparison is between estimated
weight loss given average expression of each gene at baseline (black) or post-surgery (grey).
Significance was determined by a two-sided t-test. Significance was determined by a two-sided
t-test. P-values were, respectively: * < 0.05.

Association of internal clock expression association

To assess whether internal regulation could explain the observed changes seen in expression

between baseline and post-surgery, we constructed models to use elements interacting with each

transcriptional promoter region. Similar to the surgery model, there was no change in the overall
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Figure 4.12: Association of clock gene expression to expression of other clock genes. Each
clock gene was modeled with a simple intercept set to the subject ID. Additionally, each model
contained at least on element that acted on E-box promoter. D-box promoter. and RRE promoter
regions. The total estimated difference in gene expression between baseline (black) and post-
surgery (grey) is shown as total. Significance was determined by a two-tailed t-test which
compared the total modeled effect of each promoter region on respective expression between

baseline and post-surgery.
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expression of hBMALI, hCLOCK, hRORa. hCLOCK was associated with the change to hPER1
(p = 3.9e-5). Alterations in DBP-acting genes were highly associated with changes to: hRORa (p
= 1.1e-12), hREVERBa (p = 1.6e-7), hCRY?2 (p = 1.3e-44), hPERL (p = 1.2e-70), hPER2 (p =
7.2e-48), hPER3 (p = 1.6e-4), and hNPAS2 (p = 9.1e-40). E-box acting genes were also
significantly associated with the change in gene expression of hPER2 (p = 0.049), hPER3 (p =
5.2e-6) and hCRY1 (p = 3.8e-4). However, the model for hCRY'1 did not explain the increase in
gene expression between baseline and post-surgery. Additionally, gene expression of clock
elements failed to explain the decrease in gene expression of AZREVERBa and hNFIL3 at post-

surgery.

Discussion

The overall results show an upregulation in several genes in the subcutaneous adipose
tissue circadian clock. The overt results suggest a shift towards positive regulation at D-box
promoter regions via hDBP and E-promoter region via hNPAS2. The consequent apparent
upregulation in the negative limb elements of the circadian clock lends evidence to support this
claim. The undeniable association of the changes of hPER1, hPER2, hCRY2 with hDBP solidifies
the connection. The connection of hNPAS2 with hCRY 1 and hPER3 are distinct from the effect of
hDBP. Prior literature on the effects of these clocks is not inconsistent with a metabolic profile of
improved glucose homeostasis, lower insulin levels, increased insulin sensitivity, decreased

lipogenesis, and decreased adipogenesis.

A major known factor in the result of bariatric surgery is significant caloric restriction. This
report on clock gene expression twelve weeks after bariatric surgery supports the role of significant

caloric restriction. Firstly, hDBP These two effects are able to exert an effect on the function of
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the circadian clock. Circadian clock expression in adipose tissue was measured in individuals with
obesity who were put on an eight week very-low calorie diet. (Pivovarova et al. 2016) Subjects
lost around ten kilograms of weight. hPER2 was found to increase in overall expression in
proportion to weight loss. This finding is congruent with the present study. However, hAREVERBa
was indicated to increase rather than decrease as seen in this study. Yet, the isolated effect could
be consistent with the trend seen in Figure 4.6A. In a caloric restriction study in mice mPERL,
mPER2, and mDBP were each upregulated. (Patel et al. 2016) Each effect is congruent with the
present study. Yet, the increase in mMCLOCK, the lack of change in mNFIL3, and the increase in
mBMALL contrasted with the present study. These results would suggest that there may be
improvements to circadian clock function that are related to caloric restriction. Yet, it is clear that

it is not the whole story of what is occurring.

Each of the three period genes was shown to be upregulated at post-surgery as compared
to baseline. Yet, hPER3 was notably less elevated than hPER1 and hPER2. Low caloric
consumption may partially explain the difference. mMPER1 and mPER2 promoter regions are shown
to have CAMP response elements, while mPER3 does not. (Travnickova-Bendova et al. 2002). The
common factor that associates hNPAS2, hCRY1, and hPER3 and improved glucose metabolism is

a promising step in understanding the effects driving the differences.

In this study, we showed that there are not significant changes to the phase of the adipose
tissue clock. However, the average expression of several clock genes was increased in association
with caloric restriction and systemic metabolic improvements. The caloric restriction effects seem
to be mediated with upregulation of hDBP, while the metabolic effects appear to be affecting the

expression of hANPAS2. The implications of these changes can be explored in the future.
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Chapter 5: Adipose Tissue Metabolic Gene Expression is Highly Associated with Caloric

Restriction Twelve Weeks following Sleeve Gastrectomy

Abstract

In humans with morbid obesity, there is a significant trend for the attenuation of systemic circadian
rhythms and a deterioration of metabolic health. Bariatric surgery has been shown to improve
several systemic and adipose tissue metabolic health parameters. We tested the hypothesis that
laparoscopic sleeve gastrectomy (LSG) would regulate adipose tissue metabolic genes to resist
caloric-restriction-mediated lipolysis. We recruited ten women with morbid obesity who had been
scheduled for LSG. We collected a peri-umbilical fat biopsy at baseline and twelve weeks
following surgery. The tissue was minced and sterile cultured in separate wells for approximately
twenty-four hours. A well of fat was collected every three hours and flash frozen. To assess
changes in gene expression of components of adipose tissue metabolic control, reverse-
transcriptase gPCR was conducted from each tissue section on twelve genes. Fourier-based
bimodal cosinor regression was conducted (CircWave) to estimate parameters of the respective
biological rhythm profiles assuming 24-hr phase duration. We showed phase delay of insulin
signaling genes (INSR, IRS1, PIK3.CA) and lipid regulatory gene INSIG2. Further, we showed
down regulation in adipokine genes (LEPTIN, ADIPOQ) and lipolysis gene (ATGL), and
upregulation of master transcription factor genes (SREBP1 and PGC/«) and insulin pathway genes
(INSR, IRS1, GLUT4, SOCS3). A majority of the changes could be explained by caloric restriction
with expected declines in fasting insulin and systemic insulin sensitivity. Surgery did not associate
with change to INSIG2, but caloric restriction and upregulated lipolysis were significantly

associated.
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Introduction

Adipose tissue may not be a major site of glucose uptake, but the loss of insulin-mediated
inhibition of lipolysis contributes significantly to systemic insulin resistance, ectopic lipid
deposition, and lipotoxicity. (Angelini et al. 2019, Ye et al. 2019, Morigny et al. 2016) Traditional
lifestyle modification has resulted in short-term improvements to obesity comorbidities but has
also been inconsistent as a long-term intervention strategy. (Unick et al. 2013, van Baak and
Mariman 2019, Crowe et al. 2015) However, dramatic long-term improvements have been
achieved through LSG surgeries. Beyond maintenance of weight loss, risk of metabolic disease
has been reduced dramatically while endocrine dysfunction and resistances have been resolved.
(Fischer et al. 2012, Adams et al. 2007, Basso et al. 2011, Ashrafian et al. 2011, Casella et al.
2016) Impressively, these effects have been shown to occur beyond the expectation by weight loss

alone. (Chambers et al. 2011, Longo 2014)

Our inquiry was focused on the human subcutaneous adipose tissue clock in time-relation
to LSG surgery. We conducted time-series experiments on sterile-cultured adipose tissue derived
from peri-umbilical aspiratory biopsies at baseline prior to surgery and at twelve weeks following
surgery from women with morbid obesity. At this time following surgery, reports indicate that
weight loss and metabolic improvements have begun but have yet to stabilize. Our hypothesis is
that the adipose tissue gene expression will reflect improved insulin signaling but also be reflective
of the negative energy balance by the promotion of lipolysis, and suppression of adipogenesis and
lipogenesis. The particular effects will provide insight into how adipose tissue is involved in the

systemic metabolic changes.
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Materials and Methods
Subject characteristics

Screening of potential subjects and the process of enrollment into the clinical study was
conducted as previously described (University of Chicago IRB 14-0984). (White et al. 2020) Ten
women with morbid obesity were voluntarily enrolled with informed, written consent following

approval and scheduling for LSG surgery.

Laboratory Sessions

In-laboratory sessions were structured as previously reported. (White et al. 2020) Identical
sessions were conducted at baseline one-to-two weeks prior to the scheduled surgery date and

twelve-to-thirteen weeks following the surgery date.

gRT-PCR

Experimental design and execution of gRT-PCR runs were as previously described. (White
et al. 2020) The runs were prepared on ice with SYBR green chemistry in low-profile 96-well
plates with melt curve calculation, three technical replicates, and inter-plate calibration on CFX
Connect Real-time PCR Detection systems (40 cycles, 1000 fixed fluorescent unit threshold).
Reference gene normalization was conducted as previously described with three reference genes
using geometrically-averaged Cq, as previously described. (Vandesompele et al. 2002a, White et
al. 2020) Circadian clock gene primers were purchased from Qiagen with a documented guarantee
for high efficiency and broad dynamic range but without a precise sequence. The list of primers
used were: LEPTIN (PPH00581F), ADIPOQ (PPH00441F), LIPE (HSL) (PPH02383A), PNPLA2
(ATGL) (PPH11403B), LPL (PPH00023C), FASN (PPH01012B), PPARG (PPH02291G),

PPARGC1A (PPHO0461F), INSIG2 (PPHO07473A), SREBF1 (PPH00393A), INSR (PPH02324A),
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IRS1 (PPH02328A), PIK3CA (PPHO01355A), AKT2 (PPHO00289F), SLC2A4 (GLUT4)

(PPHO02326A), SOCS3 (PPHO0763A).

Rhythm and Expression Analysis

To robustly identify alterations in gene expression of the metabolic genes a time series
experiment was conducted on minced sterile-cultured peri-umbilical subcutaneous adipose tissue
at baseline and post-surgery as previously described. (White et al. 2020) This experimental design
allows the ability to interrogate alterations in both the twenty-four-hour rhythms in time proximity
to surgery and to leverage the power of the repeated measures design of the time series experiment

to increase confidence of overall gene expression levels.

Quantitative characteristics of each gene rhythm were obtained from parameter estimation
of Fourier-based cosinor regression software (CircWave version 1.4). (Costa et al. 2013) One
harmonic was utilized with phase set to twenty-four hours to allow for testing and regression to a
circadian profile. The experimental delta Cq measurements were formatted in two steps: 1)
conversion to relative expression, and 2) average twenty-four-hour expression for each subject was
adjusted to one. The second adjustment was necessary to treat each subject identically for the
regression, which was conducted once including all ten subject profiles. The set of estimated
parameters were used to create a profile for a twenty-four-hour rhythm with a data interval of three
minutes. The estimated rhythm profile was created for both the baseline measurements and the
post-surgery measurements. The acrophase was the estimated clock time of maximal expression.
The amplitude was defined as half the difference between the point of lowest expression, the nadir,
and the point of maximal expression, the peak. Significance of difference in profiles were

compared using two-tailed t-tests.
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Mixed Model Construction

Mixed modeling was utilized to estimate the degree of difference in gene expression levels
between baseline and post-surgery. Model fitting was conducted by R package (Ime4). In order to
ensure that the dependence derived from time series collection was accounted for in the statistics,
the random vector was a simple intercept set as the subject identification number (SID).

Experimental expression level was prepared according to the equation below.
—-AC, .
Egip, tp = 2 %P + Reyp

Relative expression (2*-ACq) was adjusted for estimated circadian rhythm (RcT) at the
clock time (CT) corresponding to that time point to yield gene expression estimates specific for
each subject (SID) and time point (TP). The sinusoidal 24-hr rhythms would have violated the
linearity assumed in the modeling leading to distorted estimated factor effects and increased

variance.

The surgery-associated parsimonious model was calculated by using surgery as a binomial
variable (Pre [0], Post [1]) and iterative inclusion of factors representing potential corrections for:
1) age (integer, years), 2) pre-surgery weight loss, 3) post-surgery weight loss, or 4) expression
drift across time (time point = integer: {1, 2, ..., n}). This was enabled by holding each potential
correction factor constant for all respective points of a given subject. An enhanced model was
chosen by: 1) an improved Akaike Information Criterion of the N+1 model (compared to N model
without the addition of the factor), 2) each factor effect has low Type S error rate (p < 0.05), and

low inflation of standard error of estimation (< 50%).

Additional models were made to identify any associations of gene expression with the

changes to metabolic parameters. Weight loss after surgery is a primary outcome variable that is
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collected. Therefore, given that there is weight loss after surgery, we constructed a univariate fixed
model to estimate the weight loss after surgery (float, 5 digits) given no change in gene expression
(float, 5 digits) from baseline or the average change in gene expression observed in this study from
baseline to post-surgery. Yet, we also wanted to provide insight into which metabolic changes
were associated with the changes to clock gene expression. Therefore, we estimated baseline and
post-surgery gene expression (float, 4 digits) by: 1) fasting glucose (float, 0.01 mg/dL precision),
2) fasting insulin (float, 0.01 mU/L precision), insulin sensitivity (float, 0.01 mU/L*min”-2
precision), four meal laboratory session calories consumed (float, 1e-4 [kCal] precision), glycerol
secretion rate (float, 0.01 ng/hr precision), fasting serum FFA (float, 0.001 [100 uM] precision).
Disposition Index and beta cell function were run in models, but yielded no significant

associations.

Lastly, models were set up to identify whether the changes in one clock gene was associated
with the change to other clock genes. A complete model was formed to explain the expression of
each gene. Clock elements were excluded that notably increased unexplained variance and that did
not notably decrease AIC. Multiple negative arm clock elements (hPER1/2/3, hCRY1/2) were not
included in the same model due to collinearity of regulation. A parsimonious model was completed
when there was at least one D-box acting, E-box acting, and RRE-acting element as well as a
negative arm element. This allowed comparison of the degree of association between changes to

each element and the association with internal clock transcriptional regulation.
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Results
Twenty-four-hour Rhythm Analysis

Metabolism in adipose tissue is known to have a distinct circadian profile. And, the
regulation and expression of metabolic genes are also known to be circadian. Therefore, the first
step in observing the gene expression was to identify whether there was a difference in the phase
and amplitude of gene expression. There were four genes with significant phase delays: INSIG2
acrophase (22:45 [BL], 6:33 [PS], p = 6.8e-6), INSR (22:06 [BL], 2:09 [PS], p = 4.7e-3), IRS1
(20:33 [BL], 2:15 [PS], p = 1.5e-4), PIK3.CA (22:30 [BL], 4:03 [PS], p = 5.7e-4) (Figure 5.1A,

5.1B). Three genes had significant alterations to the 24-hr rhythm amplitude: IRS1 (21.9 [BL],
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Figure 5.1: Analysis of circadian mRNA rhythm characteristics of metabolic genes.
Sterile-cultured subcutaneous adipose tissue was collected (n=10) at baseline (black) and
twelve weeks following surgery (grey). Relative expression was fit to a unimodal cosinor
algorithm (CircWave) with phase of twenty-four hours. Characteristics of the fit thythm were
defined for each gene. A) Acrophase (), the time of highest expression, is shown (e) + SEM
of . B) Amplitude of estimated rhythm was shown * SEM of mean expression.
Significance was determined by two-tailed t-test. P-values: * < 0.05, ** < 0.01, *** <0.001.
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37.0%, p= 0.02), PIK3.CA (25.7 [BL], 11.4% [PS], 1.1e-3), AKT2 (43.9 [BL], 26.2% [PS], p =

0.04). (Figure 5.1C, 5.1D)

Total Gene Expression

With the 24-hr rhythm subtracted from the gene expression data, the subjects were
analyzed by mixed modeling if expression levels were different from baseline to post-surgery
(Figure 5.2). Three genes were down-regulated following surgery: LEPTIN (1.00 [BL], 0.48 [PS],
p = 0.03), ADIPOQ (1.11 [BL], 0.72 [PS], p = 0.03), and ATGL (1.02 [BL], 0.73 [PS], p = 7.9e-
3). Six genes were up-regulated after surgery: SREBP1 (0.82 [BL], 4.15 [PS], p =5.7e-3)., PGCla
(1.09 [BL], 4.80 [PS], p = 1.5e-4)., INSR (0.90 [BL], 4.49 [PS], p = 0.01)., IRS1 (0.92 [BL], 4.93

[PS], p = 2.2e-3), GLUT4 (0.92 [BL], 11.4 [PS], p = 0.01), SOCS3 (0.87 [BL], 5.16 [PS], p = 3.7e-

3).
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Figure 5.2: Analysis of gene expression level changes after sleeve gastrectomy surgery.
Subcutaneous adipose tissue (n=10) was collected from sterile culture at baseline (black) and
at post-surgery (grey). Mixed linear modeling was used to estimate the effect of surgery after
correction for weight loss and subject baseline expression. Significance was determined by a
two-sided t-test. P-values were, respectively: * < 0.05, ** < 0.01 and *** < 0.001.
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Association of gene expression with weight loss

Post-surgery weight loss (surgery intake to post-surgery session) averaged 15.5% and
ranged between [9.9%, 18.9%]. We tested whether there was an association of changes to gene
expression with changes to weight loss after surgery (Figure 5.3). Six genes were associated with
significantly increased weight loss at post-surgery gene expression as compared to pre-surgery
gene expression. The genes were: LEPTIN (9.81 + 2.63% [BL], 19.86 + 2.24 % [PS], p = 1.2e-5),
SREBP1 (13.02 + 1.61% [BL], 17.49 + 1.66% [PS], p = 7.7e-3), PGCla (10.92 + 1.38% [BL],
17.81 + 1.45 % [PS], p = 4.0e-6), INSR (14.24 + 1.43% [BL], 19.22 + 1.49 % [PS], p = 1.5e-3),
IRS1 (13.64 + 1.80% [BL], 20.69 + 1.86 % [PS], p = 2.1e-4), and SOCS3 (13.29 + 1.24% [BL],

17.24 + 1.28 % [PS], p = 2.4e-3).

Association of glucose management with gene expression

Parameters of glucose management were derived from MINMOD Millenium software
analysis of raw fsIV-GTT results. We modeled the association of differences in fasting glucose,
fasting insulin, insulin sensitivity, beta cell function, and disposition index on differences in the
gene expression of each clock gene. No significant effect on gene expression were found with
disposition index or beta cell function. Decline in fasting insulin were associated with less
expression of LEPTIN (0.91 + 0.13 [BL], 0.56 + 0.13 [PS], p = 6.4e-3) (Figure 5.5) and increased
expression of IRS1 (2.89 + 1.39 [BL], 6.06 + 1.36 [PS], p = 0.02) and SOCS3 (3.44 + 1.93 [BL],
7.26 £ 1.88 [PS], p = 0.046). The increase in systemic insulin sensitivity was associated with
decreased ADIPOQ (1.13 £ 0.15 [BL], 0.62 + 0.16 [PS], p = 1.5e-3) and increased INSR (2.13

2.44 [BL], 7.15 + 2.49 [PS], p = 0.046) (Figure 5.6).
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Figure 5.3: Analysis of adipose tissue metabolic gene expression on percent weight loss

from baseline. Subcutaneous adipose tissue (n= 10) was collected from sterile culture at

baseline and at post -surgery. Mixed linear modeling was used to estimate the effect of each
gene expression on weight loss achieved. 95% confidence interval is shown. Comparison is
between estim ated weight loss given average expression of each gene at baseline (black) or
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post-surgery (grey). Significance was determined by a two
respectivelv: * < 0.05. ** < (0.01 and *** < 0.001.

-sided t test. P svalues were,
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Figure 5.4: Association of circadian clock gene expression with fasting glucose.
Subcutaneous adipose tissue (N = 7) was collected from sterile culture at baseline and twelve
weeks following surgery. Fasting blood glucose was determined by ELISA. Mixed linear
modeling was used to estimate the effect of each gene expression on weight loss achieved. 95%
confidence interval is shown. Comparison is between estimated weight loss given average
expression of each gene at baseline (black) or post-surgery (grey). Significance was determined
by a two-sided t-test. Significance was determined by a two-sided t-test. P-values were all non-

significant.
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Figure 5.5: Association of circadian clock gene expression with fasting insulin.
Subcutaneous adipose tissue (N = 7) was collected from sterile culture at baseline and twelve
weeks following surgery. Fasting blood insulin was determined by ELISA. Mixed linear
modeling was used to estimate the effect of each gene expression on weight loss achieved. 95%
confidence interval is shown. Comparison is between estimated weight loss given average
expression of each gene at baseline (black) or post-surgery (grey). Significance was determined
by a two-sided t-test. Significance was determined by a two-sided t-test. P-values were,
respectively: * < 0.05, ** < 0.01.
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Figure 5.6: Association of adipose tissue metabolic gene expression with insulin sensitivity.
Subcutaneous adipose tissue (N = 7) was collected from sterile culture at baseline and twelve
weeks following surgery. Insulin sensitivity was computed using MINMOD Millenium
software on fsIV-GTT results. Mixed linear modeling was used to estimate the effect of each
gene expression on weight loss achieved. 95% confidence interval is shown. Comparison is
between estimated weight loss given average expression of each gene at baseline (black) or
post-surgery (grey). Significance was determined by a two-sided t-test. Significance was
determined by a two-sided t-test. P-values were, respectively: * < 0.05, ** < 0.01.
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Association of calories consumed and fatty acids with metabolic gene expression

Weight loss is associated with several metabolic alterations. We tested whether the changes
in the gene expression are also associated could predict the degree of change in serum free fatty
acids, adipose tissue lipolysis, and caloric consumption. The decline in calories eaten is associated
with decreased LEPTIN (1.05 £ 0.11 [BL], 0.50 £ 0.12 [PS], p = 1.4E-5) and increased: INSIG2
(1.00 + 0.34 [BL], 1.96 + 0.37 [PS], p = 0.01); SREBP1 (0.35 + 2.03 [BL], 6.40 + 2.13 [PS], p =
5.3e-3); PGCla (0.79 + 1.29 [BL], 5.46 + 1.37 [PS], p = 8.0e-4); INSR (1.01 + 1.96 [BL], 6.27 +
2.07 [PS], p = 0.01); IRS1 (0.77 + 1.78 [BL], 7.16 + 1.88 [PS], p = 9.6E-4); GLUT4 (0.26 + 2.75
[BL], 6.17 + 2.91 [PS], p = 0.045); SOCS3 (0.53 + 2.25 [BL], 7.56 + 2.41 [PS], p = 4.3E-3) (Figure

5.7).

The change in serum free fatty acids was not associated with any of the metabolic genes
(Figure 5.8). However, the increase in adipose tissue lipolysis was associated with decreased
LEPTIN (0.92 +0.13 [BL], 0.56 + 0.14 [PS], p = 0.009) and ADIPOQ (0.93 + 0.19 [BL], 0.54 +
0.19 [PS], p = 0.049) and increased INSIG2 (1.01 £+ 0.39 [BL], 2.22 + 0.39 [PS], p = 3.0e-3) and

PGCla (0.99 £1.68 [BL], 6.43 £ 1.70 [PS], p = 1.9e-3) (Figure 5.9).
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Figure 5.7: Effect of calories eaten on gene expression of metabolic genes. Subcutaneous
adipose tissue (n=10) was collected from sterile culture at baseline (black) and at post-surgery
(grey). Mixed linear modeling was used to estimate gene expression of each gene using: four
meal average calories eaten during each lab session, Comparison is estimated expression at
calories eaten at baseline or post-surgery. Significance was determined by a two-sided t-test. P-
values were, respectively: * < 0.05, ** <0.01 and *** < 0.001.
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Figure 5.8: Association of adipose tissue metabolic gene expression with serum free fatty
acid levels. Subcutaneous adipose tissue (N = 8) was collected from sterile culture at baseline
and twelve weeks following surgery. Free fatty acid levels were determined by a colorimetric
assay on blood. Mixed linear modeling was used to estimate the effect of each gene expression
on weight loss achieved. 95% confidence interval is shown. Comparison is between estimated
weight loss given average expression of each gene at baseline (black) or post-surgery (grey).
Significance was determined by a two-sided t-test. Significance was determined by a two-sided
t-test. P-values were not significant.
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Figure 5.9: Association of adipose tissue metabolic gene expression with adipose tissue
lipolysis. Subcutaneous adipose tissue (N = 8) was collected from sterile culture at baseline and
twelve weeks following surgery. Glycerol secretion rate was computed colorimetric assay on
conditioned media. Mixed linear modeling was used to estimate the effect of each gene
expression on weight loss achieved. 95% confidence interval is shown. Comparison is between
estimated weight loss given average expression of each gene at baseline (black) or post-surgery
(grey). Significance was determined by a two-sided t-test. Significance was determined by a
two-sided t-test. P-values were, respectively: * < 0.05, and ** < 0.01.
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Discussion

It is clear that there are metabolic improvements that are occurring post-surgery. The
weight loss after twelve weeks is not different from the degree of weight loss that has been shown
from previous bariatric surgery trials. The alignment of the degree of improvements to fasting
glucose, fasting insulin and systemic insulin sensitivity are more difficult to place next to other

literature. Yet, the direction of the changes to these variables is in agreement with prior reports.

Two changes to gene expression are unsurprising given the nature of the caloric restriction
that the patients were under: LEPTIN and PGClo. It is therefore, then unsurprising, that these
genes were highly associated with the weight loss achieved and specifically the difference in
calories consumed per day at baseline and post-surgery. However, a decrease would be expected

to PPARG under fasting conditions, which was absent.

It is of interest that the transcriptional balance that occurred as a result of surgery would
appear to support lipogenesis over lipolysis. Yet, it is also clear that lipolysis as measured by
glycerol secretion rate is elevated from baseline at this point following surgery. It is perhaps not
hard to explain that INSIG2 is elevated in association with a greater decline in calories eaten.
However, the upregulation of SREBP1 would only be expected to be present in the context of a
fasting-refeeding paradigm. ATGL/PNPLA2 did appear to be down-regulated following surgery.
However, caloric restriction nor systemic metabolism effectively modelled the effect. It would be
interesting to see if MTORC1-Egr-ATGL axis was responsible. A closer look at downstream

insulin-mediated effect would be warranted.

There is little controversial of the changes to the insulin signaling genes. SOCS3

upregulation can be easily explained by caloric restriction. INSR and IRS1 are well explained by
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the association of the highly colinear variables of insulin sensitivity and fasting insulin levels. It
would be interesting to see if the is any differences in the propensity for degradation or overall
levels of INSR and IRS1 in relation to the weight loss and improvements to insulin sensitivity. It
would also be interesting to know whether there are differences in insulin action under repeated

stimulation at baseline and post-surgery.

Overall, these results indicate that the adipose tissue is responding to the systemic caloric
restriction by increasing the degree of lipolysis. However, from a gene expression standpoint, it
would appear that lipolysis would be supported (SREBP1) while lipolysis is inhibited (ATGL).
Gene expression changes are clearly favoring an increase in insulin action in parallel with the

increased systemic insulin sensitivity (increased INSR, IRS1, SOCS3).
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Chapter 6: Conclusions and Future Directions

During the conduct of this thesis project there were a few conclusions that were reached.
Firstly, following laparoscopic sleeve gastrectomy in women with morbid obesity, there were
systemic improvements to fasting glucose, fasting insulin, and insulin sensitivity. Additionally,
there was a trend for a decrease in global fasting free fatty acid levels despite a subcutaneous
adipose tissue increase in lipolysis. There was not a change in rhythms of melatonin or cortisol,
nor was there significant sleep-related improvements. Overall, appetite decreased on several
parameters while hormonally the total ghrelin was unchanged while active ghrelin-to-total-ghrelin
increased and leptin decreased. In the adipose tissue there was no change in the phase of the
circadian clock, but there was an overall upregulation in the several elements apparently in
association with hDBP and hNPAS2. The changes were associated with the degree of caloric
restriction and weight loss, and hNPAS2-related changes also associated with systemic insulin
sensitivity. Several genes related to adipose tissue metabolism also exhibited altered gene
expression. Adipokine genes were down-regulated in parallel with caloric restriction, while insulin
signaling was upregulated. There was a phase delay in maximal gene expression of several

metabolic genes (INSR, IRS1, SOCS3, and INSIG2) from near sleep onset to early morning.

It is clear that there is a caloric restriction aspect to what is occurring in adipose tissue and
systemically in the period twelve weeks following surgery. We showed that the levels of serum
free fatty acids are trending downward despite significantly elevated free fatty acid release from
adipose tissue. This raises questions regarding the regulation of the lipoprotein system after
surgery. It is known that there is a period shortly after surgery whereby the caloric deficit results
in excess free fatty acid release from adipose tissue. However, it is not clear which organ is mostly

responsible for the disposal of the free fatty acids by later times post-surgery. Under the hypothesis

102



of increased bile acid production, it is possible that the liver is responsible for upregulating the bile
acid production from ectopically stored free fatty acids. It is also possible that the adipose tissue
is undergoing significant changes that increase the caloric expenditure. For example, there is very
little thermogenesis that occurs in severe obesity. However, it is possible that the adipocytes are:
1) undergoing more lipogenesis-lipolysis futile cycling, 2) there is increased recruitment of the

thermogenic capacity from resident adipose tissue beige adipocytes.

| believe that targeted metabolic studies monitoring the distribution in metabolite flux
through different organs would be beneficial. The simplest of the metabolic studies would be to
use hyperinsulinemic-euglycemic clamps studies to measure the estimated contribution of the
liver, skeletal muscle, and adipose tissue. An interesting follow-up would be to look at DEXA scan
quantification of subcutaneous-to-visceral fat loss relative to the metabolic improvements that are
being seen. In a slightly different angle, subjects could be monitored for truncal fat loss versus
gynoid fat loss as it relates to the improvements seen in metabolic health. The combination of
clamp studies with DEXA scans and blood measure of metabolic health could yield useful
associations for understanding the implications of certain types of adipose-tissue-associated
weight loss. An inclusion of longitudinal tracking may contribute to creation of different profiles
of weight loss and how each contributes to the stability and magnitude of metabolic health

improvements.

Yet, 1 would like to know the difference in caloric expenditure following surgery beyond
just adipose tissue. I would especially like to know how the differences following bariatric surgery
relate to the differences seen in individuals on a lowered (500 kcal deficit) and very low-calorie
diet (1000 kcal deficit). If I were to design a clinical study, I would like to measure the changes in

fasting morning and post-breakfast levels of appetite regulating hormones. The hormones that |
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think are highly relevant to the discussion of appetite are: 1) leptin, 2) total and active ghrelin, 3)
PYY, 4) GLP-1, 5) orexin, and 6) NPY. In addition, I would be highly interested in nutritional
screening for: 1) iron, 2) zinc, 3) folic acid, 4) cobalamin (B12), 5) vitamin D and calcium, and 6)
copper. Lastly, 1 would screen for metabolic variables: glucose and insulin. In coordination, |
would like to see the subjective hunger and appetite ratings. More resolution would be beneficial
to further identify differences across the day, but two ratings are the minimum resolution necessary
to gauge the fasting and prandial effects. The blood could be obtained by a phlebotomist could
take two-to-four vials of blood at baseline and two vials at thirty minutes following a meal, which
could then be treated as necessary to ensure acute quantitation. The low-calorie diets would be
measured once-a-week for up to a year under nutritionist supervision and verified diet compliance.
For the bariatric surgery arm of the study, | would prefer to monitor them at baseline two weeks
before surgery, within a day prior to surgery, one week following surgery, two weeks following
surgery, 1 month following surgery, and then once a month (£ 1 week) until 6 months, and then
every three months for up to five years. The outputs from this study would be the alignment of
longitudinal appetite changes across time with appetite regulating hormones. Given the vital data
collected, | could identify whether there is a type of appetite or appetite regulatory hormones
differences that are associated with the transition from weight-loss-to-weight-maintenance, and
weight-maintenance-to-weight-gain. Importantly for patient quality of life, the same metrics could

be assessed for the degree of nutritional deficiencies.

The alteration in the phase of the subcutaneous adipose tissue gene expression of the
metabolic genes: INSIG2, INSR, IRS1, and SOCS3 has not been clarified. The first step would be
to identify if there is a change in the protein levels of these genes and if those changes are at certain

times during the day. These changes could be observed in parallel with morning and evening
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insulin action in adipose tissue. Importantly, these results of short-term and intermediate-term
insulin response could be compared to the insulin action of non-obese individuals. These results
could answer question of chronotype alignment of metabolism during the resolution of severe

obesity to milder classes of obesity as it compares to physiology in non-obese individuals.

Regarding the circadian clock function, it would be interesting to see the results of knock-
down of mMBMAL1, mNPAS2, or mDBP, globally or in adipose tissue, on the magnitude of the
weight loss and metabolic improvements seen in post-surgery. Obviously, these experiments
would need to be conducted in mice or rats. While the phase was not changed post-surgery, there
is an open question of whether the oscillation of the circadian clock is necessary for the
improvements seen post-surgery. The knock-down of mBMALL1 could evince whether it is the
global expression or the MESOR-driven accentuation in the circadian clock that is responsible for
the changes seen post-surgery. Knock-down of mNPAS2 or mDBP could help to explain whether

the metabolic improvements are partially dependent on the altered circadian clock expression.

In a converse fashion, there is justification to identify further the proteins responsible for
the changes to circadian clock gene expression. One approach could be to use functional genomics
to identify the gene regions that are differentially regulated. Next, the potential genes suspected to
regulate those regions could be tested for differential DNA residence. Following, the pathways
that regulate the differential binding could be modulated to identify if they are able to lead to a
regulatory profile consistent with the post-surgery profile without surgery, or are able to accentuate
or attenuate the changes seen post-surgery. The systemic metabolic consequence could be

observed to see to what extent the specific pathway is involved in mediating the overall changes.

There are unanswered questions regarding the stromal vascular fraction of the adipose

tissue. It would be beneficial to know the differences in the types of immune cells that were present
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after bariatric surgery. Further, it would be beneficial to look at the markers of the macrophages
in adipose tissue to identify polarization. If these studies were conducted in longitudinal studies it
could point to a point whereby the macrophages switch from predominately metabolically-
activated to a M2 polarization. With experiments that have lipolysis and insulin action measured,

it could tie macrophages partially to the metabolic differences seen in adipose tissue.

There is no doubt that the systemic insulin sensitivity and glucose tolerance are associated
with the changes in adipose tissue, but there is still a need to improve the picture of how adipose
tissue is changing across time and to what degree adipose tissue is reacting to metabolic changes
or contributing to them. Future projects could shed light on these questions so that it is clear how
to support the beneficial effects of bariatric surgery while limiting the detrimental side effects.
And, in the future, a clearer picture of the cascade of metabolic changes can be leveraged to

eliminate the need for surgical intervention.
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