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LAY ABSTRACT

Obesity, type 2 diabetes (T2D) and non-alcoholic fatty liver disease
(NAFLD) can develop when caloric intake exceeds expenditure. In contrast to lipid-
storing white fat, brown and beige fat burn calories. Serotonin is a hormone that
reduces the burning of calories in fat, therefore finding ways to inhibit its effects on
fat tissue without altering serotonin in the brain may lead to new therapies for
obesity and other related diseases. In this thesis, we examined potential sources of
serotonin that might inhibit the burning of calories in adipose tissue of mice. By
reducing the synthesis of serotonin in a white blood cell called mast cells, but not
fat cells, mice were protected from obesity, pre-diabetes and NAFLD due to
increased activity of beige fat. Moreover, when we kept mice in a warm
environment, thus reducing the need for mice to burn calories in brown and beige
fat, this eliminated the effects of serotonin to promote obesity, but not pre-diabetes
and NAFLD. These studies have identified how serotonin generated from mast cells
inhibits the burning of calories in adipose tissue, a finding that may lead to new

therapies for obesity, T2D and NAFLD.
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ABSTRACT

Obesity is a major risk factor for type 2 diabetes (T2D) and non-alcoholic
fatty liver disease (NAFLD), and is attributed to excess energy intake in comparison
to energy expenditure. Therapeutics that reduce energy intake in obesity have
limited efficacy, with weight loss typically reaching less than 10% of initial body
mass, leading to efforts to uncover new therapies that may increase energy
expenditure. Unlike lipid-storing white adipose tissue, brown and beige adipose
tissues undergo futile cycling, oxidizing lipids and carbohydrates thereby
increasing energy expenditure. With obesity, the metabolic activity of brown and
beige adipose tissue is reduced, suggesting that restoring adipose tissue
thermogenesis may represent a new means to enhance energy expenditure. Previous
studies in mice have shown that peripheral serotonin synthesis by the enzyme
tryptophan hydroxylase 1 (Tphl) inhibits adipose tissue thermogenesis and
contributes to the development of obesity, insulin resistance and NAFLD.
However, the primary Tphl expressing tissue(s) inhibiting adipose tissue futile
cycling is not known. In this thesis, we genetically removed Tphl in mast cells of
mice and discovered that this elevated beige adipose tissue activity protecting mice
from developing high-fat diet induced obesity, insulin resistance and NAFLD. In
contrast to these findings, genetic deletion of Tphl in adipocytes did not result in
protection from obesity, suggesting that mast cells are the primary source of
serotonin that inhibits white adipose tissue thermogenesis. Lastly, to determine the

importance of adipose tissue thermogenesis in mediating the beneficial metabolic
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effects of reduced Tphl, mice were housed at thermoneutrality, blocking the
requirement for adipose tissue thermogenesis. Under these conditions, mice lacking
Tphl had comparable brown and beige adipose tissue metabolic activity, energy
expenditure and adiposity, however, surprisingly, were still protected from insulin
resistance and NAFLD. The studies in this dissertation have discovered that mast
cell Tphl is critical for inhibiting adipose tissue thermogenesis and that serotonin
plays an important role in promoting NAFLD, independently of its inhibitory
effects on adipose tissue thermogenesis. Collectively, these findings further define
the roles of serotonin in regulating whole-body energy metabolism, providing
critical clues and mechanistic insights for potential therapies to mitigate metabolic

diseases.
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1. INTRODUCTION

1.1 BACKGROUND & RATIONALE

In humans, fatty acids and glucose are required to facilitate vital cellular
processes such as respiration, proliferation and survival. Under conditions of
normal physiological function, fatty acids and glucose are stored in adipose tissue,
liver and muscle to prevent macronutrient (i.e. glucose and fatty acids) buildup and
for use during a fast. Despite the necessity of these macromolecules in normal
human physiology and function, the emergence of high calorie diets (i.e. Western
diets, elevated simple sugar consumption and high fat diets) has been associated
with dysregulation of human metabolism. Under states of chronic overnutrition,
normal physiological processes involved in energy disposal and production are
compromised and can manifest into a number of conditions including obesity, type
2 diabetes (T2D) and non-alcoholic fatty liver disease (NAFLD). These metabolic
diseases are related to the aberrant disposal of fatty acids and glucose due to the
lack of insulin action to its receptor on various metabolic tissues, termed insulin
resistance. Despite the understanding that elevated plasma lipids and glucose are
involved in metabolic pathologies, the secreted endocrine signals and the ensuing
molecular mechanisms in insulin-sensitive tissues are currently under intensive
investigation. These novel insights will be pivotal to the elucidation of potential
drug candidates to mitigate the rise of metabolic diseases such as obesity.

The prevalence of global obesity and its comorbidities continue to rise,

doubling in more than 70 countries since 1980 (The GBD 2015 Obesity
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Collaborators, 2017) and increasing the proportion of obesity-related healthcare
costs (Biener et al., 2018; Li et al., 2015). In 2015, it was estimated that 603.7
million adults and 107.7 million children world-wide were obese (The GBD 2015
Obesity Collaborators, 2017). A recent predictive analysis in the United States
projects nearly 1 in 2 adults will have obesity by 2030 (Ward et al., 2019). There is
a great need for therapies to cease the current obesity epidemic that is projected to
get worst without new interventions.

NAFLD and T2D are associated metabolic pathologies that share obesity as
a major risk factor (Marchesini et al., 2007). The global prevalence of NAFLD —
a spectrum of liver diseases that ranges from simple steatosis to non- alcoholic
steatohepatitis (NASH) — has been reported to be as high as 24% (Younossi et al.,
2016), suggesting this disease to be of extreme clinical relevance. Hepatic insulin
resistance is a hallmark of NAFLD and increases the risk of T2D diagnosis (Tilg et
al., 2017), solidifying a strong connection between these ailments. T2D is
characterized by elevated fasting blood sugar levels and whole-body insulin
resistance, afflicting more than 420 million individuals worldwide in 2017 (Reusch
and Manson, 2017) with extensive associated economic burden (Seuring et al.,
2015). Despite the obvious parallels that exist between obesity, NAFLD and T2D,
the underlying mechanisms that establish causality and temporality of these
diseases is unclear.

The interplay between obesity, NAFLD and T2D is complex, involving the

dysregulation of fatty acid and glucose storage. It is unlikely that one of these
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metabolic disorders always precedes the others since individuals may only have one
of the three conditions. However, obesity is a risk factor for T2D and NAFLD.
Although the mechanisms underlying the pathogenesis of obesity, NAFLD and
T2D are not completely understood, it is well known that insulin is a player in these
metabolic diseases (Petersen and Shulman, 2018). Considering the role of insulin
in postprandial macronutrient deposition, it is not surprising that metabolic diseases

involving ectopic energy storage are related to this peptide.

1.2 HEPATIC INSULIN RESISTANCE

The liver is a key metabolic organ that orchestrates glucose and lipid
metabolism. In addition to skeletal muscle, the liver uptakes a large proportion of
glucose after a meal, which is necessary to prevent postprandial hyperglycemia
(Shulman, 2014). Although glucose uptake is not directly regulated via insulin per
se, indirect insulin-dependent regulation of glucose lowering enzymes is imperative
to normoglycemia. Postprandial insulin signaling reduces downstream hepatic
glucose-generating processes — such as gluconeogenesis and glycogenolysis —
and increases glycogen synthesis (Perry et al., 2014). Inhibition of glycogenolysis
also occurs independent of insulin mediated by the import of glucose via glucose
transporter 2 (GLUT?2). The liver reduces postprandial blood glucose via insulin-
dependent and independent regulation on hepatic enzymes involved in glucose

metabolism.
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Hepatic insulin action involves a cascade of intracellular signals initiated by
insulin receptor tyrosine kinase (IRTK) activation. Upon insulin binding,
autophosphorylation of tyrosine residues occurs, resulting in the phosphorylation
and subsequent activation of insulin receptor substrate 2 (IRS2). IRS2 activation
increases 3-phosphoinositide-dependent kinase-1 (PDK1) and results in elevated
activity of Akt2 via PDK1 phosphorylation. Activated Akt2 suppresses hepatic
glucose production by 1) reducing the expression of gluconeogenic enzymes via
nuclear exclusion of Forkhead box protein O1 (FOXOI1) and 2) inactivating
glycogen synthase kinase 33 (GSK3), which results in glycogen synthase activity.
Collectively, hepatic insulin signalling suppresses glucose production.

Insulin is a potent stimulator of processes that promote glucose storage, but
its activity is compromised due to hepatic insulin resistance. During fed conditions,
lack of insulin action results in 1. reductions in glycogen synthase activity due to
less phosphorylation of GSK3f and 2. elevations of transcription of gluconeogenic
enzymes (i.e. PEPCK and G6P) due to increased phosphorylated FOXO1
(Shulman, 2014). The inability of insulin to activate glycogen synthesis and reduce
gluconeogenesis in the insulin resistant state results in elevated hepatic glucose
output, contributing to hyperglycemia. Increased glucose in the bloodstream and
within hepatocytes promotes the synthesis of fatty acids and hepatic lipid
accumulation.

Liver insulin resistance is closely linked to NAFLD (Loomba et al., 2012).

The inability of insulin to act on its receptor in hepatocytes is deemed hepatic
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insulin resistance, resulting in glucose and fatty acid storage abnormalities. The
lack of insulin action is attributed to the activation of Protein Kinase Ce (PKCe).
PKCe activity has been shown in mouse studies to directly phosphorylate T1150
IRTK activity (Samuel et al., 2007), preventing the phosphorylation of IRS2 and
ultimately, blunting hepatic insulin signalling. This process is initiated due to the
combination of increased fatty acid flux and reduced mitochondria fat oxidation in
hepatocytes, collectively increasing long-chain CoAs and diacylglycerol (DAG).
DAGs have been shown to increase PKCe activity and subsequent IRTK inhibition
(Samuel et al., 2007), resulting in processes that increase glucose production and
de novo lipogenesis. This role of PKCe is supported by studies in whole-body Prkce
knockout mice (Raddatz et al., 2011) and rats treated with hepatic-specific PKCe
antisense oligonucleotides (Samuel et al., 2007) that are protected from lipid-
induced insulin resistance.

In concert with the hyperglycemia characteristics of hepatic insulin
resistance, hepatic lipid accumulation is exacerbated due to insulin inaction in
adipose tissue and skeletal muscle (Shulman, 2014). Approximately 60% of liver
lipid accretion in obese humans are attributed to adipose tissue lipolysis (Ferré and
Foufelle, 2010). Since insulin robustly blunts adipocyte lipolysis, insulin-dependent
inhibition of lipolysis is impaired in insulin resistant individuals. Lipolysis
continues in the presence of insulin, providing fatty acids for hepatic lipid
accumulation. This is supported by studies using PPARYy activators (i.e. TZDs) that

can reduce adipocyte lipolysis, resulting in reduced liver lipids (Mayerson et al.,
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2002). Further, PPARY knockout mice that are lipoatrophic have hepatic steatosis
and insulin resistance (Wang et al., 2013a). Lastly, genetic knockout mice with
reduced adipocyte lipolysis (ATGL and PPARy KO mice) are protected from HFD-
induced insulin resistance due to reductions in hepatic acetyl-CoA (Perry et al.,
2015). Hepatic lipid accumulation is heavily influenced by adipocyte lipolysis to
provide substrate in insulin resistance.

In addition to suppressing hepatic glucose production, insulin signaling has
robust effects on fatty acid metabolism. Insulin-dependent phosphorylation of Akt2
activates the nuclear transcription factor sterol regulatory element-binding protein
Ic (SREBIc) by upregulating mRNA transcription and cleavage of SREBPIlc
precursor proteins into its active form (Brown and Goldstein, 2008). Insulin also
upregulates mammalian target of rapamycin complex 1 (mTORCI1), which
increases mRNA and processing of SREBP1c (Samuel and Shulman, 2018). Active
SREBPIc enters the nucleus and binds to sterol response element (SRE) on
enhancer/promoter regions of target genes including fatty acid synthase (FASN),
Acetyl-CoA carboxylase (ACC) and ATP citrate lyase (ACLY), which are all genes
involved in fatty acid synthesis (Ferré and Foufelle, 2010; Horton et al., 2002;
Pinkosky et al., 2017).

Hepatic lipid levels are elevated via uptake of fatty acids from adipose tissue
lipolysis and chylomicrons from the diet (Perry et al., 2014). Lipid and
chylomicrons from the bloodstream are broken down by lipases and enter

hepatocytes via CD36 (Wilson et al., 2016) or FAT2/5 proteins (Doege et al., 2008).
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The fatty acids that enter the hepatocytes can be used as substrates for
triacylglycerol (TAG) synthesis.

Muscle insulin resistance also increases hepatic lipid accumulation.
Synonymous to hepatic insulin resistance, PKC6 inhibits the phosphorylation of
IRS1 to increase GLUT4 translocation to the membrane, negating glucose import
into myocytes. Since hepatocytes do not require insulin for glucose uptake, much
of the glucose not taken up is a substrate for hepatic lipogenesis. This notion is
supported by the presence of NAFLD in mice with 1. a muscle-specific deletion of
GLUT4 (Kim et al., 2001) or 2. deletion of AS160 - a protein required for GLUT4
translocation in muscle and adipose (Wang et al., 2013b). Thus, muscle insulin

resistance can change the fate of glucose to become intrahepatic lipid.

1.3 ADIPOSE TISSUE FUTILE CYCLING

Adipose tissue is a complex network of immune cells, progenitors and
adipocytes that work in concert to facilitate fatty acid and glucose homeostasis
(Kajimura, 2017). White adipose tissue (WAT) stores fatty acids in the form of
triglycerides and also mobilizes energy from fatty acids under periods of fasting
(Lee et al., 2014b). Compartmentalization of lipids and triglycerides into white
adipocytes is required for energy homeostasis considering fatless mice and
lipodystrophic patients are susceptible to a slew of metabolic abnormalities
(Gandotra et al., 2011). In contrast to the parenchymal storage functions of white

adipocytes, brown and beige adipocytes employ a mitochondrial futile cycling



Ph.D. Thesis — J. M. P. Yabut; McMaster University — Medical Sciences

system and can effectively expend lipid for the purposes of thermogenesis under
conditions of cold stress or Ps-adrenergic receptor agonism (Chouchani and
Kajimura, 2019). Recent work has been conducted to understand how thermogenic
fat cells function with hopes in identifying therapies that can effectively increase
energy expenditure.

Compared to lean adipose tissue, obese white adipose is characterized by
adipocyte hyperplasia, hypertrophy and excessive lipid deposition (Chouchani and
Kajimura, 2019). White adipocytes are responsible for buffering large amounts of
lipid after a meal. In response to an obesogenic diet, white adipocytes expand and
increase in number, preventing ectopic lipid accumulation. Over long durations of
excessive caloric intake (i.e. obesity), lipid accumulates in other metabolic tissues
such as liver and muscle, interfering with regular function. Thus, obesity-related
insulin resistance can be attributed to multiple factors that include reductions in
adipose tissue insulin sensitivity and ectopic lipid accumulation. The
morphological changes in obesity involve the complex interplay between
alterations in transcriptional regulation of adipocytes and various immune cell

messengers.

1.3.1 THERMOGENIC ADIPOSE TISSUE
Brown adipose tissue (BAT) utilizes lipids in order to maintain body
temperature in response to cold stress or B3-adrenergic stimulation and its activation

can increase energy expenditure. Much of the seminal research on the energy-
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expending properties of BAT was conducted in rodents (Cannon and Nedergaard,
2004). It was known that infants have a devoted BAT pad in a similar anatomical
location to rodents to generate heat (Aherne and Hull, 1966), that was thought to
recede to non-existent levels as the individual ages (Cannon and Nedergaard, 2004).
The lack of BAT in adult humans has since been challenged since active BAT was
identified in the supraclavicular, paracervical and anterior neck of adult humans by
multiple independent groups (Cypess et al., 2009; van Marken Lichtenbelt et al.,
2009; Virtanen et al., 2009) a decade ago using imaging techniques such as positron
emission tomography-computed tomography (PET/CT) with '3F-fluoro-
thiaheptadecanoic acid or '8F-fluorodeoxyglucose tracers. These studies indicate
that adult BAT is a metabolic sink that can sequester large amounts of glucose and
fatty acids suggesting it may be a clinically-relevant therapeutic target that can
increase whole-body energy expenditure.

Brown adipocytes are the functional units in BAT that perform
thermogenesis, characterized as polygonal shaped cells that contain multilocular
lipid droplets (LD) and spherical shaped mitochondria (Ravussin and Galgani,
2011). Unlike the energy storing function of WAT, BAT is a highly oxidative tissue
that oxidizes glucose and fatty acids to generate heat. This ability to undergo
thermogenesis is dependent on the expression of uncoupling protein 1 (UCP1), the
protein responsible for mitochondrial proton gradient dissipation and heat
generation (Chouchani et al., 2019). This results in the loss of mitochondrial

membrane potential that cannot be used for ATP synthesis, thereby reducing the
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inhibition of respiration attributed to high ATP:ADP ratios (Chouchani and
Kajimura, 2019). Collectively, mitochondrial uncoupling in brown and beige
adipose tissue results in elevated rates of respiration, substrate oxidation and energy
expenditure.

Brown adipocytes are regulated by norepinephrine (NE) and are highly
innervated with noradrenergic fibres (Cannon and Nedergaard, 2004). In rodents
NE-dependent stimulation of Ps-adrenergic pathways are found exclusively in
adipose tissue and is responsible for stimulating lipolysis of triglyceride into fatty
acids and glycerol, providing substrate for brown adipocyte thermogenesis
(Mottillo et al., 2014). Ps-adrenergic receptors can also be activated
pharmacologically using a Bs-specific adrenergic agonist, CL-316,243 (Largis et
al., 1994). In contrast to rodents, human BAT is characterized by high expression
of the Bi-adrenergic receptor.

In addition to induction of BAT thermogenesis, chronic activation of this
pathway pharmacologically or through cold exposure induces adaptive alterations
in WAT morphology and function (Lee et al., 2014b). In response to adrenergic
activation, UCP1" multilocular lipid clusters coined beige (also known as “brite”)
adipocytes form amongst unilocular white adipocytes in WAT. Akin to brown
adipocytes, beige adipocytes are capable of Ucpl-dependent thermogenesis and
harness the same energy-expending capabilities (Shabalina et al., 2013). Chronic
high-dose CL-316,243 administration or cold exposure can induce the emergence

of this cell type (Chouchani and Kajimura, 2019). Although beige adipocytes are
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only expressed in rodent WAT, rodent beige adipocytes possess a gene expression
profile that is reminiscent of human BAT (Sharp et al., 2012), suggesting studies
focused on the induction of rodent “browning” — the process of increasing UCP1*

mitochondrial biogenesis in WAT — are of clinical importance.

1.3.2 TRANSCRIPTIONAL REGULATION

Development of thermogenic adipocytes is dependent on a two-part process
consisting of lineage commitment and differentiation, both of which are governed
by transcriptional regulation. Classical brown adipocytes arise from myogenic
factor 5 positive (Myf5") dermomyotomes, precursors to skeletal muscle (Wang
and Seale, 2016). Determination of myoblast or pre-brown adipocyte lineage
commitment is dependent on early B cell factor 2 (Ebf2), which potently reduces
the expression of the muscle-specific transcription factors myoblast determination
protein (MYOD) and myogenin (Rajakumari et al., 2013; Wang et al., 2014) in
rodents. In humans, EBF2 is expressed in brown pre-adipocytes, which may suggest
its importance in brown pre-adipocyte determination (Inagaki et al., 2016). Ebf2 is
a transcription factor that plays a key role in brown adipocyte lineage commitment.

Differentiation into mature brown adipocytes is highly reliant on four
transcriptional regulators: peroxisome proliferator activated receptor gamma
(PPARY), CCAAT/enhancer-binding protein B (C/EBPf), PR domain containing
16 (PRDM16) and PPARy co-activator 1a (PGCla). PPARy and C/EBPJ are

transcription factors that bind directly to DNA and dictate adipocyte cell fate by
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promoting adipocyte-lineage specific genes (Wang and Seale, 2016). PRDM16 is a
transcriptional co-regulator that promotes brown adipocyte formation adipogenesis
by creating a transcriptional complex with PPARy (Harms et al., 2014; Seale et al.,
2007) and C/EBPp (Kajimura et al., 2009). And similar to Ebf2, PRDM16 blunts
myogenesis in pre-brown adipocytes (Seale et al., 2008), suggesting two distinct
ways PRDMI16 induces brown adipocyte cell lineage commitment and
differentiation.

Beige adipocytes arise from Myf5™ precursors, suggesting brown adipocytes
developing from a distinct developmental lineage. Indeed, beige adipocytes emerge
from bipotent stem cells positive for platelet-derived growth factor receptor-a
(PDGFRa") (Lee et al., 2012). Despite distinct lineages, the transcriptional control
of beige adipocyte cell fate and differentiation is similar to that of brown adipocyte
development. Ebf2 promotes beige adipocyte formation in rodent WAT (Stine et
al., 2016; Wang et al., 2014) and is also highly expressed in PDGFRa" precursor
cells (Wang et al., 2014). PRDM 16 activates beige-selective genes to induce beige
adipogenesis, while deletion severely hinders this process (Cohen et al., 2014; Ohno
etal., 2012; Seale et al., 2011).

Thermogenic adipose tissue function is highly dependent on the presence of
the mitochondrial protein, UCP1 and the mechanisms are briefly described here
(Cannon and Nedergaard, 2004). Canonically, Ucpl expression is initiated after
sympathetic nervous system (SNS) dependent stimulation of B-adrenergic receptor

agonism on adipocytes. This induces the activation of Gs-linked adenylyl cyclase
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to increase intracellular cAMP, which increases PKA activity. PKA phosphorylates
cAMP-responsive element-binding (CREB) and ATF?2 transcription factors leading
to expression of Ucpl and Pgcla. PGCla is a transcriptional co-activator and a
regulator of the thermogenic program in both brown and beige adipocytes. It can
form complexes with PRDM 16 and interferon regulatory factor 4 (IRF4) to regulate

two distinct pathways of Ucp1 transcription.

1.3.3 TEMPERATURE REGULATION

Shivering is an acute means of thermoregulation that involves the
recruitment of muscle to undergo futile cycling. From an etiological perspective,
rodents and human infants with small surface area to volume ratios require
responses beyond shivering to regulate adequate heat production. Thus, non-
shivering thermogenesis via thermogenic adipose tissues are required to defend
against external environmental stresses (i.e. cold exposure) to maintain consistent
internal body temperatures.

Cold exposure (4-10°C) potently activates UCP1-dependent thermogenesis.
The importance of Ucpl in mouse thermoregulation is highlighted by the findings
that Ucpl ablation results in defective BAT thermogenesis (Enerbéck et al., 1997).
Brown adipocytes are highly innervated with sympathetic nerve fibres that release
norepinephrine in response to cold exposure. Through the pB-adrenergic pathway
described previously, cold exposure directly promotes the transcription of Ucp ! and

Pgcla in brown adipocytes (Barbatelli et al., 2010; Bartelt et al., 2011; Sanchez-
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Gurmaches et al., 2018) and subsequently plays a role in BAT thermogenesis
(Crane et al., 2014). Similar B3-adrenergic receptor-dependent mechanisms are
employed in WAT since 3-adrenenoreceptor knockout mice have a reduced ability
to recruit brown adipocyte-like cells in WAT (Barbatelli et al., 2010; Guerra et al.,
1998).

Mice housed in human room temperature (22-23°C) are under chronic mild
cold stress, resulting in the recruitment of adipose tissue-dependent thermogenesis.
In contrast, temperatures that are thermoneutral (28-30°C) for mice reduce the need
for Ucpl expression, protein and thermogenic function in both BAT and
subcutaneous WAT of mice (Cui et al., 2016; Feldmann et al., 2009; Roh et al.,
2018). Recently, the characteristics of thermoneutral rodent BAT was shown to be
similar to that of human BAT, suggesting translational studies aimed at human BAT
recruitment should utilize rodents in thermoneutrality (de Jong et al., 2019).
Studying mice in thermoneutrality and comparing to lower temperatures is a useful
experimental methodology to study thermogenic adipose tissue-dependent
regulation on systemic metabolism (Nedergaard and Cannon, 2010) with potential
clinical relevance.

Obesity and insulin resistance are associated with reductions in adipose
tissue futile cycling. The loss of adipose tissue thermogenesis is partially attributed
to adipose tissue mitochondrial dysfunction. Further, obesity (Xiao et al., 2014) and
type 2 diabetes (Choo et al., 2006) is related to losses in adipose tissue

mitochondrial oxidative phosphorylation. Since the discovery of active BAT in
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adult humans, significant research efforts have been devoted to finding regulators
— intracellular proteins, extracellular messengers and receptors — of adipose
tissue thermogenesis. As alluded to previously, the ability of thermogenic
adipocytes to expend energy via mitochondrial uncoupling carries attractive
therapeutic potential since it results in the total dissipation of glucose and fatty
acids. Individuals with obesity, type 2 diabetes and old age have reductions in BAT
function (Cypess et al., 2009; van Marken Lichtenbelt et al., 2009). Thus, therapies
aimed at increasing BAT-dependent energy expenditure may hold merit to mitigate

metabolic disease (Carey and Kingwell, 2013; Loh et al., 2017).

1.3.4 IMMUNE CELL REGULATION

The immune system is a complex network of cells, tissues and organs that
work in concert to protect the body from foreign pathogen infection. Additionally,
it regulates homeostasis of metabolic tissues such as brown, beige and white
adipose tissues (Gregor and Hotamisligil, 2011; Man et al., 2017; Mraz and
Haluzik, 2014). Macrophages are functionally and numerically dominant and can
influence the state of adipose tissue inflammation (Nguyen et al., 2011). Adipose
tissue is populated by macrophages, immune cells that can adopt an alternatively-
activated, anti-inflammatory (M2 macrophages) or classically-activated, pro-
inflammatory (M1 macrophages) phenotype when exposed to cytokines from other

resident immune cells or adipocytes (Lumeng et al., 2007).
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Lean WAT function is reliant on a complex network of resident anti-
inflammatory immune cells, such as M2 macrophages, and their respective
secretory cytokines. In lean adipose tissue, type 2 immune cells such as eosinophils,
group 2 innate lymphoid cells (ILC2s), Tu2 and Treg cells secrete anti-inflammatory
cytokines that polarize resident macrophages to the alternatively activated (M2)
phenotype, a non-inflammatory macrophage state. IL-4 and IL-13, cytokines
secreted by eosinophils and ILC2s, respectively, are required for the biogenesis of
beige adipose tissue (Lee et al., 2014a; Qiu et al., 2014). This is done in two ways:
(1) they stimulate proliferation and commitment of PDGFRa" progenitors in WAT
to become beige adipocytes (Lee et al., 2014a; Wang and Seale, 2016) and (2) they
support M2 macrophage polarization to increase adrenergic tone of adipose tissues
(Nguyen et al., 2011; Qiu et al., 2014). Furthermore, Trwg and T2 lymphocytes
secrete type 2 cytokines (i.e. IL-4, IL-5 and IL-13) that inhibit macrophage
migration and induce M2 macrophage polarization (Man et al., 2017). And while
M2 macrophages were thought to be essential for adaptations to cold stress through
thermogenic regulation of BAT function and “browning” of WAT (Nguyen et al.,
2011), this has not been observed in all studies (Fischer et al., 2017). Thus, the role
of M2 macrophages in regulating adipose tissue thermogenesis is equivocal. The
role of other immune cells such as mast cells in regulating adipose tissue
thermogenesis is largely unknown.

Obese adipose tissue is associated with the infiltration of pro-inflammatory

immune cells. Most notably, M1 macrophages and mast cells increase in mouse and
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human obese WAT (Altintas et al., 2011; Liu et al., 2009). The number of pro-
inflammatory M1 macrophages is vastly increased in obese humans (Aron-
Wisnewsky et al., 2009) and HFD-induced rodents (Lumeng et al., 2007; Weisberg
et al., 2003), impairing anti-inflammatory macrophage-dependent adipose tissue
insulin sensitivity and adipocyte differentiation. These alterations in adipose tissue
function are partially attributed to M1 macrophage-dependent secretion of
cytokines such as TNF and IL-6.

Despite their main function in regulating asthma and allergy, mast cells have
been associated with obesity and insulin resistance in rodents and humans. The
seminal work by Liu and colleagues in 2009 showed that genetic deletion or
pharmacological stabilization of mast cell degranulation was associated with
improvements in insulin sensitivity and weight gain in HFD-fed mice (Liu et al.,
2009). Soon after, mast cells were shown to be associated with obese adipose tissue
inflammation (Divoux et al., 2012) and fibrosis (Gurung et al., 2019; Hirai et al.,
2014). Further, the absence of mast cell-derived leptin or reconstitution of leptin-
deficient mast cells has been associated with higher M2 macrophage polarization

in obese rodents (Zhou et al., 2015).
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1.4 SEROTONERGIC REGULATION OF METABOLISM

EMERGING ROLES FOR SEROTONIN IN REGULATING
METABOLISM: NEW IMPLICATIONS FOR AN ANCIENT MOLECULE

Published in Endocrine Reviews. Volume 40. Issue 4. Pages 1092-1107.
August 2019

Julian M. Yabut, Justin D. Crane, Alexander E. Green, Damien J. Keating,
Waliul I. Khan & Gregory R. Steinberg

Reproduced with permission of the publisher © 2019 Copyright by Oxford
University Press under the Licence 4772000341982

In this review of the literature, we aimed to summarize the existing literature on the
ancient bioamine, serotonin and how it regulates whole-body metabolism.
Specifically, we looked into the etiology of serotonin and discovered that it plays a
highly conserved role in energy balance across different phyla, ranging from
primitive photosynthetic organisms to humans. Although serotonin is primarily
synthesized in the raphe nuclei and the gastrointestinal system, it can be synthesized
in many other peripheral tissues such as pancreatic -cells, adipocytes, and mast
cells. We also discussed the primary serotonin receptors regulating serotonin
signalling in different tissues. Further, we collated the literature and came to the
novel conclusion that serotonin plays a key role in promoting energy storage by
enhancing insulin secretion and de novo lipogenesis in the liver and white adipose
tissue, while reducing the activity of thermogenic adipose tissues. Since serotonin
plays a pivotal role in lipid storage, we suggest that inhibition of serotonin synthesis
or signaling may be a potential therapeutic target to treat obesity, type 2 diabetes
and non-alcoholic fatty liver disease (NAFLD).

JM.Y. and G.R.S. wrote the manuscript. J.D.C., A.E.G., D.J.K.,,W.LK. edited the
manuscript and provided comments and additional references. J.M.Y. was the lead

author.

J.M.Y. wrote entire manuscript and conceptualized all figures.
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Serotonin is a phylogenetically ancient biogenic amine that has played an integral role in maintaining energy homeostasis for

billions of years. In mammals, serotonin produced within the central nervous system regulates behavior, suppresses appetite, and promotes

energy expenditure by increasing sympathetic drive to brown adipose tissue. In addition to these central circuits, emerging evidence also

suggests an important role for peripheral serotonin as a factor that enhances nutrient absorption and storage. Specifically, glucose and fatty

acids stimulate the release of serotonin from the duodenum, promoting gut peristalsis and nutrient absorption. Serotonin also enters the

bloodstream and interacts with multiple organs, priming the body for energy storage by promoting insulin secretion and de novo lipogenesis

in the liver and white adipose tissue, while reducing lipolysis and the metabolic activity of brown and beige adipose tissue. Collectively,

peripheral serotonin acts as an endocrine factor to promote the efficient storage of energy by upregulating lipid anabolism. Pharmacological

inhibition of serotonin synthesis or signaling in key metabolic tissues are potential drug targets for obesity, type 2 diabetes, and nonalcoholic
fatty liver disease (NAFLD). (Endocrine Reviews 40: 1092 — 1107, 2019)

ISSN Print: 0163-769X
ISSN Online: 1945-7189
Printed: in USA
Copyright © 2019
Endocrine Society
Received: 24 December 2018
Accepted: 18 March 2019
First Published Online:
22 March 2019

1092

erotonin, also known as s5-hydroxytryptamine
(5-HT), is a key messenger that mediates a range
of central and peripheral functions in the human body.
As a neurotransmitter in the central nervous system
(CNS), it is required for several brain functions and is
associated with anxiety and behavior. Furthermore,
central serotonin contributes to neuronal control of
motility and intestinal fluid secretions in the gut (1).
However, the actions of serotonin extend beyond
neuronal communication in the CNS and enteric
nervous system (ENS) to peripheral tissues. Serotonin
mediates numerous nonneuronal processes such as
bladder function, respiratory drive, hemostasis, vas-
cular tone, immune function, and intestinal in-
flammation (2-6).
Serotonin is also a major regulator of both inputs of
energy balance, energy intake, and energy expenditure.

https://academic.oup.com/edrv

20

CNS serotonin is intricately involved in appetite and
subsequent nutrient intake, a complex process that has
been extensively reviewed (7). Serotonin’s inhibitory
effect on appetite has led to the approval of receptor
agonists for the treatment of obesity (8-11). Fur-
thermore, aspects of digestion (12), insulin production
(13, 14), and liver repair (15) are dependent on pe-
ripheral serotonin-mediated signaling. Other studies
demonstrate that reducing peripheral serotonin syn-
thesis (16) and signaling in adipose tissue (17) can
prevent obesity, insulin resistance, and nonalcoholic
fatty liver disease (NAFLD) due to enhanced energy
expenditure of brown and beige adipose tissues.
Consistent with these roles in regulating energy bal-
ance and insulin production, genetic polymorphisms
associated with serotonin synthesis and signaling have
been linked to the development of obesity and type 2

doi: 10.1210/er.2018-00283
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Serotonin is a bioamine that has been involved in regulating metabolism across different phyla for billions of years

Serotonin synthesis in the periphery (e.g, outside the central and enteric nervous system) is dependent on the enzyme

tryptophan hydroxylase 1

Peripheral serotonin exerts effects in multiple metabolic tissues through distinct serotonin receptors to promote nutrient
absorption and storage while inhibiting futile cycling/thermogenesis

Inhibiting peripheral serotonin synthesis or signaling may be effective for treating obesity, type 2 diabetes, and

nonalcoholic fatty liver disease

diabetes (18-20). In this review, we discuss the role of
serotonin in regulating metabolism, how tissue dis-
equilibrium of serotonergic signaling can manifest as

Primitive Origins of Serotonin

Serotonin is a highly conserved biogenic amine within
the phylogenetic tree. Chemically, serotonin is a
bioactive monoamine that can capture light via its
indole ring—a key aromatic structure present in both
serotonin and its precursor, tryptophan (21). Because
of this property, the tryptophan present within
primitive unicellular organisms (i.c., cyanobacteria and
green algae) became oxidized by high-energy solar
photons to produce the important energy metabolite
reduced nicotinamide adenine dinucleotide (NADH)
via the electron transport chain (22). This process
represented an early method of acquiring energy from
the environment for conversion into useable, bio-
chemical energy. The rising atmospheric oxygen in the
Archean Eon due to anaerobic metabolism shifted
cellular carboxylases to acquire their hydroxylase
function (23), which is the enzyme class responsible for
the rate-limiting step in serotonin synthesis [trypto-
phan hydroxylase (Tph)]. Although it is still unclear
why serotonin was specifically selected to play a key
role in energy balance, its conservation across modern
phyla and its actions on numerous tissues underscores
its importance in metabolism.

As evolutionarily-driven selective pressure con-
served serotonergic signaling across species, there is
considerable overlap among vertebrates and in-
vertebrates with regard to its regulation of energy
balance. Drosophila melanogaster is a well-studied
arthropod whose fat body serves as a highly diverse
organ with analogous functions to human adipose,
liver, vascular, and immune tissues and similar tissue
metabolic regulation (24). In accordance with sero-
tonergic underpinnings to appetite in invertebrates,
Vargas et al. (25) observed increased food intake when
D. melanogaster is fed the serotonin precursor
s5-hydroxytryptophan (s-HTP). In contrast, in ar-
thropods, the injection of serotonin into the brain of
honeybees and blowflies reduces sucrose and amino

doi: 10.1210/er.2018-00283

metabolic disease, and how emerging evidence im-
plicates serotonin as a critical sensor of nutrient
balance that promotes whole-body lipid anabolism.

acid consumption (26, 27). In addition to directly
regulating appetite, serotonin signaling is also required
for blood-sucking organisms such as Rhodnius prolixus
(the “kissing bug”) and the medicinal leech (various
Hirudo species) to extend the abdominal wall and
increase crop contraction frequency after feeding, a
process that enables these organisms to consume
meals up to 15 times their original size (28-31).
Caenorhabditis elegans, a model organism often used
to study energy balance and lipid metabolism,
employs a central serotonergic system that reduces fat
content by increasing fat oxidation (32) and promotes
food intake behaviors such as pharyngeal pumping
(33, 34). Many other invertebrates such as gastropods,
annelids, and various other arthropods also rely on
serotonergic processes to mediate feeding behaviors
(28, 35-37). Thus, diverse arrays of primitive in-
vertebrate phyla regulate energy balance via serotonin-
dependent mechanisms.

Serotonin Synthesis, Metabolism, and Signaling
in Mammals

Synthesis

In mammals, serotonin is synthesized from tryptophan
(Fig. 1). The synthesis of serotonin is tightly linked to
tryptophan availability, kynurenine synthesis (discussed
below), and the rate-limiting enzyme Tph. Tph produces
the precursor 5-HTP, which is then rapidly converted to
serotonin by aromatic amino acid decarboxylase (Fig. 1).
Tph exists in two isoforms: Tph1 is mainly present in the
periphery, whereas Tph2 predominates in the raphe
nuclei of the brainstem (38—40), with the exception of the
ENS, which also predominantly expresses Tphz (Fig. 2).
Because serotonin does not readily pass the blood-brain
barrier, its central and peripheral pools (with the ex-
ception of the ENS) are largely functionally distinct and
regulate serotonin-dependent processes in the brain and
periphery, respectively.

hteps://academic.oup.com/edrv
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In the periphery, circulating serotonin is primarily
synthesized by Tph1 within enterochromaffin (EC)
cells of the gastrointestinal tract (38, 40-44) (Fig. 2).
The expression and activity of Tphi in EC cells is
regulated by the action of surrounding cells and nu-
trients (Fig. 2). For example, in response to enteric

parasitic infection, EC cell serotonin synthesis is en-
hanced by CD4™ T cells and IL-13 (45). Carbohydrates
(i.e., glucose, fructose, and sucrose) also increase se-
rotonin secretion of colonic and duodenal EC cells
(46), thus directly linking nutrient availability to se-
rotonin production (47). In rodents, this response to
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Figure 1. Key enzymes regulating tryptop bolism. Left panel: Tryptophan is metabolized by Tph to 5-HTP and subsequently
metabolized to serotonin by amino acid decarboxylase (AADC). Serotonin can be metabolized into either 5-HIAA by MAO or N-acetyl-
serotonin by arylalkylamine N-acetyltransferase (AAAT). N-acetyl-: in is sub ly bolized into mel. in by

hydroxyindole-O-methyl transferase (HIMT). Right panel: Tryptophan is also a substrate for TDO to produce N-formyl kynurenine,
which can be made into kynurenine by formamidase (FA). IDO can also metabolize tryptophan into N-formyl-kynurenine alongside any
other molecules that contain an indole moiety. Kynurenine aminotransferase (KAT) and kynurenine 3-monooxygenase (KMO) form
kynurenic acid and 3-hydroxykynurenine, respectively, from kynurenine. Kynurenine is broken down by kynureninase and 3-
hydroxyanthranilic acid dioxygenase (3-HAO) to form quinolinic acid, which can be further metabolized by quinolinic acid
phosphoribosyltransferase (QPRT) to form precursors for NAD ™. Atoms in red are the structural changes of the previous enzymatic
reaction. MarvinSketch (from ChemAxon) was used for drawing and displaying chemical structures in this figure.
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Figure 2. Ti pecific regulation of tryptop Left panel: EC cell Tph1 activity is regulated
by microbiota-derived short-chain fatty acids (SCFAs), glucose, and secretory products of CD4 ™ T cells in the gut lumen. Middle panel:
Tryptophan (white circle) is converted into 5-HTP in the CNS or in EC cells by Tph2 and Tpht, respectively, and is then quickly

metabolized to serotonin (5-HT) by amino acid decarboxylase (AADC). Central (orange circle) and peripheral (blue circle) pools of
serotonin are distinct, as they cannot pass the blood-brain barrier (BBB). Centrally synthesized serotonin can affect various areas of the
brain such as POMC neurons, ventral tegmental area (VTA), and nucleus of the solitary tract (NST). Serotonin synthesis in the ENS is
dependent on Tph2 and innervates neurons in the submucosal plexus (Smp) and myenteric plexus (MyP) to induce motility. Serotonin

in, and

produced by Tph1 in EC cells is imported into enterocytes by SERT (orange transporter) and subsequently degraded by enterocyte MAO
into 5-HIAA (gray circle). Tryptop d into ine (Kyn; green circle) in the liver by TDO. Serotonin, 5-HIAA, and
Kyn can be excreted into the circulation. Serotonin is sequestered by SERT of blood platelets, transported to the circulation, and effects
systemic metabolism upon release into the plasma (double arrow).
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nutrients has been shown to be modulated by the gut
microbiome production of short-chain fatty acids (i.c.,
acetate and butyrate), which increase Tph1 expression
and serotonin synthesis in EC cells, resulting in ele-
vated circulating serotonin concentrations in the
bloodstream (48, 49). However, this axis has recently
been challenged because exposure of EC cells to ac-
etate or butyrate on EC cells does not acutely elevate
serotonin secretion from duodenal or colonic EC cells
(46). Further studies investigating factors regulating
Tph1 expression, activity, and subsequent serotonin
synthesis in humans are warranted.

In addition to serotonin synthesis, a large majority of
dietary tryptophan is directed toward kynurenine (Figs. 1
and 2) (50). The conversion of tryptophan to kynure-
nine requires the rate-limiting enzymes indoleamine
2,3-dioxygenase (IDO), found ubiquitously except in the
liver, or tryptophan 2,3-dioxygenase (TDO), which is
found in hepatic tissues (51, 52). IDO has a broader

doi: 10.1210/er.2018-00283

substrate specificity than TDO (51), reacting with the
indole moiety of a variety of serotonergic pathway
constituents (i.e., tryptophan, 5-HTP, serotonin, mela-
tonin). IDO activation by proinflammatory cytokines
such as [FNy and TNFa reduces serotonin and enhances
kynurenine levels (51, 53). IDO activation is linked to
increases in kynurenine and reductions in serotonin
associated with depression (54). In neurons, subsequent
metabolism of kynurenine to picolinic acid instead of
quinolinic acid, which is metabolized to NAD™ (55, 56),
is protective against neurotoxicity (57). Thus, in addition
to Tph, the kynurenine pathway is also important for
dictating serotonin synthesis and availability.

Excretion and transportation

EC cell stimulation triggers the release of serotonin
into the interstitial space of surrounding cells (Fig. 2).
EC cells act as sensory transducers that respond to
postprandial disruptions in the lumen of the gut such

hteps://academic.oup.com/edrv
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as pH changes or the presence of nutrients and toxins.
Owing to the absence of direct contact between the
lumen and the ENS, EC cells act as a mediator between
the two by secreting serotonin, stimulating nearby
enteric neurons and increasing gut motility and
peristalsis. EC cells possess serotonin that can be re-
leased basolaterally to stimulate ENS afferent neurons
(41) or apically to the mucosal surface of the gut lumen
in response to luminal stimuli (58). It has been shown
that serotonin release is regulated in part through
a population of gut epithelial EC cells that are
mechanosensitive to luminal forces, and this process
requires Piezo2 (59). Released serotonin activates re-
ceptors to induce transient gut peristalsis. However, it
must be removed from the interstitial space to cease
signaling when it is no longer required.

The high levels of serotonin generated by EC cells
necessitates a well-regulated control system to remove
serotonin from the interstitial space of the gut to
terminate serotonergic signaling and prevent seroto-
nin toxicity (Fig. 2). Clearance of interstitial serotonin
occurs by either sequestration of serotonin into
enterocytes or transport into the circulatory system.
Enterocytes of the intestinal mucosa take up seroto-
nin via the serotonin transporter (SERT), and it is
then degraded by monoamine oxidase (MAO). The
remaining serotonin enters the circulation through
capillary beds in the submucosa of the intestinal wall.
Once in the bloodstream, most serotonin is seques-
tered by SERT-mediated transport within platelets
(60). Because platelets lack Tph, there is no ability to
synthesize serotonin, and thus they act solely as a
carrier (61). Once within platelets, vesicular mono-
amine transporters compartmentalize serotonin into
dense granules (62). As in many cell types, platelets can
also degrade granular serotonin by MAO (63). Sig-
nificant quantities, but not all, of serotonin packaged
in platelets can then be efficiently transported
throughout the circulation. Circulating platelets then
release serotonin in response to stimuli, where it can
induce vasoconstriction (4), enhance platelet aggre-
gation and thus blood coagulation (64).

The serotonin found outside platelets is freely
soluble in plasma and is thought to be the active
metabolite available for import and signaling in pe-
ripheral tissues. However, the analysis and biological
relevance of this platelet-free fraction are not com-
pletely understood. This is due to numerous fac-
tors, including sample contamination by platelets,
pathophysiological-induced changes in platelet fra-
gility, or anticoagulation methods to isolate plasma,
which can all impact quantification of free serotonin in
the blood. Thus, a clear relationship between free,
unbound circulating serotonin and pathology is not
clearly established (65). Given the challenges of
assessing platelet-free serotonin in blood, the assess-
ment of more stable downstream metabolites (dis-
cussed in detail below) such as 5-hydroxyindoleacetic
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acid (5-HIAA) in urine is frequently used as a more
reliable proxy of circulating serotonin levels (66).

Metabolism

Most serotonin is broken down by MAO (Figs. 1 and
2). MAO has two isoforms, MAO-A and MAO-B, with
the former having a much higher affinity for serotonin
(67). The product of MAO-dependent catabolism of
serotonin is 5-hydroxyindole aldehyde, which is fur-
ther metabolized into 5-HIAA by aldehyde de-
hydrogenase (68). Serotonin can also be metabolized
to N-acetyl-serotonin by arylalkylamine N-acetyl-
transferase and, subsequently, into melatonin by
hydroxyindole O-methyltransferase (69). As discussed
above, serotonin can also be metabolized by IDO to
enter the kynurenine pathway (68). Thus, the abun-
dance of serotonin is dependent on not only trypto-
phan availability and the expression and activity of
Tph but also the activity of enzymes involved with
serotonin metabolism such as MAO, IDO, and TDO.

Signaling

Serotonin can signal by receptor transduction and may
also signal posttranslationally via a concept termed
“serotonylation.” Serotonylation was first described by
Walther and ef al. (13) as a transamidation of sero-
tonin to small GTPases by the enzyme transgluta-
minase in platelets. This process blocks GTP
hydrolysis and results in constitutive activity of the
respective GTPase, in the outcome, which is platelet
degranulation. This process has also been observed in
pancreatic B-cells, where serotonylation of small
GTPases facilitates insulin secretion (14).

Although serotonylation of target proteins may be
important in some contexts, the vast majority of se-
rotonin’s functions are thought to occur through
binding to one of 14 cell surface 5-HT receptors
(HTRs), categorized into seven families based on their
functional, structural, and signal transduction prop-
erties (70) (Fig. 3). With the exception of HTR,, which
is a ligand-gated ion channel, the other six families are
G-protein—coupled receptors. Thus, serotonin can
initiate two intracellular mechanisms: plasma mem-
brane depolarization or G-protein-mediated modifi-
cation of intracellular messenger (cAMP, inositol
triphosphate, diacylglycerol) levels upon the binding of
serotonin (71). Briefly, the HTR, and HTR, families
initiate a G;/G,-protein-coupled transduction that
subsequently decreases cAMP levels. Conversely, the
HTR,, HTRg, and HTR, receptor families are coupled
to the Gy-protein and increase cellular cAMP levels.
Lastly, the HTR, family is coupled to the Gg/G,,-
protein and increases levels of inositol triphosphate
and diacylglycerol. The initial receptor actions and
receptor localization are summarized in Fig. 3. Thus,
multiple facets of regulation and signaling can occur
simultaneously upon serotonin binding to multiple
receptors. Additionally, the expression of the seven
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Figure 3. Serotonin receptor expression and signaling pathways. The seven distinct serotonin receptors (HTR,) families have unique
tissue-specific distributions and can be grouped into four distinct downstream signaling pathways. The HTR, pathway employs the G-
protein aq11 subunit (G4/Gyy), which induces phospholipase C (PLC), leading to the up lation of inositol trij (IP3), calcium,
and diacylglycerol (DAG), which activates protein kinase C (PKC). HTR;/HTRs use the G-protein a; subunit (G;/G,) that inhibits adenylate
cyclase (AC), thereby reducing the production of cAMP from ATP. HTR,/HTRs/HTR; use the G-protein a subunit (G,) that activates AC,
which increases cAMP and induces the phosphorylation of protein kinase A (PKA). HTR; is a serotonin-gated ion channel that increases

intracellular concentrations of cations, which can cause cell depolarization.
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families and 14 individual HTRs vary across tissues in  exists exclusively in agouti-related peptide (AgRP)/
the central and peripheral systems, which further al-  neuropeptide Y (NPY) neurons in the ARC, which
lows serotonin to exert differential effects. functions as a direct inhibitor of melanocortin-4 re-
ceptor activation to increase appetite and food intake.
Activation of AgRP/NPY neurons release y-amino-
Central Serotonin Regulation of Energy Balance  butyric acid, which inhibits POMC neurons and de-
creases food intake. ARC POMC neurons are stimulated
The role of central serotonin in suppressing appetite in ~ and AgRP/NPY neurons are inhibited by hypotha-
mammals is well established, and several recent reviews  lamic serotonin (75, 76), which is synonymous to the
have detailed the mechanisms mediating these effects  actions of leptin on these neurons (77, 78).
(72, 73). Therefore, this review only provides a general The suppressive effects of serotonin on appetite
overview. Broadly, central serotonergic systems suppress  appear to be primarily driven by HTR,. Specifically,
feeding behaviors in vertebrate species, and depletion of ~ Tecott and colleagues (79) observed that mice lacking
central serotonin induces hyperphagia and body weight ~ HTR, had increased appetite and were prone to
gain in rodents (74). Appetite is primarily regulated  obesity. It was later found that HTR, mutant mice also
by processes innervated in the hypothalamus, where  displayed decreased food intake and body weight after
proopiomelanocortin (POMC) is expressed in neurons  acute leptin administration (78). Subsequent studies
of the hypothalamic arcuate nucleus (ARC) and  demonstrated that these suppressive effects on appetite
brainstem. POMC is posttranscriptionally modified  were dependent on HTR,¢. within POMC neurons (80,
to form a- and B-melanocyte-stimulating hormones ~ 81). With the advent of new genetic approaches, recent
and activate melanocortin-4 receptors to reduce food  reports have demonstrated that HTR,¢ also suppresses
intake and appetite. Moreover, agouti-related protein  appetite through dopaminergic neurons (82), the ventral
doi: 10.1210/er.2018-00283 hteps://academic.oup.com/edrv 1097
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Figure 4. Metabolic
functions of serotonin in
different tissues. Central
serotonin suppresses
appetite, reducing nutrient
intake. In the periphery,
serotonin promotes
nutrient storage by
increasing gut motility to
facilitate absorption after
feeding. Serotonin
enhances insulin secretion
from pancreatic islets,
which enhances nutrient
storage in different tissues.
The effects of insulin to
promote nutrient storage
are further enhanced
through direct actions of
serotonin to promote de
novo lipogenesis in WAT
and liver and to stimulate
glucose uptake in skeletal
muscle while at the same
time inhibiting futile
cycling/thermogenesis
within BAT and beige
adipose tissue.
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tegmental area (83), and the nucleus of the solitary tract
(84). Note that in some instances activation of HTR,
(85) and HTR, ;3 (86, 87) may also suppress appetite, but
under most physiological conditions HTR,¢: appears
to be predominant. Highlighting the importance of
HTR, . therapeutic agonists such as lorcaserin suppress
appetite and have been approved in some countries to
treat obesity (8-11).

Serotonin regulation of appetite might also po-
tentially be involved with weight gain associated with
the use of some antidepressants. For example, selective
serotonin reuptake inhibitors (SSRIs), which inhibit
SERT function and prolong serotonin neurotrans-
mission, have been linked to modest increases in
weight gain and the incidence of type 2 diabetes
(88-90). Mechanistically, these observations are con-
sistent with increased obesity, glucose intolerance, and
insulin resistance in mice lacking SERT (91, 92).
However, many SSRIs also alter the activity of other
neurotransmitter pathways (89, 93-96) and, as a result,
weight gain is not consistently observed (88, 97, 98).
Further randomized controlled trials are needed to
evaluate whether SSRIs regulate appetite, weight gain,
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and possibly energy expenditure (detailed below) and
the potential importance of serotonin in mediating
these side effects.

In addition to the regulation of appetite and energy
intake, central serotonin is also implicated in in-
creasing energy expenditure. As recently reviewed (99),
serotonin increases energy expenditure by enhancing
sympathetic drive to brown adipose tissue (BAT). This
increase in energy expenditure by serotonin may be
mediated through activation of HTR,, and HTR,
within the intermediolateral nucleus of the spinal cord
(100, 101). Importantly, alleviation of central serotonin
signaling in the brain results in a loss of thermoreg-
ulation due to reduced uncoupling protein 1 (Ucp1)
content in both BAT and inguinal white adipose tissue
(WAT) (102). Despite the described roles of central
serotonin to stimulate energy expenditure, mice
lacking central serotonin synthesis due to reductions
in Tph2 are lean and have increased energy expen-
diture (103, 104). This is surprising, as a lack of central
serotonin would be expected to lower energy ex-
penditure if it were critical for modulating sympathetic
tone. Future studies investigating the role of central
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serotonin in regulating nonshivering thermogenesis
will be important.

Peripheral Serotonin Regulation of
Energy Balance

More than 95% of the body’s serotonin is found
outside of the CNS. Although it has been recognized
for more than half of a century that serotonin can
regulate actions in the periphery, such as vasodilation
(105) and blood pressure control (106), only in recent
years has the role of serotonin in regulating the
function of key metabolic organs and energy ho-
meostasis emerged.

Gastrointestinal tract

An important role for serotonin in regulating energy
balance involves its control of gut motility (Fig. 4).
Serotonin induces and regulates muscular peristaltic
activity in the gastrointestinal tract by modulating
motor and sensory functions in the gut via serotonin
receptor transduction in enteric neurons. For example,
it influences the activation and inhibition of sub-
mucosal and myenteric neurons involved in intestinal
peristalsis, secretion, and sensation via HTR; and
HTR, (107). Additionally, HTR, accelerates pro-
pulsive motility (108) and mediates postnatal ENS
growth and neurogenesis (109). Tph1 expression and
EC cell density can be upregulated by certain spore-
forming bacteria to increase gastrointestinal motility
(48). Removal of Tph1 depletes serotonin from mu-
cosal cells in the murine gut, but it does not affect
serotonin content in enteric neurons (6). Removal of
EC cells or Tph1 expression and EC cell serotonin
synthesis does not result in loss of gut motility, but it
acts to reduce the frequency of contractile events
underlying peristalsis such as colonic migrating motor
complexes (110-112). The lack of in vivo changes to
gut transit time in the Tph1 knockout mouse model is
likely attributable to developmental changes occurring
in the gut such as enlarged bowel width and length
(110) and increased villus height and crypt depth (6).
Tph2-dependent serotonin synthesis is required for
proper development of the ENS, with loss of ENS
serotonin synthesis resulting in improper development
and survival of enteric dopaminergic neurons (6). The
creation of inducible models of Tph1 and Tph2 ab-
lation may be a suitable approach that circumvents
such developmental issues in these existing knockout
models. Furthermore, a recent report suggests that
mucosal serotonin can rectify the abnormal colonic
motor activity in germ-free mice, which further em-
phasizes the role of EC-derived serotonin in gut
motility (113). Highlighting the importance of sero-
tonin in regulating gut motility, pan-Tph1/2 inhibitors
have recently been approved owing to their pro-
nounced effect on reducing gut motility (diarrhea) in

doi: 10.1210/er.2018-00283

patients with carcinoid syndrome (benign tumors that
synthesize excessive serotonin) (114, 115).

In addition to its role in gut motility, serotonin
from the gastrointestinal tract has been implicated in
gut inflammation. The pathogenesis of colitis, that is,
inflammation of the inner lining of the colon, has been
attributed to serotonin (s). Serotonin has also been
implicated in various gastrointestinal diseases, such as
inflammatory bowel disease, irritable bowel syndrome,
and celiac disease (116). Therefore, understanding the
role of serotonin in gut peristalsis and inflammation
has important implications for nutrient absorption,
nutrient intake, and for illnesses that affect the gut.

Pancreas

The pancreas plays a pivotal role in controlling blood
glucose through the secretion of insulin and glucagon
from B-cells and a-cells, respectively. Pancreatic islets
increase their serotonin production when treated with
5-HTP (117), indicating an inherent capacity for se-
rotonin synthesis. Serotonin and insulin are colo-
calized in secretory B-granules (118) and are cosecreted
when stimulated by glucose (119). Indeed, recent
studies have shown common expression profiles of
genes and transcription factors between serotonergic
neurons and B-cells (120).

Local effects of serotonin in the pancreas are
regulated by a complex network of receptor signaling.
High glucose-stimulated B-cell secretion of serotonin
(coreleased with insulin) activates a-cell HTR, and
inhibits glucagon secretion in a paracrine manner
(121). Recent in vitro work in INS-1 cells has found
that activation of HTR, stimulates insulin secretion
in response to glucose (122); however, the opposite
effect appears to be observed in some species for
reasons that are not clear (123-126). Importantly, in
vivo Tph1 deletion in B-cells causes glucose in-
tolerance, impaired insulin release, and decreased
serum insulin in mice fed a high-fat diet (127). Fur-
thermore, Kim et al. (127) observed that high-fat
diet—fed HTR; knockout mice also have impaired
insulin secretion and display glucose intolerance.
Consistent with the role of serotonin in stimulating
insulin release in pregnancy, Tph1 and Tph2 gene
expression is increased during pregnancy, and sero-
tonin acts on the HTR, to increase B-cell expansion,
with a subsequent increase in glucose responsiveness
(128). In addition to receptor-mediated signaling
mechanisms, higher ratios of intracellular to extra-
cellular serotonin within pancreatic islets causes
serotonylation of GTPases (Rab3a and Rab27a), which
in turn promotes glucose-mediated insulin secretion
(14). Collectively, these data suggest that serotonin acts
in the pancreas to promote insulin secretion (Fig. 4).

Adipose tissue
WAT is an important storage depot for glucose and
lipids. Aside from the gut EC cells and microbiome,
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serotonin may also be synthesized by WAT (17, 129)
(Fig. 4). Importantly, however, note that in contrast to
the EC cells, serotonin synthesis does not appear to
contribute to total circulating serotonin levels. Early
literature  suggested the presence of serotonin in
interscapular and epididymal adipose tissue (130), but
its synthesis by adipocytes was unclear. Recent evidence
demonstrates elevated Tph1 gene expression and se-
rotonin content in the WAT of obese mice (17, 129).
However, it is not known whether mature adipocytes or
other cell types (i.e., stromovascular or immune cells)
contribute to these changes. Serotonin promotes adi-
pogenesis in white adipocytes (129, 131), effects that
have been suggested to be mediated through HTR,,
signaling (17). Lipid uptake has also been shown to be
promoted by serotonin in white adipocytes via HTR, 5
signaling (17). Consistent with the concept of enhancing
adipose tissue storage, activation of HTR, 5 has also been
shown to suppress isoprenaline-induced lipolysis (132).
However, basally (in the absence of B-adrenergic sig-
naling) serotonin may have a modest effect on reducing
lipolysis through HTR,j; (133). Overall, serotonin ap-
pears to favor an energy storage phenotype (i.e., en-
hanced adipogenesis, lipid uptake, and suppressed
lipolysis) under fed conditions (Fig. 4).

BAT is a highly oxidative form of adipose tissue
that appears to be dysfunctional in obesity and type 2
diabetes (134). BAT contains numerous mitochondria
enriched with Ucpr that can dissipate the inner
membrane proton gradient, resulting in futile oxida-
tion of substrates and the generation of heat. A de-
crease in BAT activity is observed in individuals with
obesity and type 2 diabetes, which is thought to ex-
acerbate weight gain and metabolic disease by low-
ering energy expenditure (135-138). It has been
known for some time that serotonin is present within
rodent BAT (139). In lean mice, a reduction in pe-
ripheral serotonin (due to Tph1 deletion) has minor
effects on fat mass and weight gain (16). However,
when Tph1 is genetically or pharmacologically
inhibited during high-fat diet-induced obesity, BAT-
dependent thermogenesis and energy expenditure are
elevated (16, 17), protecting mice from weight gain,
insulin resistance, glucose intolerance, and NAFLD
(16) (Fig. 4). Importantly, the effects of serotonin on
BAT occur in a cell-autonomous manner by inhibiting
both differentiation (140) and B-adrenergic-induced
activation of brown adipocytes in vitro (16), inferring a
direct deleterious effect on brown adipocytes. In-
terestingly, similar to Tphu deletion, germline deletion
of HTR, in mice also results in a lean phenotype (17).
However, it is likely this is due to HTR expression in
the CNS where this receptor is highly expressed.
Future studies identifying the primary HTR mediating
the effects of serotonin on BAT energy expenditure are
required.

Under periods of cold or B-adrenergic stimulation,
WAT undergoes “browning,” a process of converting
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WAT to beige/brite adipose tissue, which exhibits a
thermogenic phenotype resembling some aspects of
BAT (134). This has important implications because
the browning of WAT is associated with reductions in
adiposity and insulin resistance in rodents due to
increased Ucpi-dependent and -independent ther-
mogenesis, and rodent beige adipose tissue also has
a molecular signature similar to BAT in humans
(141-143). In parallel to its effects on BAT, genetic or
pharmacological inhibition of Tph1 in mice increases
the abundance of beige adipose tissue (16, 17). Fur-
thermore, direct exposure of beige adipocytes to
serotonin reduces Ucpr mRNA, indicating direct in-
hibitory effects of serotonin (Fig. 4). Importantly,
hormone-sensitive lipase phosphorylation in adipo-
cytes does not change when cells are exposed to other
serotonin metabolites such as 5-HTP or 5-HIAA (16).
Collectively, these studies indicate multiple roles for
serotonin to promote energy storage by increasing
adipogenesis in WAT and suppressing brown and
beige adipose activity and energy expenditure.

Consistent with a role for serotonin in inhibiting
adipose tissue energy expenditure and promoting
adipogenesis, a recent study has indicated that kynurenic
acid, a metabolite of kynurenine that is produced in
skeletal muscle in response to exercise and cannot pass
the blood-brain barrier, promotes adipocyte-derived
energy expenditure through the browning of WAT
(144). These effects on WAT browning were attributed
to activation of adipose tissue G-protein-coupled re-
ceptor 35, the induction of peroxisome proliferator—
activated receptor 7y coactivator 1-a (PGC1e), and the
suppression of inflammation (144). Surprisingly, despite
these prominent effects of kynurenic acid to promote
adipose tissue browning in vivo, when delivered acutely
in vitro, kynurenic acid treatment dampened the effects
of isoproterenol to stimulate cAMP levels in isolated
adipocytes (144), analogous to observations with sero-
tonin (16). These contradictory observations in vitro and
in vivo may potentially be the result of kynurenine
metabolism to NAD™ (535, 56), which increases the
activity of sirtuins and PGCia to enhance mitochon-
drial function in adipose tissue (145) and potentially
other tissues (146) in vivo. Thus, it is interesting to
speculate that kynurenic acid increases adipose tissue
NAD™, and this may be important for increasing ad-
ipose tissue energy expenditure.

Liver

The liver is an important regulator of circulating
glucose and lipids. During periods of fasting, the liver
increases  glycogenolysis and  gluconeogenesis to
maintain plasma glucose levels. Conversely, the liver
sequesters large quantities of glucose and fatty acids
after feeding to form glycogen and triglycerides. Be-
cause the hepatic portal circulation receives a signif-
icant proportion of postprandial nutrients from the
gut, researchers have hypothesized that serotonin may
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be an important gut-to-liver signal of nutrient status.
Sumara ef al. (133) found that HTR,j activation by
serotonin promotes liver gluconeogenesis and inhibits
glucose uptake, increasing blood glucose levels during
periods of fasting. Additionally, they showed that
blockade of gut-derived Tph1 serotonin synthesis
protects mice from diet-induced insulin resistance.
Thus, they posited that under conditions of elevated
serotonin observed in high-fat diet-induced obesity,
the greater plasma glucose can be partially attributed
to serotonergic activation of hepatocytes and the
subsequent increase in systemic glucose production.
Based on these observations, serotonergic signaling in
hepatocytes appears to regulate glucose production.
Serotonin has also been shown to regulate hepatic
lipid balance (Fig. 4). Primary hepatocytes incubated
with fatty acids and serotonin were shown to accu-
mulate more triglycerides compared with controls
(147). Furthermore, treatment of ob/ob mice with an
HTR, antagonist reduces liver fat deposition (148),
suggesting a role of peripheral serotonin in increasing
lipid accumulation in vivo. A recent report described
that administration of Tph inhibitors (ie., para-
chlorophenylalanine and LP533401) reduce liver lipid
accumulation by suppressing lipid uptake (149). This
group subsequently confirmed gut-derived serotonin
to be the source regulating high-fat diet-induced
hepatic steatosis and established that these effects
on liver lipid metabolism are mediated specifically
through hepatocyte-specific expression of HTR,,
(150). This protection from NAFLD could also be
recapitulated in mice treated daily with the periph-
erally restrained HTR, , antagonist sarpogrelate. These
effects on NAFLD were also reported to be in-
dependent of changes in brown/beige adipose tissue
morphology, Ucp1 content, or energy expenditure, a
known negative regulator of liver lipid deposition (16,
17). These data suggest that inhibition of liver HTR, 5
may be an effective target for reducing NAFLD.
Hepatic steatosis associated with NAFLD is the
initiating cause of nonalcoholic steatohepatitis and
liver cirrhosis. As recently reviewed, hepatic stellate
cells (HSCs) are implicated in regulating liver fibrosis
and steatohepatitis, and serotonin appears to play a
direct role in activating this cell type (151). Pan-HTR,
antagonists reduce proliferation and elevate rates of
apoptosis induced by serotonin (152). In congruence
with previous studies, HSC activation has been shown
to be regulated by HTR, o and HTR, . Administration
of HTR,, antagonists sarpogrelate and ketanserin
inhibit in vitro HSC activation and is associated with
reductions in liver inflammation and fibrosis in a rat
model of cirrhosis (153). HTR,; signaling also reduces
hepatocyte regeneration by producing TGF-B1, as
shown through increased liver growth in a ge-
netic HTR, knockout mouse or following receptor
blockade (154). This group also observed reductions in
fibrogenesis and improvements in liver function due
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to HTR, 5 antagonism. Consistent with these findings
indicating a role for HTR, 4,3 signaling in HSCs, these
receptors are also important for promoting liver re-
generation following transplantation (15). Collectively,
these data suggest that inhibiting HTR, and HTR,;,
signaling in hepatocytes and HSCs, respectively, may
be effective for reducing liver fibrosis and steatosis.
Future studies examining whether nonalcoholic
steatohepatitis and fibrosis can be reversed in ad-
vanced models of disease using specific pharmaco-
logical antagonists to HTR,, will be important.

Cardiac muscle, skeletal muscle, and exercise

Serotonin has metabolic and developmental effects in
skeletal and cardiac muscle, respectively (Fig. 4). In
cultured myotubes and rat soleus muscle, serotonin
increases glucose uptake (155), potentially through the
activation of HTR,5 (156). The physiological im-
portance of serotonin regulation of skeletal muscle
glucose uptake is currently unclear, as Tph1-null mice
appear to have normal rates of basal and insulin-
stimulated skeletal muscle glucose disposal (16, 17).

During exercise, serotonin metabolism in skeletal
muscle may be influenced by the conversion of
kynurenine into kynurenic acid by kynurenine ami-
notransferase (157, 158). This conversion of kynur-
enine (which can cross the blood-brain barrier) into
kynurenic acid (which cannot cross the blood-brain
barrier) is dependent on PGCia in skeletal muscle and
may contribute to reductions in depression with en-
durance exercise (157, 158).

With respect to cardiac function, germline deletion
of Tph1 leads to cardiac function abnormalities that
can progress to heart failure (40). These effects of
serotonin may involve HTR,p, as mice lacking this
receptor from birth have enlarged hearts and peri-
cardial leakage (159). Pharmacological blockage of
HTR,p in spontaneous hypertensive rats (using RS-
127445 at 1 mg/kg/d) does not affect left ventricular
hypertrophy, fibrosis, or diastolic dysfunction but does
amplify subendocardial fibrosis and left ventricular
dilatation (160). These data suggest some role for
serotonin in cardiac muscle; however, whether this is
of therapeutic importance remains to be established.

Immunity

The immune system and tissue parenchymal cells
form a complex network required to maintain met-
abolic homeostasis. With the main purpose of ne-
gating the advance of pathogenic intruders or removal
of infectious organisms, the immune system employs
various innate and adaptive cell types to defend the
body from harm. In response to damaged endothe-
lium, serotonin is released by blood platelets, pro-
moting immune cell infiltration (107). Additionally,
serotonin has been shown to be a chemotactic mol-
ecule for various immune cells such as eosinophils,
dendritic cells, and mast cells (MCs) (116), suggesting a

hteps://academic.oup.com/edrv

29

“..when Tph1 is genetically or
pharmacologically inhibited
during high-fat diet-induced
obesity, BAT-dependent
thermogenesis and energy
expenditure are elevated.”
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Figure 5. Multifaceted
effects of peripheral
serotonin to promote
obesity and NAFLD.
Peripheral serotonin
promotes obesity and
NAFLD by promoting
insulin secretion, inhibiting
the thermogenesis in beige
adipose tissue and BAT,
and increasing de novo
lipogenesis in both WAT
and liver. Collectively, these
actions may promote the
development of obesity and
NAFLD.
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role for serotonin in initiating and potentiating the
immune response. Furthermore, type 2 immune cells
have been implicated in regulating adipose tissue
homeostasis via eosinophils (161, 162) and type 2
innate lymphoid cells (163, 164), suggesting that
constituents of the immune system play an integral
role in energy homeostasis.

In addition to the storage of serotonin in platelets,
MC:s are capable of synthesizing, storing, and secreting
serotonin. MCs accumulate in target tissues in re-
sponse to allergic or inflammatory stimuli and secrete
various substances such as cytokines, proteases, and
bioamines (i.e., serotonin and histamine) (165). Of
these various substances released by MCs, serotonin
has been shown to be released in significant amounts
by both human and rodent MCs (166-168). Addi-
tionally, MCs have the greatest (~1000-fold) Tph1
mRNA expression compared with other immune cell
types such as macrophages and lymphocytes (169).
MCs have been linked to obesity because they accu-
mulate in obese adipose tissue in humans (170) and
mice (171). However, whether MC-derived serotonin
is sufficient to signal in adipose tissue is not clear. In
addition to MCs, it is possible that other immune cells
such as basophils and monocytes may also be recruited
to sites of inflammation and can secrete serotonin in
response to injury or pathogens (107), but similar to
MCs, the quantity of serotonin would be expected to
be very low compared with platelet-derived serotonin.

Gut-derived serotonin synthesis

°

Associations Between Serotonin and Obesity

Various single-nucleotide polymorphisms of seroto-
nergic genes, including some serotonin receptors, have
been linked to greater adiposity or metabolic discase
(172, 173). Variants in HTR,, are associated with
higher body mass index (BMI) (174), waist circum-
ference (18, 19), and components of the metabolic
syndrome (19, 20). Variants in HTR,¢ have also been
associated with obesity (20, 175, 176), weight gain
(177), and BMI (178). Additionally, a Tph1 gene
variant is associated with BMI and waist circumference
(179). Single-nucleotide polymorphisms in SLC6A4
and SLC6A14, transporters for serotonin and trypto-
phan, respectively, have also been associated with
obesity (180, 181), impairments in fat oxidation (182),
and BMI (183). Thus, there appears to be genetic
evidence supporting a correlation between obesity and
genes controlling serotonin synthesis and signaling.
Future studies are needed to understand the function
of these polymorphic variants and their primary site of
action (i.e., central vs peripheral and in what specific
tissues).

In addition to these links between obesity and ge-
netic variants, there is also emerging evidence linking
obesity with alterations in peripheral serotonin levels.
For example, Kim ef al. (184) have observed higher
serum levels of serotonin in high-fat diet-fed mice in
comparison with lean mice. Similarly, humans who are
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obese have elevated platelet-poor plasma serotonin
compared with lean controls (185). Changes in pe-
ripheral serotonin metabolites have also been connected
to alterations in energy balance and glucose metabolism.
Specifically, elevated levels of 5-HIAA, the major
downstream metabolite of serotonin, has been observed
in plasma (66) and urine (186) of humans with obesity.
Additionally, these studies found fasting blood glucose
and HbA1c to be positively correlated with 5-HIAA.
Consistent with elevations in plasma serotonin with
obesity, rats fed a high-fat, high-cholesterol diet have
greater Tph1 expression and elevated secretion of se-
rotonin from the small intestine (58). Similarly, in
humans who are obese, the intraduodenal infusion of
glucose leads to greater release of serotonin from the
duodenum compared with lean controls and is tightly
linked with Tph1 expression (185). Furthermore, Tph1
expression is higher in individuals with obesity in the
duodenum due to an increased density of EC cells (185).
Obesity also disrupts the circadian rhythm and meal-
induced release of circulating serotonin (187). These
data collectively suggest that release of serotonin from
EC cells of the gastrointestinal tract into the circulation
increases with obesity and possibly type 2 diabetes.

Conclusions and Future Directions
Considering the high amounts of serotonin synthe-

sized by EC cells in response to the presence of luminal
nutrients (both glucose and fatty acids), it is interesting
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1.5 MAIN OBJECTIVE

Assess the role of peripheral serotonin synthesis from various sources that
are thought to be involved in lipid accretion such as adipose tissue and liver.
Elucidating sources of peripheral serotonin synthesis that inhibit adipose tissue
energy expenditure and promote hepatic lipid accretion will be pivotal to future

targeted therapy for metabolic diseases such as obesity and NAFLD.

1.6 THESIS AIMS

Determine adipose tissue local sources by which serotonin exerts its
inhibitory effects on thermogenic adipose tissue. Specifically, determine whether
mast cells and adipocytes work in paracrine and autocrine manners, respectively to
reduce energy expenditure attributed to thermogenic adipose tissue using tissue-
specific genetic models of Tph1 ablation. We will also assess the role of circulating
serotonin in whole body Tphl knockout mice to determine if circulating serotonin
is regulated by housing temperatures in mice to influence liver lipid accretion.
Collectively, I aim to identify sources of serotonin that promotes lipid anabolism in

adipose and liver.
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GENETIC DELETION OF MAST CELL SEROTONIN SYNTHESIS
PREVENTS THE DEVELOPMENT OF OBESITY AND INSULIN
RESISTANCE
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In this chapter, we identify that mast cells are a primary source of serotonin
synthesis from Tphl. We subsequently identify that mast cells infiltrate white
adipose tissue of obese mice when they are housed at thermoneutrality. To
determine whether mast cell serotonin synthesis is important for suppressing white
adipose tissue browning, we studied two genetic mouse models of mast cell-specific
Tphl deletion by: 1) inoculation of Tph1”- versus Tph1** mast cells into mast cell-
deficient Kit""¥-" mice and 2) mast cell-specific genetic deletion of Tphl using
Cpa3-Cre Tphl flox gene deletion strategies. Inoculation of Tph1™*, but not Tph1-
'~ mast cells, induced obesity, insulin resistance and reduced WAT browning in
Kit"-sw-sh mice. Similarly mast cell-specific Tphl knockout mice were protected
from developing HFD-induced obesity, insulin resistance and NAFLD. In both
models reductions in obesity and insulin resistance were associated with increased
energy expenditure and adipose tissue browning. These studies demonstrate that
mast cell serotonin synthesis is an important inhibitor of beige adipose tissue
development and is important for regulating obesity and insulin resistance in mice.

JMY., EM.D., KMM.,, J.D.C,, W.LK. and G.R.S. designed the experiments.
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Genetic deletion of mast cell serotonin synthesis
prevents the development of obesity and insulin
resistance
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Elizabeth D. Crane®, Wesley Wong® 4, Katherine M. Morrison® ', Justin D. Crane® *, Waliul I. Khan'®7 &
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Obesity is linked with insulin resistance and is characterized by excessive accumulation of
adipose tissue due to chronic energy imbalance. Increasing thermogenic brown and beige
adipose tissue futile cycling may be an important strategy to increase energy expenditure in
obesity, however, brown adipose tissue metabolic activity is lower with obesity. Herein, we
report that the exposure of mice to thermoneutrality promotes the infiltration of white adi-
pose tissue with mast cells that are highly enriched with tryptophan hydroxylase 1 (Tph1), the
rate limiting enzyme regulating peripheral serotonin synthesis. Engraftment of mast cell-
deficient mice with Tph1=/— mast cells or selective mast cell deletion of Tphl enhances
uncoupling protein 1 (Ucp1) expression in white adipose tissue and protects mice from
developing obesity and insulin resistance. These data suggest that therapies aimed at inhi-
biting mast cell Tph1 may represent a therapeutic approach for the treatment of obesity and
type 2 diabetes.
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besity is tightly linked with the development of non-

alcoholic fatty liver disease (NAFLD), insulin resistance
and cardiovascular disease and is characterized by an
excessive accumulation of adipose tissue caused by an imbalance
of energy intake and expenditure!2. Brown adipose tissue (BAT)
has a high capacity for fatty acid and glucose oxidation due to the
presence of futile cycling mediated by mitochondrial uncoupling
protein 1 (Ucp1)>*, which is activated by -adrenergic stimuli in
response to cold or nutrients®. Ucpl™ beige/brite adipocytes are
also interspersed within white adipose tissue (WAT) and can be
recruited for non-shivering thermogenesis>*°. Since rodent
beige/brite adipocytes have a molecular signature reminiscent of
supraclavicular BAT in lean adult humans’~?, studies aimed at
understanding beige adipose tissue in rodents may have direct
implications for human BAT. Human BAT can be stimulated by
cold or B-adrenergic stimuli as measured by an increase in !8F-
labeled fluorodeoxyglucose (FDG) uptake measured with positron
emission tomography/computerized tomography (PET/CT)!0-11,
However, the ability of cold to increase BAT metabolic activity is
impaired in the obese compared to lean healthy controls, despite
greater BAT volume!2. In both rodents and humans, nor-
epinephrine is a critical hormone required for the maintenance of
adipose tissue thermogenic capacity;>* however, the signals that
inhibit this pathway during obesity remain incompletely
understood!2.

A potentially important inhibitor of adipose tissue thermo-
genesis is serotonin!>!4, Previous studies have indicated that
genetic and chemical inhibition of the rate limiting enzyme reg-
ulating peripheral serotonin synthesis, tryptophan hydroxylase 1
(Tph1), enhances adipose tissue thermogenesis and protects mice
against obesity and insulin resistance!>!“. Circulating serotonin
levels in the periphery are dependent on the expression of Tphl
within the gastrointestinal tract (for review see refs. 1>19), yet
surprisingly, the genetic deletion of Tphl within the gastro-
intestinal tract does not result in a lean phenotype”, which is in
contrast to the anti-obesity phenotype of germline deletion!14.
While a previous study using Tphl floxed mice crossed to mice
expressing Ap2-Cre suggested adipocyte Tphl was important for
inhibiting adipose tissue thermogenesis'?, it is known that the
Ap2-Cre is expressed in many different immune cells found
within the stromal vascular fraction!$. Thus, the primary Tphl
expressing cell type(s) that inhibit adipose tissue thermogenesis
are currently unknown.

Here, we find that mice housed at thermoneutrality have ele-
vations in mast cells, Tphl and serotonin in WAT that are
associated with reductions in Ucpl. In mice fed a high-fat diet,
genetic removal of Tphl in mast cells from two distinct mouse
models elevates basal metabolic rate, increases WAT Ucpl and
protects mice from obesity, insulin resistance and fatty liver
disease compared to relevant controls. These data establish a role
for mast cells in regulating adipose tissue thermogenesis and
suggest that the therapeutic targeting of mast cell Tphl may be a
future strategy for the treatment of obesity and related metabolic
disorders including insulin resistance and NAFLD.

Results

Thermoneutrality increases WAT Tphl in HFD-fed mice. To
delineate the potential role of Tphl and peripheral serotonin for
inhibiting adipose tissue thermogenesis and the primary cell
type(s) that might be mediating this effect, we first conducted
experiments in mice housed at thermoneutrality (TN; 29 °C); a
condition known to dramatically reduce adipose tissue thermo-
genesis compared to housing mice at room temperature (RT;
22°C)1920. Mice housed at thermoneutrality had reductions
in oxygen consumption (Supplementary Fig. la), energy

2 NATURE COMMUNI!

expenditure (Supplementary Fig. 1b) and BAT activity (Supple-
mentary Fig. 1c, d), effects which were independent of changes in
body mass (Supplementary Fig. le) or fat mass (Supplementary
Fig. 1f). As anticipated, thermoneutral housing reduced Ucpl
expression in all adipose tissue depots (Fig. 1a). We subsequently
examined Tphl expression and found that it was unchanged in
BAT, but was significantly elevated in inguinal WAT (iWAT) and
gonadal WAT (gWAT) (Fig. 1b).

Mast cell serotonin inhibits WAT browning in vitro. To
identify cell types that may contribute to the increases in WAT
Tphl, we first queried the BIOGPS gene atlas’! for genes that
were associated with Tphl expression and found 12 highly cor-
related genes (>0.95 R? value). Notably, seven of these genes were
known to be highly enriched in mast cells (Kit, FCERIa, Cpa3,
Tpsgl, Cmal, Alox5, and Ms42a) (Fig. lc, Supplementary
Table 1). However, this query did not identify genes associated
with adipocytes as previously indicated!?, suggesting that mast
cells may be the predominant cell type contributing to serotonin
production in adipose tissue.

Mast cells are immune cells that reside within tissues to quickly
respond to injury or other pro-inflammatory stimuli, secreting
cytokines, proteases and bioamines to potentiate an inflammatory
response?2. Consistent with increases in WAT Tphl at thermo-
neutrality, we found increased expression of the mast cell marker
tryptase B2 (Tpsb2), which was correlated with increased Tphl
expression (Fig. 1d, e). Increased expression of both Tpsb2 and
Tphl at thermoneutrality was associated with elevated serotonin
levels in both WAT depots (Fig. 1f), an effect independent of
changes in whole blood serotonin (Supplementary Fig. 1g). These
data indicate that thermoneutrality increases mast cells within
WAT and this is associated with increases in Tph1 and serotonin.

To examine whether there might be a causal link between mast
cells, Tphl, serotonin and reduced WAT Ucpl at thermoneu-
trality, we cultured mast cells in vitro and treated them with
the Tph chemical inhibitor LP53340123 followed by the
calcium ionophore, A23187, to induce mast cell degranulation
(Fig. 1g). As expected, A23187 treatment increased serotonin
release (Fig. 1h), however, LP533401 pre-treatment dramatically
reduced this effect (Fig. 1h). To examine whether this serotonin
production from mast cells could directly inhibit Ucpl expression
in WAT, we subsequently cultured iWAT stromal vascular cells
and treated them with 1uM of serotonin starting at the beginning
of differentiation (day 7) (Fig. 1i). Treatment of these cells with
the pan-B-adrenergic agonist isoproterenol increased Ucpl, but
this was mitigated by serotonin treatment (Fig. 1j). Collectively,
these data suggest that at thermoneutrality, there are increases
in the number of mast cells, Tphl and serotonin which can
inhibit isoproterenol-induced increases in Ucpl in WAT.

Mast cell Tphl promotes obesity & insulin resistance.
Previous studies have found that mast cells accumulate within
obese WAT of both mice?* and humans?°. To examine whether
mast cell serotonin contributes to obesity and insulin resistance,
mice lacking functional mast cells (KitW-sh/W-sh) were injected
with saline (Kit$ham) or in vitro-cultured bone marrow-derived
mast cells (BMMCs) from Tph1t/+ (KitTPhl+/+) or Tphl—/—
(Kit™h—/~) mice and fed a HFD (Fig. 2a). Flow cytometry ana-
lysis (Supplementary Fig. 2a) using established markers of mast
cell maturity (CD117+/FceR17) indicated that there were no
differences in BMMC viability or purity between genotypes
(Supplementary Fig. 2b) and, as expected, Tphl expression was
dramatically reduced (~99.9%) in mast cells of Tphl~/~ mice
(Fig. 2b). Additionally, Tph2 was nearly undetectable in both
Tph1+/* or Tphl~/~ mast cells (Fig. 2b) and the expression of
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Fig. 1 Thermoneutrality reduces white adipose tissue Ucp1 and increases Tph1, mast cells and serotonin in HFD-fed mice. a Ucp] expression in BAT
(n=12), iIWAT (n=11RT, 9 TN) and gWAT (n=11). b TphT expression in BAT (n =12 RT, 11 TN), iWAT (n = 20 RT, 16 TN) and gWAT (n=19 RT, 15 TN).
¢ BIOGPS Tph1 Correlations highlighting mast cell-related genes with greater than 0.95 cutoff. d Tpsb2 expression in WAT (n=20 RT, 16 TN).

e Correlation between Tpsb2 and Tph1 expression of RT (grey dots) and TN (red squares) housed mice in IWAT (n = 36) and gWAT (n = 34) Slopes were
determined to be significantly (*p < 0.05) non-zero by simple linear regression. f Serotonin (5-HT) in WAT (n =20 RT, 16 TN) g Timeline of in vitro
experiment. L-tryp, L-tryptophan. h Serotonin release stimulated with A23187 (2 uM) in vitro-cultured mast cells with or without 300 pM LP533401
(n=5) as determined by One-way ANOVA and Tukey post hoc test. Significance (*p < 0.05) compared to Untreated group, unless indicated otherwise.
i Beige adipocyte progenitors were treated with vehicle (Veh) or 1uM serotonin (5-HT) starting at the beginning of differentiation and terminated after a 4-
hour exposure to 10 nM isoproterenol (Iso). j UcpT expression in primary cultured beige adipocytes (n = 4). Significant effects (*p < 0.05) and isoproterenol
treatment effects (p < 0.05) determined by two-way ANOVA with uncorrected Fisher's LSD post-test. RT-TN statistical significance assessed via
Student's t-test. Significance denoted by *p < 0.05, **p <0.01, ****p <0.0001). Data are expressed as mean + SEM.

the serotonin transporter did not differ between Tphl*/* or phenotype that was reversed following the injection of mast cells
Tph1~/~ mast cells (Supplementary Fig. 2c). from Tph1+/+ (Kit"™Ph1+/+) donors (Fig. 2c, d). However, this

As others have shown2627, Kitham mice fed a HFD had increase in weight gain and adiposity was not observed in mice
attenuated weight gain and adiposity relative to controls, a injected with mast cells from Tph1~/~ donors (Fig. 2c, d,
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Supplementary Fig. 2d). Consistent with reduced adiposity,
iWAT from KitTPhl1=/— mice had smaller adipocytes (Fig. 2e, f),
that occurred with a higher frequency (Fig. 2g) and number
(Fig. 2h) compared to KitTPh1+/+ mice, a finding similar to
C57BL6J and Kitham  controls (Supplementary Fig. 2e, f).
Consistent with their reduced adiposity, KitTPhi—/— mice had

improved glucose tolerance (Fig. 2i) and insulin sensitivity
(Fig. 2j) compared to controls. Importantly, these differences in
metabolism between KitTPh!+/+ and KitTPh!~/~ mice were not
due to differences in the number of mast cells within iWAT and
gWAT, which were comparable between genotypes (Supplemen-
tary Fig. 2g, h).
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Fig. 2 Mast cells are enriched in Tph1 and HFD-fed mice lacking mast cell serotonin are protected from obesity and insulin resistance. a HFD-fed
C57BL6J (n=19) and mast cell-deficient mice were engrafted with either sham, Tph1t/+ or Tph1~/~ mast cells beginning at 8 weeks of age for 12 weeks
and in vivo tests following. The sample size indicated is for all figures unless otherwise stated. Significant effects of C57BL6J mice (*p < 0.05) and
KitTPh1+/+ (7p < 0.05) between KitSham and KitTPh1~/~ as determined by two-way RM ANOVA or one-way ANOVA with uncorrected Fisher's LSD post-
test. b Relative expression of TphT and Tph2 from in vitro-cultured mast cells from Tph1~/~ mice or wildtype littermates (n = 5) determined by Student's t-
test. ¢ Weight gain in grams over 14 weeks of HFD of C57BL6J (n=19), KitSham (n =17), KitTPh+/+ (n =15) and Kit™h—/= (n=18). d Fat mass gain in
grams over 14 weeks and % Body fat at 12 weeks of HFD of C57BL6J (n = 19), KitShem (n =17), Kit™Ph+/+ (n = 15) and Kit"Ph~/~ (n = 18). e Representative
H &E images of mast cell-engrafted Kit"Wsh/W-sh mice iWAT, scale bars set at 100 um. f Average adipocyte sizes of mast cell-engrafted KitW-sh/W-sh mijce
iWAT (n = 8). g Frequency of adipocytes in iWAT of Kit"Ph+/+ and KitTPh—/~ mice (n = 6). Significance (*p < 0.05) determined by two-way ANOVA with
uncorrected Fisher's LSD post-test. h Number of adipocytes in iWAT of KitTPh+/+ and KitTPh—/— mice (n = 6). Significance (*p < 0.05) determined by two-
way ANOVA with uncorrected Fisher's LSD post-test. i Glucose tolerance test (GTT), 1g/kg glucose. j Insulin tolerance test (ITT), 0.7 U/kg insulin. (n =15
C57BL6J, 12 KitSham, 12 KitTPh+/+, and 13 KitTPh—/-). Significance denoted by *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). All data are expressed as

mean + SEM.

To further substantiate the observations that mast cell Tphl
promotes obesity and insulin resistance without the potential
confounding metabolic effects of the KitW-sh/W-sh mutation?8, we
removed Tphl in mast cells by crossing Tphl floxed mice with
mice expressing Cre recombinase linked to carboxypeptidase 3
promoter (Cpa3-Cre) to generate Tphl mast cell null mice (Tphl
MCKO) (Fig. 3a) and confirmed deletion in intraperitoneal mast
cells (Supplementary Fig. 2i). Tph1 MCKO mice were then fed a
HFD starting at 8 weeks of age and similar to observations with
KitTPh1~/~ mice, we found that Tphl MCKO mice were also
protected from HFD-induced weight gain (Fig. 3b, Supplemen-
tary Fig. 2j) due to reductions in adiposity (Fig. 3¢, d). Tphl
MCKO mice were more glucose tolerant (Fig. 3e), insulin
sensitive (Fig. 3f) and displayed a reduction in fasting blood
glucose (Fig. 3g), liver weight (Fig. 3h) and liver lipids (Fig. 3i, j).
These changes in metabolism were independent of alterations in
free serotonin levels measured from platelet-poor plasma (Fig. 3k).
These differences between genotypes were also independent of
changes in markers of mast cells (Tpsb2) or other immune cell
types such as basophils (Basoph8), M1 macrophages (Nos),
eosinophils (SiglecF), M2 macrophages (Argl) and ILC2s (Gata3)
(Supplementary Fig. 2k). These data indicate that mice lacking
Tphl in mast cells are protected from obesity and insulin
resistance independently of alterations in circulating serotonin.

Mast cell serotonin suppresses energy expenditure & WAT
Ucpl. To examine the potential mechanisms contributing to
reduced weight gain in the absence of mast cell Tph1, we assessed
caloric intake and energy expenditure using indirect calorimetry.
In the Kit model, food (Supplementary Fig. 3a) and water intake
(Supplementary Fig. 3b) were comparable between genotypes.
However, resting VO, (oxygen consumption during times of <30
beam breaks per 18-minute interval) (Fig. 4a) and 24h VO,
(Supplementary Fig. 3c, d) was elevated in both Kitsham and
KitTPh1~/~ mice compared to controls. This increase in VO, was
present independent of differences in body mass (Supplementary
Fig. 3e) and was not due to differences in physical activity levels,
which were comparable between genotypes (Supplementary
Fig. 3f). Similar to our studies in Kit™Ph1=/= mice, Tph1 MCKO
mice had no change in physical activity, food or water intake
(Supplementary Fig. 3g-i), but did have increases in resting
(Fig. 4b) and 24 h VO, (Supplementary Fig. 3j, k), however, this
was measured at a time when there were differences in body mass
(Supplementary Fig. 31). Collectively, these data demonstrate that
the deletion of Tphl in mast cells increases resting energy
expenditure.

To discern the tissues involved in enhanced energy expenditure
in mice lacking mast cell Tphl, we first conducted assays focused
on the potential role of BAT. Using an infrared thermography
assay which directly detects Ucpl-mediated thermogenesis in

BAT?, we found no differences in interscapular surface
temperatures between KitTPh!+/+ gnd KitTPh!~/~ mice following
the injection of saline or CL-316,243 (Supplementary Fig. 4a).
Consistent with this observation, Ucpl mRNA (Supplementary
Fig. 4b), Ucpl protein expression (Supplementary Fig. 4c), BAT
mass (Supplementary Fig. 4d) and morpholo}gy (Supplementary
Fig. 4e) were comparable between KitIPh1+/+ gpnd KitTphl—/—
mice. Similarly, Tphl MCKO mice also had no discernable
difference from controls with respect to BAT mass and
morphology (Supplementary Fig. 4f-h). These data indicate that
mast cell serotonin is unlikely to elicit its beneficial effects on
body mass and adiposity through modulation of BAT thermo-
genesis; a finding consistent with the observation that thermo-
neutrality does not alter Tphl expression in BAT (Fig. 1b).

In contrast to BAT, the iWAT of KitTPhl=/= mice had
reductions in Tphl expression and adipose tissue serotonin
(Fig. 4c, d) and increased expression of Ucpl (Fig. 4e) compared
to KitTPh1+/+ mice. Consistent with these observations, iWAT
and gWAT from Tphl MCKO mice tended and had significantly
lower Tphl mRNA, respectively (Fig. 4f). These reductions in
Tphl expression were associated with greater multilocular lipid
droplet formation (Fig. 4g, top panel), greater Ucpl protein
(Fig. 4g, bottom panel) and mRNA (Fig. 4h) in iWAT and in
gWAT (Fig. 4i, j). Similar findings with respect to the browning of
iWAT has also recently been reported in mice fed a control chow
diet?.

Discussion

Mast cells accumulate in target tissues in response to allergic or
inflammatory stimuli and secrete various signaling molecules
such as cytokines, proteases and bioamines??. Previous studies
have shown that mast cells accumulate within the WAT of both
obese mice?* and humans?>. We now show that when mice are
housed at thermoneutrality, a condition known to reduce Ucpl
and adipose tissue thermogenesis’, there is an increase in mast
cells within WAT that occurs independent of changes in adip-
osity. This increase in mast cells is associated with increased
WAT Tphl expression and serotonin. Using two distinct mouse
models we subsequently demonstrate that genetic deletion of
Tphl in mast cells reduces WAT serotonin and enhances WAT
Ucpl and whole-body energy expenditure; an effect associated
with a reduction in high-fat diet-induced obesity, insulin resis-
tance and NAFLD. These data establish a critical role for mast cell
serotonin synthesis in suppressing adipose tissue thermogenesis
and suggest that therapeutic targeting of this pathway may exert
beneficial metabolic effects in obesity.

In the current study, the increase in energy expenditure that
wel3 and others'# have observed with whole-body inhibition of
Tphl and subsequent reductions in circulating serotonin can be
recapitulated by removing Tphl in mast cells. These findings
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Fig. 3 Mast cell-specific Tph1 deleti HFD-fed mice from obesity and insulin resistance. a Breeding strategy to produce Carboxypeptidase-3

(Cpa3) Cre Tph1 double floxed mice. b Weight and ¢ Fat mass over time (n =12). d WAT mass % of body weight (n = 12). e Glucose tolerance test (GTT),
1.5 g/kg glucose (n =12). f Insulin tolerance test (ITT), 1U/kg insulin (n=12). g Overnight 12 h fasted blood glucose (BG, n=12). h Liver weight in grams
(n=12). i mg of Triglycerides (TG) per gram of liver tissue (n =12). j Representative liver H & E images, scale bar 100 um. k Serotonin concentration in
platelet poor plasma (PPP) samples (n = 8 Tph1'/fl, 7 Tph1 MCKO). Statistical significance (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001) determined
by two-way RM ANOVA with Bonferroni post-test or Student's t-test. All data are expressed as mean + SEM.

seem paradoxical based on previous findings indicating that
serotonin in the central nervous system increases BAT thermo-
genesis>! 34, These opposing functions of central and peripheral
serotonin are consistent with findings from other highly con-
served regulators of energy balance such as the AMP-activated
protein kinase where genetic reductions of hypothalamic AMPK
increases energy expenditure’>, while reductions of AMPK in
adipose tissue lower energy expenditure and iWAT browning?.
A similar paradigm of opposing functions between central and
adipose specific mTOR has also been observed3”-3°. Thus, there is
a precedent by which central and peripheral pathways may exert
opposing functions on energy expenditure. Collectively, these
data support a model where Tph2 and central serotonin enhance
energy expenditure in response to cold, but under thermoneutral
conditions or with obesity, peripheral serotonin synthesis by mast
cell Tphl reduces thermogenic activation, thus lowering adipose
tissue energy expenditure.

However, a fundamental question is why would mast cell
serotonin production by Tphl have evolved to suppress adipose
tissue thermogenesis? Evolution inference has been shown to
inform biological function®’. Querying the Clustering by Inferred
6 N

RE COMMUNICA

Models of Evolution (CLIME) portal (http://gene-clime.org/) for
genes that are highly likely to have coevolved with Tphl reveals,
remarkably, only two hits: (1) the highly related orthologue Tph2
and (2) tyrosine hydroxylase, the primary enzyme regulating
norepinephrine production and adipose tissue thermogenesis. As
mast cells are the first responders to injury and primary cell type
initiating anaphylaxis and inflammation??, it is interesting to
speculate that the suppression of adipose tissue thermogenesis by
mast cell serotonin may have developed to reduce futile cycling so
that substrate could be redirected towards other immune func-
tions. Future studies investigating how mast cell serotonin
reduces Ucpl, including the primary serotonin receptor and
downstream signaling, and whether mast cell serotonin inhibits
Ucpl-independent thermogenesis®’#2, will be important for
further understanding the mechanisms linking mast cell Tphl
and adipose tissue thermogenesis.

Our findings also raise important questions about the role of
mast cells in obesity and insulin resistance and the potential
limitation of mouse models of mast cell deficiency to establish
causality. Recent studies by Gutierrez and colleagues?® indicated
that previous findings linking mast cells with obesity-induced
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Fig. 4 Genetic removal of mast cell serotonin increases energy expenditure and causes adipose tissue browning. a Resting oxygen consumption of
C57BL6J (n=12), KitSham (n = 13), KitTPh+/+ (n=11) and KitTPh~/~ (n=14). b Resting oxygen consumption of Tphl MCKO mice (n=12). ¢ Tphl

expression in iWAT of C57BL6J (n=13), KitSham (n = 8), KitTPh+/+ (n = 9) and KitTPh—/~ (n = 8). d Adipose tissue serotonin (SHT) of C57BL6J (n=13),
KitSham (n =12), KitTPh+/+ (n =11) and KitTPh—/~ (n =13). e UcpT expression of C57BL6)J (n = 15), KitSham (n =14), KitTPh+/+ (n =12) and Kit"Ph—/~ (n =
16). f Tph1 expression in WAT of Tph1 MCKO mice (n=12). g Representative images of H & E and Ucp1 IHC-stained iWAT of Tph1 MCKO mice, Scale bar
100 pm. h UcpT expression in iWAT from Tph1 MCKO mice (n =12). i Representative images of H & E and Ucp1 IHC-stained gWAT of Tph1 MCKO model,
Scale bar 100 um. j UcpT expression of gWAT from Tph1 MCKO model (n=12). Statistical significant effects (*p <0.05, **p < 0.01 and ****p < 0.0001)
determined by one-way ANOVA with uncorrected Fisher's LSD post-test or Student's t-test where appropriate. All data are expressed as mean + SEM.

insulin resistance?” may have been due to effects intrinsic to the
KitW-sh/W-sh muytation rather than a direct result of mast cell
reduction. These conclusions were based on the findings that: (1)
the restoration of hematopoietic cells in Kit"V/WV mice, whether
or not the hematopoietic cells could generate mast cells, led to
weight gain when mice were fed a HFD and (2) mice containing
an overexpressing Cre recombinase linked to Cpa3, which results
in the death of mast cells, are not protected from HFD-induced
obesity or insulin resistance. It should be noted that our studies
differ in many ways from those of Gutierrez2® or Liu and col-
leagues?” as we did not directly test the role of mast cells per se in
the regulation of obesity, but rather made comparisons between
mast cells with or without Tph1 using two unique and completely
distinct mouse models. First, we showed that reconstitution of
KitW-sh/W-sh mjce with Tph1+/* mast cells increased weight gain
and insulin resistance, while Tphl’/’ mast cells did not. It is
important to note this difference in weight gain between
KitTPhl+/+ and KitTPh1~/~ mice was not due to differences in the

number of mast cells within WAT, which were comparable upon
reconstitution. Secondly and perhaps most importantly, given the
potential confounding effects of the KitW-sh/W-sh mutation on
metabolism?3, we generated an entirely distinct mouse model in
which Tphl floxed mice were crossed to Cpa3©r¢/+ mice and
observed similar results with respect to weight gain, adipose tissue
Ucpl, energy expenditure and insulin sensitivity in mice lacking
mast cell Tphl. And while it is known that Cpa3 is also expressed
in basophils*3, it is important to note that mast cells have a much
higher expression of Tph1 (>1000-fold) compared to basophils or
other immune cells types such as macrophages making it unlikely
that these cell types contributed to the phenotype**. Therefore,
our findings, in two distinct mouse models as suggested?$45
support the conclusions that mast cell Tphl protects against
obesity induced insulin resistance by enhancing adipose tissue
Ucpl and whole body energy expenditure.

While these models are complementary, there are important
differences in our results. The first and most evident is that the
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protection from obesity-induced glucose intolerance and insulin
resistance is more dramatic in the KitTPhl=/— mijce (Fig. 2)
compared to the Tphl MCKO mice (Fig. 3). This difference is
most likely attributed to sex differences between models; since
males were studied in the KitWsh/W-sh mast cell reconstitution
experiments while female mice were studied in the Tph1 MCKO
experiments. As female mice are lighter and more insulin sensi-
tive than male mice at the same age and duration of high-fat diet
feeding®, this likely underlies the primary difference between the
models. Other reasons for the more modest phenotype in the
Tphl MCKO mice is the time of testing which was after 8 weeks
of high-fat diet compared to the 12 weeks for the KitTPhl~/
mice. The longer duration of high-fat diet feeding in the
KitTPh1~/= mice was utilized to maximize mast cell engraftment
as previously suggested?’. Therefore, sex and duration of the
high-fat diet before testing may explain the differences between
models. However, we believe showing a similar phenotype in two
different sexes, albeit to a lesser degree in the female mice, is an
important strength of the study.

Another important consideration when interpreting our find-
ings on energy expenditure are that serotonin is a potent reg-
ulator of vascular tone (reviewed here ref. 48). The regulation of
vasculature tone is extremely complex and depending on the
tissues and serotonin receptors expressed, serotonin can induce
either vasodilation or vasoconstriction to regulate heat loss and
heat retention, respectively (reviewed here ref. *8). Mice with
germline deletions of Tphl have altered blood pressure and
vascular tone*® and chemical inhibition of Tphl can reduce
hypoxia-induced pulmonary-arterial hypertension®’. However,
we have shown that in obese mice fed a HFD, similar to the
current study, that treatment with the pan-Tph inhibitor,
LP533401, does not affect heart rate or blood pressure, and that
the effects of this compound on weight loss and insulin sensitivity
are completely dependent on the expression of Ucpl!3. These
data suggest that in the context of high-fat diet-induced obesity it
is unlikely that genetic deletion of Tphl specifically in mast cells,
which importantly had no effect on circulating serotonin, would
elicit any effect on vasculature tone or heat loss. Lastly, while
human mast cells synthesize serotonin via Tph1°l, it is important
to highlight that there are relatively small amounts of serotonin
secreted and stored in human mast cells in comparison to
rodents. Future studies investigating the role of mast cell ser-
otonin synthesis in humans and the potential impact this may
have on vasculature tone are warranted.

In conclusion, our findings identify a role for mast cell ser-
otonin for energy balance and suggest that inhibition of mast cell
Tphl may represent a promising strategy for the targeted treat-
ment of obesity and insulin resistance. Future studies examining
the importance of this pathway in humans with obesity and
insulin resistance are warranted.

Methods

Animal housing and breeding. All animal experiments were performed in
accordance with the McMaster Animal Care Committee guidelines and conducted
under the Canadian guidelines for animal research (AUP: 16-12-41) and all study
protocols received ethical approval. Tph1KO and WT littermates on C57BL6J
background have been characterized previously that are bred in house!*32. Tphl
mast cell-specific knockout (Tphl MCKO) mice were generated by crossing Tphl
floxed mice>* with mice expressing Cre-Recombinase under the control of
Carboxypeptidase-3 (Cpa3-cre)*?. KitW-sh/W-sh mice and Cpa3-cre (Stock No:
012861 & 026828, respectively) mice on a C57BL6] background were purchased
from Jackson Laboratories and have been characterized previously*>34,

Cell in vitro experiments. Male 6-16 week old Tph1*/+ and Tph1~/~ littermates
were sacrificed and bone marrow from the tibia and femur were used to culture

and topped up to 10 mL with DMEM media 10% FBS, 1% L-gl

1% antibiotic (penicillin/streptomycin), 10 ng/mL recombinant mouse IL-3
(Peprotech, 213-13) and 50 uM B-mercaptoethanol. Media was changed every
3-4 days for 8-10 weeks with regular maturation checks with Kimura dye®> within
the first 6 weeks of culture. Maturation was confirmed by FACS using c-Kit
(CD117) and FCeRI antibodies. For cell experiments, bone marrow-derived mast
cells were counted and plated into 24-well plates (250,000 cells). For dose response
and 5-HT release experiments, 1-1000 uM of LP533401 or DMSO vehicle were
administered for 12 h and subsequently treated with 100 uM L-tryptophan for 24 h.
A calcium ionophore that degranulates bone marrow-derived mast cells (A23187)
was administered (2 uM) for 1 hour before cells were spun down (200 g) and media
collected. For intraperitoneal lavage of mast cells, mice were sacrificed by cervical
dislocation and 10 mL of PBS was injected into the intraperitoneal space of the
mouse. The abdomen of the mouse was massaged and the contents drawn into a
syringe, which was spun down at 2400 g for 10 min and used for RT-qPCR.

Animal experiments. Mice were maintained on a 12-h light and dark cycle (lights
on at 0700) with food and water provided ad libitum. For experiments conducted
in Fig. 1, male mice were housed at either room temperature (23 °C) or thermo-
neutrality (29 °C) and were fed a 60% HFD starting at 8 weeks of age for 10 weeks.
All other experiments were performed in mice housed solely at room temperature.
For bone marrow-derived mast cell reconstitution experiments (related to Figs. 2
and 4) male KitW-sh/W-sh miced7 at 9-10 weeks of age were separated into three
different weight-matched groups and were injected with a total of 20 million mast
cells from Tph1+/+ (KitTPh1+/+) or Tph1~/~ (KitTPh1~/~) mice at three different
anatomical locations (10 million intravenously through tail vein, 5 million sub-
cutaneously (dorsal interscapular area) and 5 million intraperitoneally). The third
group of KitW-sh/W-sh mice received an injection of equal volume saline at all three
sites (Kitsham). C57BL6J mice were also injected with equivalent amounts of saline
at all afc ioned sites. After injecti mice were fed a 45% HFD (Cedarlane
Canada; D12451) for 16 weeks (kept in animal facility for 24-25 weeks) with
tissues collected after a 6-h fast and administration of 0.7 U/kg intraperitoneal
insulin, 15 min prior to sacrifice by cervical dislocation. Female Tph1 MCKO mice
(related to Figs. 3 and 4) were fed a HFD at 8 weeks of age for 12 weeks (kept in
animal facility for 20 weeks) and sacrificed after a 6-h fast. Platelet poor plasma was
extracted by pipetting 152 pL of whole blood into 8uL of 0.5 M EDTA, spun at
1500 g and top 20 pL of plasma removed. Liver, iWAT, gWAT and BAT from all
mice were weighed and samples were kept at —80 °C.

Metabolic testing. Mice were weighed weekly and body composition analyzed
biweekly using a Bruker minispec Whole Body Composition Analyzer. For Kit
experiments mice were subjected to a 1 g/kg GTT and 0.7 U/kg ITT at 12 and
14 weeks post mast cell engraftment. For Tphl MCKO experiments mice were
subjected to 1.5 g/kg GTT and 0.75 U/kg ITT after 8 and 9 weeks of HFD. For both
ITT and GTT experiments animals were fasted for 6 h starting at 0700 hours and
basal blood glucose concentrations were measured using a glucometer (Aviva,
Roche) at indicated time points. M of metabolic p (respira-
tory exchange ratio, energy expenditure, activity, food and water intake) were
assessed using a Comprehensive Laboratory Animal Monitoring System (CLAMS;
Columbus Instruments) over a 48-h period.

Infrared imaging of Ucp t Ucpl-mediated thermo-
genesis was assessed using an infrared imaging technique?®. Briefly, mice are
anesthetized with Avertin made with 25 g of 2,2,2-tribromoethanol (Sigma-Aldrich,
#4, 840-2) in 15.5 mL tert-amyl alcohol to form a 80x stock solution and diluted to
20 mg/mL in saline. After 2 min post-Avertin injection, mice are injected intra-
peritoneally with either saline or CL-316,243 (0.0155 mg/kg, R&D Systems, Inc;
Item # 1499/10). Average of oxygen consumption taken at 5 intervals with an
indirect calorimetry system (CLAMS, Columbus Instruments, Columbus, OH)
from 19-20 min post Avertin injection and the top 10% interscapular dorsal
temperature is determined by a thermal image taken 20 min post-Avertin by
infrared camera (T650sc, emissivity of 0.98, FLiR Systems). Thermal images are
analyzed using AMIDE-bin 1.0.5 software. Experiment is conducted on two dif-
ferent days (separated by 2-3 days between tests) on the same mice for saline and
CL-316,243 injections.

Immunoblotting analysis. Tissues were placed in lysis buffer (20 mM Tris, 150
mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton-X, 2.5mM sodium pyropho-
sphate, 0.5 mM DTT, 0.1% SDS, 1% Roche Protease Inhibitor, 0.5% sodium
deoxycholate) and subsequently processed in a tissue homogenizer (Percellys).
Samples were spun to extract supernatant and protein quantification was per-
formed using the bicinchonininc acid (BCA) method (Pierce) as per manufacturer
instructions. For UCP1, B-tubulin, B-actin protein analysis, BAT or iWAT lysates
were diluted with 4x standard buffer (50% Sucrose, 7.5% SDS, 3.1% DTT) and
loaded in Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
was performed using 10 or 12% gels. A Western Blotting apparatus (Bio-Rad) with

bone marrow-derived?’. Briefly, mice were sacrificed by cervical disl and

electropt is buffer 12.5mM Tris, 125 mM Glycine, 0.05% SDS.

bone marrow was extracted from the femur and tibia by spinning the bones with
severed ends. The resulting bone marrow was strained through a 10 um strainer

About 20 pg of sample was dispensed into wells along with Precision Plus Protein
Dual Colour Standard (Bio-Rad). A wet transfer using a gel to membrane blotter
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apparatus (BioRad) of PVDF membranes, 90 V for 90 min. Membranes were

blocked with 5% skim milk in Tris-buffered saline (50 mM Tris-HCI, 150 mM
NaCl) with Tween 20 (TBST) for 1h. Subsequently, membranes were subject to
primary antibody (1:1000 dilution) in TBST + 5% BSA overnight at 4 °C. Anti-
bodies used were Anti-Mouse UCP1 (Alpha Diagnostics, 173435A4) and Anti-
Mouse B-tubulin (Invitrogen, 322600). Membranes were rinsed in TBST and
incubated in secondary antibody (1:10000 dilution in TBST + 5% BSA; Anti-
mouse, 7076 S; Anti-rabbit, 7074 S) for 1h. SuperSignal West Femto Mammum

quantification. Tissues were homogenized in 0.2 N perchloric acid in a
tissue processing homogenizer (Percellys). The adipose tissue supernatant was

extracted and mixed 1:1 in 1 M borate buffer (1 M boric acid, pH is brought up to
9.25 using concentrated NaOH). Platelet poor plasma is diluted 1:10. Tissues are
undiluted. For mast cells, cells are spun down at 200 g for 5 min and media is

extracted. Uninhibited and inhibited degranulated mast cell media are diluted 1:30
and 1:10, respectively. Serotonin concentrations are determined by an ELISA kit as
per manufacturer’s instructions (Serotonin EIA kit Beckman Coulter; IM1749). All

Sensitivity Substrate (Thermo Scientific) and a Fusion FX7 Chemil
Visualizer (MBI) were used for detection. Densitometry analysis was performed
using an mage] 3 analyzer.

Histological analysis. Tissues were immersed in 10% formalin, 90% PBS for
1 day and placed into 70% EtOH for paraffin embedding and H & E staining by
the John Mayberry Histology faclllty at McMasler University. Adipocyte size
of H&Eand i istry for Ucpl staining were done3®.
Briefly, H&E slides were taken at 10x magnification. A measurement of the
farthest diameter for each adipocyte in the picture was used for data analysis
using Image]. Images that filled the entire picture were used for this analysis. For
Ucpl staining, paraffin embedded slides are deparaffinized in xylenes. After 100%
EtOH wash, endogenous peroxidase activity was blocked with hydrogen peroxide
solution in 100% MeOH, followed by a 70% EtOH and dH,O washes. Slides are
placed in a pressure cooker at high temperature for 5 min in citrate buffer, cooled
and washed in Tris buffer. Slides are blocked with 5% goat serum in Tris buffer.
Primary antibody (Ucpl, 173435A4, Alpha Diagnostics) concentration of 1:200
was used followed by 1:500 of secondary antibody. Stepdavidin peroxidase (1:50,
MJS BioLynx Inc.) is used followed by Nova red (MJS BioLynx Inc.) as per
manufacturer’s protocol. Images were captured with a light 90 Eclipse microscope
(Nikon). For CD117 staining, tissues were sectioned at 4 microns on a microtome
(Leica). After deparaffinization and re-hydration of the sections, we performed
epitope retrieval using a pressure cooker (Cuisinart) and citrate buffer. We then
used a mouse on mouse staining kit with an HRP-based Nova Red developing
reagent (both Vector Labs). Blocking was performed with normal goat serum and
secondary only control slides were included to confirm staining specificity. Slides
were then cover slipped using Permount and later imaged using a Lifetech EVOS
XL microscope.

RNA extraction. Tissue samples (50-100 mg) are homogenized in 1 mL of Trizol
reagent (Life Technologies). Samples are spun for 10 min at 12,000 g in 4 °C, with
supernatant drawn. In total 200 uL of chloroform is mixed and subsequently
shaken for 15, followed by 2 min of room temperature incubation. Samples are
spun and supernatant is collected. A 1:1 mixture of the sample to 70% EtOH was
put into a RNA purifying column (RNEasy Kit; Qiagen) and followed manu-
facturer instructions. To reverse transcribe to cDNA, RNA (2 nguL~!) was placed
in final concentrations of 0.5 mM dNTPs (Invitrogen) and 50 nguL~! random
hexamers (Invitrogen). This solution was heated at 65 °C for 5 min and cooled to
4°C. A mixture containing 50 units of SuperScript III (Invitrogen), 5x First-Strand
Buffer (Invitrogen) and DTT (final concentration of 5 uM; Invitrogen) was added
to the heated solution. The final mixture was held at room temperature (RT) for
5min and subsequently, 50 °C for 1h.

Real-Time quantitative PCR (RT-qPCR). Duplicate 25-ng cDNA samples were
subjected to qPCR analysis using Rotor-Gene 6000 real-time rotary analyzer
(Corbett Life Science; Concord NSW, Australia) with TagMan Assay fluorogenic
5'nuclease chemistry (Invitrogen) as the fluorophore. Final concentrations for a
10-pL qPCR reaction with 25-ng of loaded cDNA include 0.25 U of AmpliTaq
Gold DNA polymerase (Roche), 1.25 mM MgCl, (Roche), 100 uM dNTPs and 10x
PCR buffer (Roche). Briefly, the samples are heated at 95°C for 10 min. Samples
are then subject to being heated at 95 °C for 10's and then 58 °C for 45 s for a total
of 45 cycles. Expression levels were normalized to that of peptidylprolyl isomerase
A (PPIA) for tissues or Polr2A for cells mRNA using the delta—delta CT method
(2-AACT), Gene expression data were gathered from various tissues. Arg 1
(Mm00475988_m1), Basph8 (Mm00484933_m1), Gata3 (Hs00231122_m1), Nos2
(MmO00440502_m1), Polr2a (Mm00839493_m1), Ppia (Mm02342430_gl), Siglecf
(Mm00523987_m1), SERT (Mm00439391_m1), Tphl spanning exons 2-3
(MmO01202614_m1), Tphl probe spanning exon 4-5 (Mm00493794_m1), Tph2
(Mm00557715_m1), Tpsb2 (Mm01301240_gl1), and Ucpl (Mm01244861_m1)
from Lifetechnologies were used.

Liver triglycerides quantification. Lipids were extracted from chipped liver
(30-50 mg), homogenized in 1 mL of 2:1 chloroform: methanol, mixed overnight
and subsequent isolation was carried out using an adapted Folch extraction pro-
tocol®’. Briefly, samples are spun at 4500 g for 10 min at 4 °C, 200 pL of 0.9% NaCl
is added and subsequently vortexed. Contents is spun again at the above conditions
for 3 min. Clear bottom layer (400 uL) is drawn and resultant samples were freeze-
dried and subsequently solubilized in 100% 2-propanol (200 uL). The Cayman
Chemicals Triglyceride kit was used to assess triglyceride levels as directed by
manufacturer instructions.

ATURE COMMUNICA

d dilutions are done using the Dilution buffer provided by the
Serotonin Kit.

Flow Cytometry Analysis. FCe-RI-PE (566608) and CD117-FITC (561680)
antibodies (Becton Dickinson Canada Inc) were used (concentrations were opti-
mized prior to experiment as per manufacturer recommendations) in combination
with propidium iodide (Sigma-Aldrich) as a viability dye. Cultured mast cells were
counted on a FACSCanto (BD Biosciences) and analyzed on Flow]Jo software 10.6.0
(FlowJo, LLC, Ashland, OR, USA). Briefly, 10 cells per sample were placed in
FACS tubes and washed with FACS buffer (Phospho-buffered saline with 5 mg/mL
Bovine serum albumin). Samples are spun at 500 g and liquid decanted. After 30
min incubation with appropriate antibody in FACS buffer, the samples are spun,
decanted and resuspended in FACS buffer. The resuspended sample is filtered
through nylon mesh before running samples into FACS machine. Cells were gated
on lymphocytes, single cells, live/dead or FCe-RI vs. CD117. Acid-killed cell sample
was used to set the gates for the live/dead stain and unstained sample was used to
set the gates for FCe-RI vs. CD117.

Statistical analysis. Data were evaluated by two-tailed Student’s t-test or one-way
ANOVA where appropriate. A repeated measures ANOVA was used for body
weights and composition plots, thermography, GTT and ITT data. Fisher-LSD was
used to evaluate significance between selected groups. Significance was accepted at
P <0.05 and data were presented as mean + SEM. All measurements were taken
from distinct samples collected from individual mice.

Reporting summary. Further information on research design is available in
the Nature Research Reporting Summary linked to this article.

Data availability

The BioGPS gene annotation portal using the “GeneAtlas MOE430, gcrma” dataset and
1419524_at Probeset (http://ds.biogps.org/?dataset=GSE10246&gene=21990) for the
Tphl gene was used with a correlation cut-off of 0.95 used in Fig. lc. Relevant data
supporting the findings of this study are readily available within supplementary
information files and source data. Source data can be found for Figs. 1a, b, d-f, h, j, 2b-d,
£-j, 3b-k, 4a-f, h, j, Suppl, Fig. la-g, Suppl y Fig. 2a-k, Suppl

Fig. 3a-1, Supplementary Fig. 4a-d, f; h. Source data are provided as a Source Data FLle
All data contained in this study are available upon reasonable request from the
corresponding author.
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Supplementary Figure 1, Related to Figure 1: Thermoneutrality reduces BAT thermogenesis and
whole body energy metabolism independent of changes in weight and circulating serotonin. (A)
Oxygen consumption over 24h period and (B) Heat production over 24h period (n = 15 RT, 12
TN). (C) CL-induced oxygen consumption (n = 8). (D) CL-induced intrascapular temperature (n
=5RT, 6 TN) with T7p=0.0001 CL effect. (E) Weight gain (n =23 RT, 11 TN) and (F) Fat mass
(n=12) in RT and TN housed mice over 7 weeks. (G) Whole blood serotonin (n = 12 RT, 11 TN)
from sacrifice. Statistically significant effects (**p < 0.01, ****p < 0.0001) determined by
Student’s t test, two-way ANOVA with Bonferroni post-test where appropriate. All data are
expressed as mean £ SEM.
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Supplementary Figure 2, Related to Figure 2 & 3: Characterization of in vitro-cultured mast
cells and phenotyping of mice lacking mast cell serotonin synthesis. Gating strategy (A; detailed
in Methods) of FACS analysis for mast cell purity (CD117*/FceR1%) in Tph1** and Tphl--MCs
(B) after 8 weeks of culture (n = 8). (C) Serotonin transporter (SERT) gene expression in Tph1**
and Tph1”- mast cells (n = 8). (D) % iWAT of body weight of C57BL6J (n = 19), KitSh*™ (n = 16),
Kit™** (n = 15) and Kit™" (n = 18). (E) Frequency and (F) number of adipocyte sizes of
C57BL6J and Kit*®™ mice iWAT (n = 8). Representative (G) iWAT and (H) gWAT IHC images
of mast cells using a CD117" antibody with respective quantification (n = 6). (I) Tphl expression
in intraperitoneal lavage fluid (n = 6 Tph1™1, 4 Tph1MC44) (J) Weight gain over 12 weeks (n =
12). (K) Gene expression of different immune cell markers implicated in influencing iWAT of
Tph1" and Tph1MCYA mice (n = 12). Statistically significant effects (*p < 0.05, *¥p <0.01, ***%p
< 0.0001) determined by Student’s t test, two-way ANOVA or two-way RM ANOVA with
Bonferroni post-test where appropriate. All data are expressed as mean + SEM.
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Supplementary Figure 3, Related to Figure 4: Energy balance of mouse models lacking mast
cell serotonin. (A) Feed consumed in grams per day, (B) Water consumed per day, (C) Oxygen
consumption over 24-hour period, (D) Average oxygen consumption over 24-hour period (E)
Body mass of mice in CLAMS and (F) Activity levels as measured by beam breaks in metabolic
cages over a 24-hour period of C57BL6J (n = 14), KitS"*™ (n = 11), Kit™""*" (n = 10) and Kit™""
(n = 13). Statistically significant effects (*p < 0.05, **p < 0.01) of C57BL6J (*) and Kit™!*/* (T
between KitSh™ and Kit™!~ determined by one-way ANOVA with uncorrected Fisher’s LSD
post-test. (G) Feed consumed in grams per day (n = 11), (H) water consumed per day (n = 10
Tph1¥1, 12 Tph1MCA4) (1) activity levels as measured by beam breaks in metabolic cages over a
24-hour period, (J) oxygen consumption over 48-hour period, (K) average oxygen consumption
over 24-hour period and (L) body mass in clams of Tphl1?" and TphIM®»2 mice (n = 12).
Statistically significant effects (*p < 0.05, **p < 0.01) determined by Student’s t test. All data are
expressed as mean = SEM.
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Supplementary Figure 4, Related Figure 4: Mice lacking mast cell serotonin exhibit little to no
changes in BAT thermogenesis. (A) Delta top 10% intrascapular (IS) temperature between CL-
316,243 and saline treatments with representative images in C57BL6J (n = 19), KitSh*™ (n = 17),
Kit™** (n = 16) and Kit™"" (n = 18). (B) Ucp expression in C57BL6J (n = 14), KitS"*™ (n = 11),
Kit™** (n = 10) and Kit™"" (n = 14). (C) Ucp1 protein from in C57BL6J (n = 17), KitSh*™ (n =
18), Kit™"** (n = 16) and Kit™" (n = 18). (D) BAT tissue weight in milligrams per gram of body
weight and (E) Representative BAT H & E images with scale bars set at 100pm of C57BL6J (n =
19), KitSham (n = 16), Kit™""* (n = 15) and Kit™"" (n = 18). Statistically significant effects (*p <
0.05, **p < 0.01) determined by one way ANOVA with uncorrected Fisher’s LSD post-test. (F)
BAT tissue weight in % body weight, (G) Representative BAT H & E, scale bars set to 100pum (n
= 12), (H) Top 10% mean intrascapular surface area temperature with saline and CL-316,243
treatments (n = 8 Tph1¥f, 7 Tph1MC»%) with representative thermal images of Tph1™ and
Tph1MCAA mice. Statistically significant effects ("7Tp < 0.0001) determined by two-way ANOVA
with Bonferroni post-test. All data are expressed as mean + SEM.
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SUPPLEMENTARY TABLE
Table 1: Correlations between Tphl and mast cell-related genes (bolded) generated from BioGPS

gene annotation database.

Correlation ID Gene Symbol Reporter

1 21990 Tphl 1419524 at
0.9827 14125 Fcerla 1421775_at
0.9812 26945 Tpsgl 1449564 _at
0.9683 16189 114 1449864 _at
0.9664 19270 Ptprg 1434360_s_at
0.9649 17423 Ndst2 1417931 _at
0.9602 74603 Cd200r3 1453813 _at
0.9601 12873 Cpa3 1448730 _at
0.9595 17228 Cmal 1449456_a_at
0.9543 17082 1111 1425145 _at
0.9543 14126 Ms4a2 1421475 _at
0.9537 11689 AloxS 1441962 _at
0.9513 235854 Mrgpra4 1451926_at
0.9512 16590 Kit 1452511_a_at
0.9469 225192 Hrh4 1426099 _at
0.9402 14723 Gplba 1422316 _at
0.9399 67874 Rprm 142252 at
0.9345 214084 Slc18a2 1437079 _at
0.9316 27384 Akrlcl3 14119672 _at
0.9252 73910 Arhgap18 146952 at
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CHAPTER THREE
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REDUCTIONS IN ADIPOCYTE EXPRESSED TPH1 DO NOT
ATTENUATE ADIPOSE TISSUE THERMOGENESIS

Prepared for Publication, 2020

Julian M. Yabut, Eric J. Chan, Eric M. Desjardins, Waliul I. Khan & Gregory R.
Steinberg

The studies outlined in chapter three examined the role of adipocyte-specific
deletion of Tphl. We find that adipocyte-specific Tphl knockout mice display
reduced Tphl expression in adipocytes, but in contrast to prior findings, these mice
have similar HFD-induced weight gain, insulin sensitivity, energy expenditure,
BAT thermogenesis and WAT browning compared to controls. This study
demonstrates that adipocyte-specific deletion of Tphl has little effect on various
metabolic parameters, further supporting the role of mast cell-derived serotonin as
a critical source of serotonin reducing beige adipose tissue activity. In conjunction
with the findings of chapter two, future therapies should be focused on inhibiting
serotonin synthesis in mast cells rather than adipocytes.

JMY, WIK and GRS designed the study and experiments. JIMY, EJC and EMD
conducted the experiments. JIMY and GRS wrote the paper. All authors offered

edits to final manuscript.

JMY conducted all experiments and data analysis.
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ABSTRACT

Reductions in brown and beige adipose tissue thermogenesis have been
linked to the development of obesity and insulin resistance. Studies in mice have
shown that serotonin synthesis by the enzyme tryptophan hydroxylase 1 (Tphl)
inhibits brown and beige adipose tissue thermogenesis and promotes obesity and
insulin resistance. Subsequent studies in mice in which Tphl was genetically
removed using the Ap2-Cre promoter, suggested serotonin synthesis in adipocytes
may be important for suppressing adipose tissue thermogenesis. However, it is now
recognized that Ap2 is expressed in adipose tissue as well as the CNS and immune
cells such as macrophages, therefore the exact tissue(s) inhibiting adipose tissue
thermogenesis is unknown. In order to directly examine the role of adipocyte Tphl,
we created an inducible adipocyte-specific Tphl null mouse (TphliAd42) that

11AdAA mice had no

reduced Tphl in fractionated adipocytes. We find that Tph
change in Tphl expression or serotonin content within inguinal or gonadal white
adipose tissue (iWAT and gWAT) or brown adipose tissue (BAT). Consistent with
similar Tphl expression and serotonin content in adipose tissue depots there was
no change in high-fat diet-induced weight gain, blood glucose, insulin sensitivity,
energy expenditure, adipose tissue thermogenesis or markers of white adipose
tissue browning. These data suggest that adipocyte Tphlderived serotonin synthesis
is not important for inhibiting thermogenic adipose tissue or for promoting obesity

and insulin resistance in mice fed a HFD. Future studies are required to identify the

primary Tphl expressing cell type(s) that inhibit BAT thermogenesis.
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INTRODUCTION

Obesity is characterized by the accumulation of adipose tissue and is a
global health problem that is associated with negative health consequences such as
type 2 diabetes and cardiovascular disease (The GBD 2015 Obesity Collaborators,
2017). Excessive adipose tissue accumulation is due to chronic energy intake in
comparison to expenditure. Therapies focused on increasing energy expenditure are
promising avenues to mitigate the rise of obesity and its associated comorbidities.
One potential mechanism to enhance energy expenditure in obesity involves
increasing the metabolic activity of brown adipose tissue (BAT), which is reduced
in obese humans for reasons that are not fully understood (Chouchani et al., 2019;
Leitner et al., 2017; Ong et al., 2018).

Serotonin is a bioamine that is primarily produced outside of the central
nervous system by the enzyme tryptophan hydroxylase 1 (Tphl). Studies in mice
with germline deletion of Tph1 leads to reductions in serotonin and enhanced brown
and beige adipose tissue-dependent thermogenesis (Crane et al., 2015; Oh et al.,
2015) protecting mice from developing high-fat diet (HFD) induced obesity and
insulin resistance(for review see (Yabut et al., 2019). Tphl is highly expressed in
the enterochromaffin cells of the gut and accounts for greater than 90% of whole-
body serotonin synthesis (Sumara et al., 2012) (for review see (Yabut et al., 2019)).
However, the gut cannot be the sole source of serotonin that improves the metabolic
profile of HFD-fed Tph1 germline knockout (KO) mice, since gut-specific Tph1KO

mice are not resistant to diet-induced obesity (Sumara et al., 2012). In support of
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an alternative source of serotonin production that inhibits BAT thermogenesis, a
HFD increases Tphl expression in BAT and the genetic reduction of Tphl in
adipose tissue using Ap2-Cre leads to a lean and insulin sensitive phenotype similar
to germline Tphl null mice (Oh et al., 2015). However, it is now known that in
addition to adipocytes, Ap2-Cre is expressed in the CNS as well as many immune
cells that reside within adipose tissue (e.g. macrophages) (Jeffery et al., 2014),
suggesting that adipocyte Tphl may not be the primary inhibitor of BAT
thermogenesis.

Therefore, to directly examine the role of adipose tissue Tphl in regulating
adipose tissue thermogenesis in obesity, we generated mice lacking Tphl
specifically in adipocytes by crossing Tphl floxed mice to mice expressing an
inducible adiponectin-Cre promoter. In contrast to previous observations using
Ap2-Cre null mice, we find that energy expenditure, adipose tissue thermogenesis
and serotonin content are similar between genotypes, suggesting that reducing
adipocyte expressed Tphl does not increase adipose tissue thermogenesis or protect

mice from diet-induced obesity and insulin resistance.
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METHODS
Animal Experiments

Animal experiments were completed in accordance within the Canadian and
McMaster Animal Care Committee guidelines for animal research (AUP: 16-12-
41). Tphl adipocyte-specific knockout mice were generated by crossing Tphl
double floxed mice (Yadav et al., 2008) with tamoxifen-sensitive Cre Recombinase
under the control of the adiponectin promoter (Mottillo et al., 2014). Mice were fed
a 45% kcal from fat diet and water ad [libitum in a room temperature (23°C)
controlled facility on a 12 hour light and dark cycle starting at 0700. At 6-8 weeks
of age, Cre was activated by administering tamoxifen (Cayman Chemical, MI,
USA; 100mg/kg) solubilized in sterile-filtered (22 uM filter) sunflower oil for 5
consecutive days via oral gavage (Mottillo et al., 2014). After 3 weeks post-gavage
of tamoxifen, mice were sacrificed to confirm deletion or placed on a HFD
(D12451, Research Diets, New Brunswick, NJ). At sacrifice, platelet poor plasma
(PPP) was isolated by pipetting 8uL of 0.5M EDTA into 152uL whole blood, spun
at 1500g for 10 minutes and the top 25 uL removed. Liver, BAT, iWAT and gWAT

were removed from all mice, weighed and stored at -80°C.

Metabolic Testing
Bimonthly body composition and weekly body weights were assessed using
a Bruker minipsec Whole Body Composition Analyzer. At week 6 and 7 of HFD

feeding, glucose and insulin tolerance tests were performed, respectively. Mice
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were fasted during the day for 6 hours starting at 0700 and administered glucose
(1g/kg) or insulin (1U/kg) with blood glucose concentrations determined using a
glucometer (Aviva, Roche) at indicated time points. An overnight (1900 — 0700)
fast was done on week 8 after start of HFD feeding and blood glucose
concentrations were collected. On week 9, the Comprehensive Laboratory Animal
Monitoring System (CLAMS; Columbus Instruments) were used to assess various
metabolic and energy balance parameters (i.e. respiratory exchange ratio, energy
expenditure, food and water intake) measured over a 48 hour period and averaged
over the two days. On week 10, Ucpl-mediated thermogenesis was assessed using
infrared imaging as described (Crane et al., 2014). Briefly, mice were anesthetized
with an intraperitoneal injection of Avertin and on separate days, injected with
saline or the P3-adrenergic receptor agonist, CL-316,243 (0.0155 mg/kg, R&D
Systems, Inc; Item #1499/10) to activate BAT. Oxygen consumption was recorded
between 19-20 minutes post-Avertin injection and a thermal picture of the dorsal
side of the mouse was taken 20 minutes post-Avertin with an infrared camera
(T650sc, EMISSIVITY OF 0.98, FLiR Systems). The top 10% interscapular
temperature was determined from the thermal images using AMIDE-bin 1.0.5

software.

Adipocyte Isolation
Inguinal WAT was excised from mice treated with tamoxifen 8-9 weeks

prior, ensuring reductions in Tph1 were present at week 6 in vivo testing. Mice were
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sacrificed and two iWAT pads per mouse were digested in HKRB + 4% BSA with
2 mg/mL collagenase Type II (C1764; Sigma, Canada) for 1 hour in 37°C.
Resultant mixture was strained through a 100 um strainer, solution topped up to
10mL with KHRB + 1% BSA in a 15mL tube and spun at 500rpm. Adipocyte

fractions were drawn from the top of the spun samples and snap frozen at -80°C

Histological Analysis

Tissues were placed in 10% formalin in PBS for 24 hours and then placed
into 70% EtOH. Paraffin embedding and Hemotoxylin and Eosin Staining was
performed by the John Mayberry Histology facility at McMaster University. Slides
of adipose tissues and liver were taken at 10x magnification using a light 90 Eclipse

microscope (Nikon).

RNA Extraction & Real-Time quantitative PCR (RT-gPCR)

Tissues or adipocyte fractions were homogenized in 1mL Trizol (Life
Technologies) and spun at 12000g for 10 minutes at 4°C. Supernatant was drawn
and chloroform extraction was done. Samples are re-spun, supernatant collected
and mixed 1:1 with 70% EtOH. This mixture was purified using the RNA purifying
columns (RNEasy Kit, Qiagen), following manufacturer instructions. cDNA was
generated by incubating purified RNA (2 ng uL!) in final concentrations of 0.5 mM
dNTPs (Invitrogen) and 50 ng puL"! random hexamers (Invitrogen). This mixture

was heated at 65°C for 5 minutes and subsequently cooled to 4°C. SuperScript III
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(50 units; Invitrogen), 5x First-Strand Buffer (Invitrogen) and DTT (final
concentration of 5uM; Invitrogen) were added to the heated solution and then
heated at 50°C for 1 hour. cDNA samples (duplicate, 25ng) were subjected to gPCR
analysis using the Rotor-Gene 6000 real-time rotary analyzer (Corbett Life Science;
Concord NSW, Australia) with TagMan Assay Fluorogenic 5’ nuclease chemistry
(Invitrogen). The 10uL qPCR reaction was completed using AmpliTaq Gold DNA
polymerase (Roche) as per manufacturer’s instructions. Primers used include Cidea
(Mm00432554 ml), Pdk4 (MmO1166879 ml), Ppia (Mm02342430 g1), Tphl

(Mm01202614 m1) and Ucpl (Mm01244861 ml1).

Liver and Serum Triglyceride and Fatty Acid Quantification

Lipids were analyzed from a sample of liver homogenized in 1 mL of 2:1
chloroform:methanol followed by mixing overnight using an adapted Folch
extraction Protocol (Folch et al., 1957). Briefly, samples were spun (4500g) for 10
minutes at 4°C and 0.9% NacCl is added to the supernatant, vortexed for 20s. This
mixture was spun again for 3 minutes and the clear bottom layer was drawn, placed
into a new Eppendorf and freeze-dried. The resultant liquid was solubilized in
100% 2-propanol 200pL. Cayman Chemicals Triglyceride kit was used to assess
the triglyceride levels of liver and serum, as per manufacturer’s instructions. Non-
esterified fatty acid (NEFA) concentrations were determined using a WAKO

Diagnostics NEFA Reagent as per manufacturer’s instructions.
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Serotonin Quantification

Fat tissues were homogenized in perchloric acid (0.2N) in a homogenizer
(Percellys). The supernatant was extracted and mixed with 1M borate buffer 1:1
(1M boric acid, pH was brought up to 9.25 using NaOH). Platelet poor plasma was
diluted 1:10 in dilution buffer from ELISA kit (Serotonin EIA, kit Beckman
Coulter, IM1749) and performed as per manufacturer instructions. Tissue

homogenates are not diluted before use for ELISA kit.

Statistical Analysis

Two-tailed Student’s t-test, two-way ANOVA with or without repeated
measures were used where appropriate. Significance was determined if p < 0.05
and all data are presented as + SEM. All sample sizes were taken from distinct

samples collected from individual mice.
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RESULTS

Mice with reductions in adipocyte Tphl display no changes in adipose tissue
Tphl expression or serotonin

A HFD has been shown to increase Tphl expression in adipose tissue (Oh
et al., 2015) therefore all experiments were conducted in mice fed a HFD. To
determine the role of adipocyte Tphl, we crossed Tphl floxed mice to mice
expressing adiponectin Cre recombinase under the control of estrogen receptor T2
(CreER™) transgene. Cre-negative (Tphl™") and Cre-positive (TphliAda/a)
littermates were then treated with tamoxifen starting at 6 weeks of age for 2 weeks
before starting a HFD at 8 weeks of age (Figure 1A). As anticipated adipocytes
isolated from the inguinal WAT of Tphl49%2 mice had significantly lower
expression of Tphl compared to Tph1¥" controls (Figure 1B). However, despite
reductions in adipocyte Tphl, there was no reduction of Tphl (Figure 1C) in
inguinal white adipose tissue (iWAT), gonadal white adipose tissue (gWAT) or
brown adipose tissue (BAT) of Tph1i4942, Consistent with similar Tphl expression
between genotypes, there was also no change in adipose tissue serotonin (Figure
1D) or changes in circulating platelet poor plasma (PPP) serotonin (Figure 1E).
These data suggest that the primary source of serotonin in adipose tissue depots is

not the adipocyte.

Mice with reductions in adipocyte Tph1 display no difference in hepatic insulin

resistance
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Consistent with similar Tphl expression and serotonin in adipose tissue
depots, Tph1*4942 mice had comparable body weight (Figure 2A), fat mass (Figure
2B) and lean mass (Figure 2C) compared to Tph1™" controls on a HFD. Serum
triglycerides were also not altered (Figure 2D). Tph1'A42 mice were modestly

glucose intolerant compared to Tph1™1

controls (Figure 2E) but there was no
change in insulin sensitivity (Figure 2F) or fasting blood glucose (Figure 2G)
between genotypes. Consistent with similar insulin sensitivity, liver weight (Figure

2H), morphology (Figure 2I) and triglyceride content (Figure 2J) were not different

between groups.

Mice with reductions in adipocyte Tphl have no differences in energy
expenditure or adipose tissue thermogenesis

Consistent with similar adiposity between genotypes there no changes in
oxygen consumption (Figure 3A), heat production (Figure 3B), activity levels
(Figure 3C) or food (Figure 3D) or water (Figure 3E) intake. There were also no
differences in the respiratory quotient (VCO2/VO, Figure 3F). Consistent with
similar energy expenditure under ambient conditions, the injection of mice with the
B3-adrenergic receptor agonist CL-316,243, led to a similar increase in VO, (Figure
3G), interscapular temperature (Figure 3H) and serum free fatty acids (Figure 31)
between genotypes suggesting adipose tissue thermogenic capacity was not altered.
Consistent with this idea iWAT, gWAT and BAT weights (Figure 4A-C) and

morphology (Figure 4D-F) were similar between genotypes. There were also no
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changes in markers of adipose tissue thermogenesis (Ucpl, Cidea, Pdk4, Figure
4G-I). Collectively, these data indicate that adipocyte Tphl does not influence

adipose thermogenesis.

68



Ph.D. Thesis — J. M. P. Yabut; McMaster University — Medical Sciences

DISCUSSION

Brown and beige adipose tissues are responsible for a small, yet potentially
appreciable portion of resting energy expenditure (Leitner et al., 2017). The loss of
thermogenic adipose tissue function is associated with obesity in humans (Leitner
et al., 2017), suggesting restoration of its activity may be important. Reductions in
peripheral serotonin due to germline deletions in Tphl increases adipose tissue
thermogenesis and subsequent studies using mice expressing Ap2-Cre suggested
this may be mediated through Tphl expression in adipocytes (Oh et al., 2015).
However, we now show, using an inducible model of adipocyte Tphl reduction,
that the adipocyte is not the primary source of serotonin that reduces thermogenic
adipose energy expenditure and promotes obesity and insulin resistance. These data
suggest that previous observations indicating that genetic deletion of Tphl using
Ap2-Cre mice may have been due to cell types other than adipose tissue.

In the current study, we utilized Tphl floxed mice generated by Yadav and
colleagues (Yadav et al., 2008) that were also used by (Oh et al., 2015) but we did
not observe the same metabolic improvements that were detected when these mice
were crossed to mice expressing Ap2-Cre (Oh et al., 2015). However, it should be
noted that our study differed in many ways. The first and most obvious difference
was that we utilized mice expressing Cre-recombinase under the control of
adiponectin, which in contrast to Ap2 is not expressed in immune cells or the CNS
(Jeffery et al., 2014). Secondly, we utilized an inducible promoter in which Cre

recombinase activity is activated via tamoxifen administration, achieving an
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adipose-specific mouse model at a period after sexual maturity, thus avoiding
potential confounding effects of serotonin deletion on adipocyte differentiation
(Kinoshita et al., 2010).

Our study has several potential limitations. Since tamoxifen treatment in
mice is known to induce browning (Hesselbarth et al., 2015; Zhao et al., 2020),
early hepatic insulin resistance (Kloting et al., 2020) and adipogenesis (Ye et al.,
2015), these factors may confound our results, however it should be noted that
tamoxifen was delivered to all mice, making this less likely. Only male mice were
used within this study and further studies examining the role of Tphl in female
adipocytes are warranted. A full ablation of 7phl in adipocytes was not achieved
after tamoxifen administration, thus the lack of phenotype may have been due to
residual expression. Lastly, the ubiquitous ablation of 7phl expression in all
adipose tissue (both white and brown depots) may have masked potential effects.
For example previous studies have suggested that serotonin is important for
regulating lipogenesis in WAT (Oh et al., 2015). Therefore, further genetic studies
that ablate Tphl in either brown adipocytes or white adipocytes are required to
elucidate the role of Tphl in each of these individual adipocyte types.

In conclusion, we report that in contrast to mice with whole-body (Crane et
al., 2015) or mast cell-specific (Yabut et al., 2020) deletions of Tphl1, reductions in
adipocyte Tphl does not alter the thermogenic capacity of adipose tissue or improve
metabolic homeostasis. Future studies examining the primary source of serotonin

synthesis that inhibits BAT thermogenesis are required.
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Figure 1 Reductions in adipocyte Tphl does not change adipose tissue 7phl or
serotonin levels. (A) in vivo schematic for tamoxifen gavage and HFD-feeding of
Tph1"Tand Tph1'A42 mice. (B) Confirmation of 7phl deletion in inguinal WAT
(IWAT) (n = 4-5). (C) Tphl expression (n = 6-9), and serotonin concentrations (n
= 6-8) from iWAT, gWAT and BAT. (E) Platelet-poor plasma (PPP) serotonin
concentration (n = 7-9). Significance denoted by **p < 0.01. All data are expressed

as mean = SEM.
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Figure 2 Reductions in adipocyte Tphl induces modest glucose intolerance, but
not hepatic insulin resistance. (A) Weight, (B) fat mass and (C) lean mass over 10
weeks of HFD feeding (n = 10-13). (D) Triglyceride (TG) concentration in serum
(n = 7). (E) Glucose tolerance test (1g/kg) with area under the curve (n = 10-13),
(F) Insulin tolerance test (1U/kg) with area under the curve (n = 10-13), (G) 12 hour
overnight fasted blood glucose (n = 10-13), (H) liver weight at sacrifice (n = 10-
13), (I) representative histology and (J) liver triglycerides (TG; n = 6-7) of HFD fed
Tph1¥®and Tph1*4942 mice. Scale bar is equal to 100 um. Significance denoted by
*p < 0.05 and assessed via two-way ANOVA with repeated measures or Student’s

B c D
407 -O- Tph1fA 401 o0~ TphqfM =100
X ph1 ke
—~ | @ Tph1iAdda S o IAA/A 5
CEY = 30 Teht g 8
@ 2 » 60
© 20 £ 20( (O]
S c F 40
® 10 S 10 S
e 3 g 20
0 0 N o
0 5 10 0 5 10
Weeks on HFD Weeks on HFD
F
£30007 S5 £1500
€ c IS
X ~ X
= 2000 210 = 1000
E S £
S E
S 1000 > 5 g s00
< T |-O Tph1™ <
= & |-@ TphiiAda —
= 0 o 0+ = 0
o 0 50 100 150
Weeks on HFD
. J
Tph1ff Tph1iAdAA _ 60
(]
=
-
o 40
&
© 20
()]
S

o

t-test. All data are expressed as mean + SEM.
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Figure 3 Reductions in adipocyte Tphl has no effect on whole-body energy balance
and BAT thermogenesis. (A) Oxygen consumption (VO.), (B) heat emission, (C)
activity, (D) food intake, (E) water intake and (F) substrate utilization of Tph1"1
and Tph1¥494%A mice (n = 10-13). (G) Oxygen consumption, (H) top 10% mean
intrascapular surface area temperature and (I) serum non-esterified fatty acid
concentration with saline and CL-316,243 treatments with representative thermal
images (n = 7-9). Scale bar is equal to 100 um. Significance denoted by ****p <

0.0001 and assessed via two-way ANOVA. All data are expressed as mean + SEM.
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Figure 4 Reductions in adipocyte Tphl display no changes in adipose tissue
morphology or thermogenesis. Weights of (A) iWAT, (B) gWAT and (C) BAT
from Tphl1¥® and Tphl1i49%2 mice after sacrifice (n = 10-13). Representative
histological images of (D) iWAT, (E) gWAT and (F) BAT, scale bar is equal to 100
um (n = 10-13). Markers of adipose tissue thermogenesis in (G) iWAT (n = 7-9),
(H) gWAT (n=6-9) and (I) BAT (n = 7-9). All data are expressed as mean + SEM.
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THERMONEUTRALITY PROMOTES NONALCOHOLIC FATTY LIVER
DISEASE BY INCREASING CIRCULATING SEROTONIN

Prepared for Publication, 2020

Julian M. Yabut, Eric J. Chan, Eric M. Desjardins, Waliul I. Khan & Gregory R.
Steinberg

The studies described in chapter four describe a new axis, identifying gut-derived
serotonin as an important hormone linking thermoneutral housing to hepatic
steatosis. In this manuscript, we find that obese mice housed at thermoneutrality
have increased Tphl expression in the gastrointestinal tract and this is associated
with increased platelet poor plasma serotonin. Additionally, obese germline Tphl
knockout mice are not resistant to HFD-induced obesity and insulin resistance. This
is associated with similar energy expenditure and no differences in BAT
thermogenesis and WAT browning compared to wildtype controls. However,
surprisingly, germline Tphl knockout mice maintain modest insulin sensitivity and
are protected from HFD-induced hepatic steatosis in thermoneutrality. Together,
these findings suggest serotonin synthesis in the gastrointestinal tract increases at
thermoneutrality and this is important for promoting hepatic steatosis; an effect that
is independent of changes in energy expenditure and thermogenic adipose tissue
activity. These findings suggest that gut-derived serotonin synthesis may be a
potential target for treating NAFLD.

JIMY, WIK and GRS designed the study and experiments. JIMY, EJC and EMD
conducted the experiments. JIMY and GRS wrote the paper. All authors offered

edits to final manuscript.

JMY conducted all experiments and data analysis.
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ABSTRACT

The prevalence of non-alcoholic fatty liver disease (NAFLD) continues to
grow in concert with obesity, but no pharmacotherapies exist to treat excessive
hepatic lipid accumulation. A greater understanding of the molecular mechanisms
that underly the progression and development of NAFLD is required to develop
novel therapeutics that target hepatic steatosis. Housing mice at thermoneutrality
(~30°C) accelerates the development of NAFLD independently of obesity or insulin
resistance, but the mechanisms mediating this effect are incompletely understood.
We and others have shown that deletion of tryptophan hydroxylase 1 (TPHI), the
rate limiting enzyme that regulates peripheral serotonin synthesis, increases adipose
tissue thermogenesis and prevents obesity, insulin resistance and NAFLD in mice
housed at room temperature (~21°C); however, whether TPH1 is important at
thermoneutrality is not known. Here, we show that thermoneutral housing increases
TPH1 expression and platelet poor plasma serotonin compared to room temperature
controls. Consistent with thermoneutrality blunting adipose tissue thermogenesis,
whole body TPH1 knock out mice housed at thermoneutrality have no difference
in high fat diet-induced weight gain, adiposity, energy expenditure, brown adipose
tissue thermogenesis or white adipose tissue browning, but maintain modest
improvements in insulin sensitivity compared to controls. Surprisingly, despite
similar body mass, TPH1 knockout mice had reduced liver lipids and reductions in

the mRNA of markers important for lipogenesis, fatty acid uptake, inflammation
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and fibrosis. These data suggest that serotonin, plays a vital role in regulating liver

lipid metabolism independently of adipose tissue thermogenesis.
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INTRODUCTION

Non-alcoholic fatty liver disease (NAFLD) is an umbrella term for diseases
involving excessive hepatic lipid accumulation and can develop into non-alcoholic
steatohepatitis (NASH); an important cause of liver cirrhosis and hepatocellular
carcinoma (Younossi et al., 2016). Obesity is a major risk factor for NAFLD and
with the exception of weight loss, there are currently no approved therapies. Thus,
a greater understanding of the mechanisms contributing to NAFLD are required to
formulate new therapies to combat this prevalent disease.

Recent advances in NAFLD research has revealed environmental
temperature is a critical factor that induces fatty liver in high fat diet (HFD)-fed
mice (Giles et al., 2017). Mice are typically housed at temperatures suitable for
human comfort (~22-23°C) and in turn, this results in a mild cold-induced stress
that requires the recruitment of non-shivering thermogenesis. Brown adipose tissue
(BAT) and beige adipocytes found in white adipose tissue (WAT) can generate heat
in response to cold due to mitochondrial uncoupling protein 1 (Ucpl), which
dissipates the proton gradient and produces heat (Chouchani and Kajimura, 2019)
from lipids. However, adipose tissue thermogenesis is dramatically reduced when
obese mice are placed in thermoneutrality, lowering whole-body energy
expenditure and promoting ectopic lipid accumulation in metabolic tissues such as
liver (Poekes et al., 2017). In addition to adipose tissue thermogenesis, the

mechanisms by which thermoneutrality exacerbates HFD-induced NAFLD
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development also involves alterations in the gut microbiome and increases in
intestinal gut permeability and TLR4 signalling (Giles et al., 2017).

Serotonin is a monoamine hormone that regulates whole-body metabolism
by inducing lipid anabolism in metabolic tissues such as adipose tissue and liver
(Yabut et al., 2019). Although the liver does not synthesize serotonin itself, the gut
synthesizes ~90% via tryptophan hydroxylase 1 (Tphl) and can be transported to
the portal circulation to induce effects in peripheral tissues such as the liver.
Recently, it was shown that gut-derived serotonin signals through the serotonin 2A
receptor (HTR2a) to increase hepatic steatosis (Choi et al., 2018). This data is
consistent with lower hepatic lipids in high fat diet (HFD) fed Tph1”- mice (Crane
et al., 2015) and Tph inhibitor treated mice (Crane et al., 2015; Namkung et al.,
2018). Importantly, the reduced lipid accumulation effects reported by Choi and
colleagues (2019) with reductions in serotonin signaling are independent of energy
expenditure from beige and brown adipose tissue (BAT), whose activity is reduced
when exposed to serotonin (Crane et al., 2015; Oh et al., 2015; Rozenblit-Susan et
al., 2018).

While thermoneutrality and serotonin are both factors that increase hepatic
lipid accumulation in HFD-fed rodent models, it is unclear whether
thermoneutrality affects gut-derived serotonin synthesis or thermogenic adipose
tissue energy expenditure to increase hepatic steatosis. Here, we demonstrate that
thermoneutrality increases gut Tphl and subsequent serotonin levels to increase

liver lipids and that these effects are independent of adipose tissue thermogenesis.
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METHODS

Animal Housing and Breeding

All animal experiments were performed in accordance with the McMaster
Animal Care Committee guidelines and conducted under the Canadian guidelines
for animal research (AUP: 16-12-41). Tphl”- and Tphl*" littermates have been
characterized previously. C57BL6J mice (Stock No: 000664) were purchased from

Jackson Laboratories.

Metabolic Testing

Mice were weighed (once per week) and subject to body composition
analysis (once every two weeks) in a Bruker minispec Whole Body Composition
Analyzer. At 8 weeks HFD, Tph1™* and Tphl”- mice were subjected to a 2g/kg
GTT and 0.75U/kg ITT 1 week after. Animals were fasted for 6 hours starting at
7am and basal blood glucose concentrations were measured using a glucometer
(Aviva, Roche) at indicated time points. Measurements of metabolic parameters
(respiratory exchange ratio, energy expenditure, activity, food and water intake)
were assessed using a Comprehensive Laboratory Animal Monitoring System
(CLAMS; Columbus Instruments) over a 48-hour period. For 12 hour fasting blood
glucose values, mice were fasted from 7pm to 7am at which glucose values were

taken via tail bleed.

Infrared Imaging of Ucpl-mediated Thermogenesis
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An infrared imaging technique extensively described (Crane et al., 2014).
Mice are anesthetized with Avertin and 2 minutes after are injected with either
saline or CL-316,243 (on two separate days). Average oxygen consumption with
an indirect calorimetry system (Columbus Instruments, Columbus, OH) from
minutes 19-20 post-Avertin injection and the top 10% interscapular dorsal
temperature is determined by a thermal image taken 20 minute post-Avertin

(T650sc, emissivity of 0.98, FLiR Systems).

Animal experiments

All mice were housed in a temperature controlled facility (22-23°C for RT
or 29-30°C for TN experiments) on a 12-hour light and dark cycle with food and
water provided ad libitum. C57BL6/J and Tph”~ mice were fed 60% and 45% HFD,
respectively, starting at 8 weeks of age and remained in room temperature or moved
to thermoneutrality. After sacrifice via cervical dislocation, liver, iWAT, gWAT

and BAT from all mice were weighed and other samples were kept at -80°C.

Whole blood and Platelet poor plasma collection

Whole blood serotonin samples were collected by mixing 30 puL of whole
blood with 270 uL of 0.5M TCA/0.05M sodium ascorbate. This is followed by a
1500g spin for 10 minutes at 4°C and supernatant removed. TCA was extracted
using water-saturated ethyl ether, anhydrous (5 parts ether, 1 part sample) with

mixing and subsequent removal of top ether layer. TCA extraction is repeated twice
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and remaining ether is boiled off at 70°C. Platelet poor plasma (PPP) was extracted
by pipetting 152uL of fresh serum into 8uL of 0.5M EDTA, spun at 4000 rpm and

top 20uL of plasma removed. All samples were frozen at -80°C.

Liver Triglycerides Quantification

Lipids were extracted from liver, homogenized in 1 mL of 2:1
chloroform:methanol and isolation carried out using an adapted Folch extraction.
Resultant samples were freeze-dried and solubilized in 100% 2-propanol. The
Caymen Chemicals Triglyceride kit was used to assess triglyceride levels as

directed by manufacturer instructions.

Insulin and Serotonin ELISAs

Ultra Sensitive mouse Insulin ELISA Kit (Crystal Chem; 90080) was used
to assess insulin levels of serum taken from sacrifice as per manufacturer
instructions. Serotonin concentrations of whole blood and PPP were determined by
a serotonin ELISA kit as per manufacturer instructions (Serotonin EIA kit Beckman

Coulter; IM1749).

Histological Analysis
Tissues were immersed in 10% formalin, 90% PBS for 1 day and placed
into 70% EtOH for paraffin embedding. Briefly, H&E slides were taken at 10x

magnification. Images were captured with a light 90 Eclipse microscope (Nikon).
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RNA Extraction

Tissue samples (50mg gWAT, iWAT, BAT) are homogenized in ImL of
Trizol reagent (Life Technologies). Samples are spun for 10 minutes at 12000g in
4°C, supernatant drawn. 200 pl of chloroform is mixed and subsequently shaken
for 15s, followed by 2 minutes of room temperature incubation. Samples are spun
and supernatant is collected. A 1:1 mixture of the sample to 70% EtOH was put into
a RNA purifying column (RNEasy Kit; Qiagen) and followed manufacturer
instructions. To reverse transcribe to cDNA, RNA (2 ng puL!) was placed in final
concentrations of 0.5 mM dNTPs (Invitrogen) and 50 ng pL™! random hexamers
(Invitrogen). This solution was heated at 65 °C for 5 minutes and cooled to 4 °C. A
mixture containing 50 units of SuperScript III (Invitrogen), 5x First-Strand Buffer
(Invitrogen) and DTT (final concentration of 5 uM; Invitrogen) was added to the
heated solution. The final mixture was held at room temperature (RT) for 5 minutes

and subsequently, 50 °C for 1 hour.

Real-Time quantitative PCR (RT-gPCR)

Duplicate 25-ng cDNA samples were subjected to qPCR analysis using
Rotor-Gene 6000 real-time rotary analyzer (Corbett Life Science; Concord NSW,
Australia) with TagMan Assay fluorogenic 5’nuclease chemistry (Invitrogen) as
the flurophore. Final concentrations for a 10-uL. qPCR reaction with 25-ng of

loaded cDNA include 0.25 U of AmpliTaq Gold DNA polymerase (Roche), 1.25
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mM MgCl> (Roche), 100 uM dNTPs and 10x PCR buffer (Roche). Briefly, the
samples are heated at 95 °C for 10 minutes. Samples are then subject to being heated
at 95 °C for 10 seconds and then 58 °C for 45 seconds for a total of 45 cycles.
Expression levels were normalized to that of peptidylprolyl isomerase A (PPIA) for
tissues or Polr2a for cells mRNA using the delta-delta CT method (2"24¢T). Gene
expression data were gathered from various tissues. Acaca (Mm01304257 ml),
Acly (MmO01302282 ml), Acta2 (Mm00725412 sl1), Ccl2 (Mm00441242 m1l),
Cd36 (Mm00432403 m1), Cd68 (Mm00839636 gl), Cidea (Mm00432554 ml),
Collal (MmO00801666 gl1), Col4al (MmO01210125 ml), F480 (Adgrel;
Mm00802529 ml), Fasn (Mm00662319 m1), Hadh (Mm00492535 ml), Mcpl
(MmO00441242 m1), Nos2 (Mm00440502 m1), Pdk4 (MmO01166879 ml), Pparg
(MmO00440940 m1), Ppia (Mm02342430 g1), Srebp1 (Srebf; Mm00550338 m1),
Tnf (Mm00443258 ml), Tphl (Mm00493794 ml), Tph2 (Mm00557715 ml)

and ucpl (MmO01244861 ml) from Life technologies were used.

Immunoblotting Analysis

Tissues were placed in lysis buffer (20 mM Tris, 150 mM NaCl, 1mM
EDTA, 1 mM EGTA, 1% Triton-X, 2.5 mM sodium pyrophosphate, 0.5 mM DTT,
0.1% SDS, 1% Roche Protease Inhibitor, 0.5% sodium deoxycholate) and
subsequently processed in a tissue homogenizer (Percellys). Samples were spun to
extract supernatant and protein quantification was performed using the

bicinchonininc acid (BCA) method (Pierce) as per manufacturer instructions. For
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UCP1 and B-tubulin protein analysis in BAT and for Tphl and B-actin in colon,
lysates were diluted with 4x standard buffer (50% Sucrose, 7.5% SDS, 3.1% DTT)
and loaded in Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) was performed using 10% or 12% gels. A Western Blotting apparatus (Bio-
Rad) with electrophoresis buffer containing 12.5 mM Tris, 125 mM Glycine, 0.05%
SDS. About 20 ug of sample was dispensed into wells along with Precision Plus
Protein Dual Colour Standard (Bio-Rad). A wet transfer using a gel to membrane
blotter apparatus (BioRad) of PVDF membranes, 90V for 90 minutes. Membranes
were blocked with 5% skim milk in Tris-buffered saline (50 mM Tris-HCI, 150
mM NaCl) with Tween 20 (TBST) for 1 hour. Subsequently, membranes were
subject to primary antibody (1:1000 dilution) in TBST + 5% BSA overnight at 4°C.
Unless otherwise stated, all antibodies were from Cell Signaling. Antibodies used
were Anti-Mouse UCP1 (Alpha Diagnostics, 173435A4), anti-mouse B-tubulin
(Invitrogen, 322600), Tphl (NEB, 12339S) and B-actin (NEB, 5125S). Membranes
were rinsed in TBST and incubated in secondary antibody (1:10000 dilution in
TBST + 5% BSA; Anti-mouse, 7076S; Anti-rabbit, 7074S) for 1 hour. SuperSignal
West Femto Maximum Sensitivity Substrate (Thermo Scientific) and a Fusion FX7
Chemiluminescence Visualizer (MBI) were used for detection. Densitometry

analysis was performed using an ImageJ 3 analyzer.

Statistical Analysis
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Data were evaluated by Student’s t-test, one-way ANOVA where
appropriate followed by a Tukey Multiple comparisons test. A repeated measures
ANOVA was used for body weights and composition plots, GTT and ITT data.

Significance was accepted at p < 0.05 and data were presented as mean = SEM.
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RESULTS
Tphl and serotonin synthesis from the gut is altered by housing temperature

To investigate whether serotonin might contribute to increased liver lipid
accumulation in mice house at TN, we assessed Tphl levels in the colon and
proximal small intestine of obese mice housed at room temperature (RT) or
thermoneutrality (TN) (Figure 1A). Tphl mRNA (Figure 1B) and protein (Figure
1C) expression were increased in the colon of TN mice. There was no change in
Tph2 (Figure 1D). Similar observations in 7phl and Tph2 expression were observed
in proximal small intestine (SI) segments (Figure 1E-F). Importantly, these
increases in Tphl mirrored elevations in platelet poor plasma (PPP) serotonin
(Figure 1G), the non-platelet bound fraction known to be available for import and
signalling in peripheral tissues (Yabut et al., 2019).

Since Tphl activity is increased with TN, we tested if Tphl expression
might be reduced with cold exposure. We found that housing HFD-fed mice at 4°C
for 48 hours (Figure 1H) lowered Tphl mRNA (Figure 1I) and protein levels
(Figure 1J). The reduction in Tphl was associated with a trend for lower PPP
serotonin (Figure 1K). These data indicate that Tphl expression in the gut is

regulated by changes in housing temperature.

Thermoneutrality abolishes differences in weight gain and energy expenditure

of obese Tph1 knockout mice
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Tph1”- mice housed at RT have profound reductions in peripheral serotonin
synthesis from the gut and resulting circulating serotonin (Cété et al., 2003). In RT,
mice lacking a germline deletion of Tphl are resistant to HFD-induced obesity,
insulin resistance and NAFLD compared to Tph1** controls due to elevated Ucpl-
mediated BAT thermogenesis and WAT browning (Crane et al., 2015; Oh et al.,
2015). To discern whether these metabolic improvements are dependent on
thermogenic adipose tissue, we placed Tph1”- mice and Tphl*" littermates in TN,
an environmental condition that is known to blunt BAT thermogenesis and WAT
browning (Feldmann et al., 2009; Roh et al., 2018). Consistent with findings at RT,
whole blood and PPP serotonin were reduced in Tph1~~ mice housed at TN (Figure
2A). However, in contrast to our previous findings (Crane et al., 2015), placing
Tph1”- mice at TN abolished protection from HFD-induced elevations in body
weight (Figure 2B) and fat mass (Figure 2C) compared to Tphl** controls.
Consistent with similar adiposity, energy expenditure (Figure 2D), heat emission
(Figure 2E), substrate utilization (Figure 2F), activity levels (Figure 2G), food
(Figure 2H) and water intake (Figure 2I) was comparable between Tphl~~ mice and
Tph1** littermate controls. These data support previous conclusions that Tphl

primarily regulates body mass, adiposity and energy expenditure.

Tphl knockout mice have similar BAT-dependent thermogenesis and energy

expenditure in thermoneutrality
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Since Tphl” mice housed in TN did not display protection from weight
gain, we assessed whether TN blunts Ucpl-mediated thermogenesis of the BAT of
Tph1”- mice. Using an infrared thermography assay (Crane et al., 2014), we
observed no changes in Ucpl-dependent oxygen consumption (Figure 3A) or
interscapular surface temperatures (Figure 3B) in Tph1”- mice compared to Tph1**
littermates following the injection of saline and a B3-adrenergic receptor agonist,
CL-316,243. The fat pad weight (Figure 3C), morphology (Figure 3D), TG content
(Figure 3E) and Ucpl protein (Figure 3F) were also not different between Tphl--

mice and Tphl1™* littermates. These data suggest that TN housing eliminates

genotypic differences of Tph1**and Tph1”~ mice BAT thermogenesis.

Tphl Kknockout mice display no differences in WAT browning in
thermoneutrality

In addition to BAT thermogenesis, TN can blunt the browning program and
energy expenditure of WAT (Roh et al., 2018) that is employed to protect mice
from cold stress that is induced by RT housing (Giles et al., 2017). Since Tphl~-
mice and Tph1 inhibitor-treated mice display improved beige adipose tissue activity
(Crane et al., 2015; Oh et al., 2015), we examined the subcutaneous inguinal
(iWAT) and visceral gonadal WAT (gWAT) of Tphl”- mice in TN. Tphl~~ mice
and Tphl™* littermates had comparable iWAT fat pad weight (Figure 4A),
1+

morphology (Figure 4B) and markers of browning (Figure 4C) compared to Tph

TN housed mice. Similar findings were observed in gWAT (Figure 4D-F).
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Furthermore, gWAT displayed similar levels of inflammatory markers (Figure 4G).
Collectively, TN housing abolishes elevated BAT thermogenesis and WAT
browning of Tphl”- mice, suggesting protection from obesity is dependent on

thermogenic adipose tissue increases in energy expenditure.

Tphl knockout mice maintain modest improvements in glucose handling in
thermoneutrality

HFD-fed Tphl”~ mice have superior glucose tolerance and insulin
sensitivity compared to controls (Crane et al., 2015). Since these metabolic benefits
were attributed to elevated BAT energy expenditure, we assessed the glucose
tolerance and insulin sensitivity of HFD-fed Tphl”- mice housed in TN. Despite
similar body mass and adiposity and adipose tissue energy expenditure, when
housed at TN, Tph1~- mice maintained modest improvements in glucose tolerance
(Figure 5A) and insulin sensitivity (Figure 5B). These data suggest that Tph1”- mice
have improved insulin sensitivity independent of changes in body mass or energy

expenditure.

Tphl knockout mice are protected from hepatic lipid accretion in
thermoneutrality

Increases in liver lipids can contribute to insulin resistance (Samuel and
Shulman, 2016). When we assessed the livers of TN Tphl”~ mice, they tended to

have lower liver weights (Figure 5C) and histological examination demonstrated
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less hepatic lipids (Figure 5D) and triglycerides (Figure SE). To examine potential
mechanisms mediating these effects we measured markers of lipogenesis, fatty acid
uptake, fatty acid oxidation and found that they were reduced in Tphl’ mice
(Figure 5F). We then assessed markers of inflammation (Figure 5G) and fibrosis
(Figure 5H) and found that they were also lower in Tph1”-mice. Collectively, this
data suggests that even in the absence of differences in body mass and adiposity,
Tph1”- mice housed in thermoneutral conditions are protected from HFD-induced

NAFLD.
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DISCUSSION

Serotonin is a hormonal signal that promotes anabolic processes (Yabut et
al.,, 2019). In room temperature housing, obese Tphl’~ mice have increased
thermogenic adipose tissue energy expenditure, protecting mice from obesity,
insulin resistance and NAFLD (Crane et al., 2015; Oh et al., 2015). Placing mice at
TN reduces adipocyte thermogenesis and promotes NAFLD (Roh et al., 2018). To
examine whether thermogenic adipose tissue-dependent was required for lowering
liver lipids, we placed Tphl”- mice at TN and discovered that Tphl”~ mice
maintained modest improvements in insulin sensitivity and lower liver lipids
despite similar adiposity. These data suggest that improvements in NAFLD and
insulin sensitivity previously described in Tphl” mice (Crane et al., 2015) is
independent of increases in adipose tissue thermogenesis.

In our study, thermoneutrality was a sufficient stimulus to abolish the
elevations in Ucpl-mediated thermogenesis in HFD-fed Tph1”~ mice (Crane et al.,
2015). This is further supported by comparable levels of energy expenditure,
markers of adipocyte thermogenesis and adipocyte cell size in Tph1”- mice and wild
type littermates. In contrast to our previous findings in room temperature where
Tph1” mice are protected from obesity (Crane et al., 2015), our current findings
are associated with no improvements in weight loss. These data suggest that the
improvements in adipose thermogenesis due to germline Tphl deletion in room

temperature conditions is nullified by placing mice in thermoneutrality. Further,
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these data uncouple the beneficial metabolic effects of thermogenic adipose tissue
from improvements in hepatic steatosis in Tph1”- mice.

In addition to effects on adipose tissue, recent studies have linked peripheral
serotonin with liver lipid accumulation (Choi et al., 2018; Namkung et al., 2018).
Genetic ablation of gut Tphl — thereby reducing gut-derived serotonin synthesis
— reduces lipid accumulation in the livers of HFD-fed mice independent of
changes in BAT Ucpl protein expression (Choi et al., 2018). Similarly, housing
mice at TN eliminates genotypic differences in adipose tissue Ucpl expression,
which is elevated in Tph1”- mice at room temperature (Crane et al., 2015). Despite
no difference in Ucpl-mediated thermogenesis in thermoneutral-housed Tphl
mice, the reduction in liver lipids persisted when the mice were fed a HFD. This
was a surprising result since the reduction in liver lipids in our previous study was
attributed to increases in adipose tissue thermogenesis. The lack of hepatic steatosis
in Tph1”~ mice may also explain the improvements in insulin sensitivity. These data
suggest that serotonin is a key hormone that regulates temperature-dependent
hepatic steatosis. Future experiments that employ gut-specific Tphl”- mice under
different temperature environments (i.e. cold, room temperature and
thermoneutrality) are required to understand whether housing temperature induces
gut-derived serotonin synthesis and drives hepatic steatosis.

Collectively, these data in combination with observations from other groups
suggest that peripheral serotonin synthesis may act directly on the liver to promote

lipid accumulation. We speculate that temperature-dependent changes in gut
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serotonin synthesis may be the key hormone switch that induces hepatic steatosis
in HFD challenged models. Further mouse models that utilize tissue-specific Tphl
ablation and serotonin receptor knockout mice will be important to elucidate the

underlying mechanisms that promote hepatic insulin resistance and NAFLD.
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Figure 1 Temperature conditions positively correlates with Tphl expression and
serotonin in HFD-fed mice. (A) 8 week old mice were administered HFD and kept
in room temperature (RT) or thermoneutrality (TN) for 8 weeks and sacrificed. (B)
Tphl (n=12) and (C) protein expression (n = 7) and (D) 7ph2 expression (9-10) in
whole colon. (E) Tphl (n = 7) and (F) Tph2 expression (n = 6) in proximal small
intestine (SI). (G) Serotonin concentration in platelet-poor plasma (PPP; n =9-11).
(H) After 6 weeks of HFD feeding, mice either remained in RT or 48 hours of cold
exposure (CX). (I) Tphl gene (n = 8) and (J) protein expression (n = 7) in whole
colon and platelet-poor plasma (PPP; n = 7-8) of RT or CX mice. Significance
denoted by *p < 0.05, **p < 0.01 and assessed Student’s t-test. All data are

expressed as mean + SEM.
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Figure 2 Thermoneutrality abolishes differences in weight gain, adiposity in obese
Tphl knockout mice. (A) Serotonin concentration of whole blood (WB) serum and
platelet-poor plasma (n = 6-7; PPP). (B) Weight (n = 8) and (C) fat mass (n = 8)
gained after 9 weeks of HFD feeding. (D) Oxygen consumption (n = 7), (E) heat
emission (n = 7), (F) substrate utilization (n = 7), (G) activity (n = 7), (H) food (n
= 5-7) and (I) drink intake (n = 6-7) after 8§ weeks of high fat diet feeding.
Significance denoted by **p < 0.01, ****p < (0.0001 and assessed via Student’s t-

test. All data are expressed as mean + SEM.
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Figure 3 Tphl knockout mice have similar BAT-dependent thermogenesis
compared to controls in thermoneutral conditions. (A) Change in oxygen
consumption (n = 11) and (B) top 10% mean surface area temperature (n = 11) with
representative picture after two separate days of either saline or CL-316, 243 intra-
mouse. (C) Weight (n = 7), (D) representative histology, (E) triglyceride (TG)
content (n = 7) and (F) uncoupling protein 1 protein (n = 7) of brown adipose tissue

(BAT). Scale bar is equal to 100 um. All data are expressed as mean = SEM.
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Fiure 4 Tphl knockout mice have similar WAT browning compared to controls in
thermoneutral conditions. (A) Weight (n = 7), (B) representative histology and (C)
markers of browning (n = 6-7) in inguinal WAT (iWAT). (D) Weight (n = 7), (E)
representative histology, (F) markers of browning (n = 6-7) and (G) inflammation
(n = 6-7) in gonadal WAT (GWAT). Scale bar is equal to 100 um. Significance
denoted by *p < 0.05, **p < 0.01 and assessed Student’s t-test. All data are

expressed as mean + SEM.
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Figure 5 Tphl knockout mice maintain insulin sensitivity, are protected from
hepatic steatosis and display lower markers of NAFLD in thermoneutrality. (A)
Glucose tolerance test (GTT; 2g/kg) and (B) insulin tolerance test (ITT; 0.75u/kg)
(n= 7). (C) Weight (n = 7), (D) representative histology, (E) triglyceride (TG; n =
7), (F) fatty acid metabolism markers (n = 6-7), (G) inflammatory markers (n = 7),
(H) fibrosis markers (n = 7). Scale bar is equal to 100 um. Significance denoted by
*p < 0.05, **p < 0.01, ***p < 0.001 and assessed via Two-way ANOVA with

repeated measures or Student’s t-test were applicable. All data are expressed as

mean + SEM.
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5. DISCUSSION

5.1 INSIGHTS INTO ENERGY BALANCE AND SEROTONIN

An organism thrives when energy intake and expenditure are balanced.
Within times of energy surplus (i.e. daylight feeding or before hibernation),
organisms store large amounts of calories to ensure enough energy has been
accumulated to survive until the next feed. However, the advances in human
technologies that prolong food preservation, eliminating the need for hunting and
gathering, have influenced the energy balance equation to favour intake. Greater
intake in tandem with sedentary lifestyles — thereby reducing energy expenditure
—, has resulted in a disparity between the components of energy balance and has
likely sparked the global emergence of non-communicable metabolic diseases such
as obesity and type 2 diabetes.

Despite the resilience of metabolic tissues and their parenchymal
constituents, modern day diets and lifestyles have overcome these cellular
safeguards. Calorically-dense diets that consist of fats and sugars in excessive
amounts has not only surmounted the energy-storing capabilities of the liver and
adipose tissues, but uses our very own evolutionarily-conserved mechanisms to
exacerbate the metabolic pathologies the human body attempts to protect us from.
The human body did not evolve to defend against the excessive caloric intake and
sedentary lifestyles often associated with Western societies. Current research is
shifting to meet the need for therapies to combat obesity, type 2 diabetes and

NAFLD. As outlined in my review of the literature (Yabut et al., 2019), I have
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linked the neurotransmitter and peripheral hormone, serotonin to the
aforementioned metabolic pathologies. In this dissertation, I attempt to identify
sources of serotonin synthesis and validate whether they contribute to obesity,
insulin resistance and hepatic steatosis.

Serotonin has been conserved for billions of years as a molecule that
regulates multiple facets of cellular metabolism. Working in a similar way to
insulin, serotonin mediates energy anabolism across many metabolic tissues. For
example, serotonin suppresses brown and white adipocyte thermogenesis — a
process largely reliant on lipids as a substrate — (Crane et al., 2015; Oh et al., 2015)
and increases lipid accumulation into hepatocytes via activation of HTR24 (Choi et
al., 2018; Namkung et al., 2018). The effects of serotonin collectively promote lipid
storage (Yabut et al., 2019). In the present studies, we aimed to identify key tissues
and regulators of serotonin synthesis and the potential pathological importance in

promoting obesity, insulin resistance and NAFLD.

5.2 MAST CELL AND ADIPOCYTE TPH1

5.2.1 MAST CELL TPHI1 INHIBITS WHITE ADIPOSE BROWNING

Since serotonin can potently inhibit thermogenic adipose tissue function
(Crane et al., 2015), we fed mice a HFD and placed mice them at thermoneutrality,
which revealed that mast cells infiltrate white adipose tissue. It is well understood
that immune cells play a large role in regulating adipose tissue and within the last

decade, mast cells have emerged as an immune cell associated with obesity and
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insulin resistance (Liu et al., 2009). Prior research (Enerbick, 1963) demonstrated
the capability of mast cells to synthesize and secrete serotonin, which has more
recently been confirmed in both rodents and humans (Kushnir-Sukhov et al., 2007).
Our data on the inhibitory action of mast cell serotonin on the browning of WAT
offers an etiological explanation for a situation where upregulation of non-shivering
adipocyte thermogenesis is not required (i.e. thermoneutrality) and a pathological
condition known to reduce adipose tissue thermogenesis (i.e. obesity) can manifest.

Since enhancing thermogenic adipose tissue protects mice from obesity and
insulin resistance, we wanted to test whether genetic deletion of mast cell Tph1 was
critical for this effect. We subsequently created two models that reduced mast cell
Tph1-derived serotonin by: 1) introducing in vitro-cultured Tph1”~ mast cells into
mast cell deficient mice and through 2) mast cell-specific Cre deletion using Tphl
floxed mice. When fed a HFD, both our mouse models with mast cell-specific Tphl
deletion had similar metabolic phenotypes, characterized by protection from
obesity, insulin resistance, smaller adipocytes and less liver lipids independent of
changes in circulating serotonin levels. We attributed these metabolic benefits to
increased energy expenditure (determined via indirect calorimetry), which was
associated with increased white adipose tissue browning and Ucpl expression.
These changes in white adipose tissue Ucp1 were associated with reduced mast cell
serotonin in the WAT of these mice. These changes in energy expenditure of mast
cell-specific Tphl knockout mice were independent of changes in activity and food

or water consumed. We show, for the first time, that mast cell serotonin synthesis
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via Tphl promotes obesity and insulin resistance and is an interesting cellular target
to increase energy expenditure for metabolic diseases that involve excessive caloric
intake. Despite evidence for the role of mast cell serotonin to inhibit the induction
of Ucpl induction in white adipose tissue, we did not see any inhibitory effect of
mast cell serotonin on BAT thermogenesis or UCP1 expression as we previously
reported in mice with whole-body deletion of Tphl (Crane et al., 2015). This may
be due to the higher abundance of immune cell markers in WAT compared to BAT
(Fitzgibbons et al., 2011), as mast cells and macrophages are well known to

infiltrate WAT (Altintas et al., 2011).

5.2.2 ADIPOCYTE TPH1 DOES NOT CONTRIBUTE TO METABOLISM
Given our findings that mast cell serotonin synthesis did not alter BAT
thermogenesis and prior research that indicated that BAT may be capable of
synthesizing serotonin (Oh et al., 2015), we reassessed the role of adipocyte-derived
serotonin by crossing inducible AdipoQ-Cre mice to Tphl floxed mice and fed the
progeny a HFD. To our surprise, and in contrast to the findings of others using Tphl
floxed mice crossed to mice expressing Ap2-Cre (Oh et al., 2015), inducible
adipocyte-specific Tphl knockout mice had comparable energy expenditure, BAT
thermogenesis and WAT browning and were not protected from obesity and insulin
resistance compared to Tphl floxed controls. These findings using adipocyte-
specific genetic Cre recombinase refutes the prior finding (Oh et al., 2015) that

adipocytes work in an autocrine manner to reduce adipose thermogenesis. Further,
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these data also provide further evidence that mast cells are likely the primary source
of adipose tissue Tphl/serotonin synthesis that inhibits WAT thermogenesis.
Interestingly, we also observed a moderate reduction in glycemic control in
adipocyte-specific Tphl knockouts, which is the opposite finding previously
reported in HFD-fed Tphl1-Ap2 Cre mice (Oh et al., 2015). However, it should be
noted that a full knockdown of Tphl was not achieved. Further studies employing
a full deletion of Tphl, specifically in adipocytes, is warranted. Collectively, these
studies establish mast cells — and exclude adipocytes — as the source of adipose
tissue-local serotonin that inhibits WAT energy expenditure, promoting obesity and

insulin resistance.

5.2.3 CONSIDERATIONS & FUTURE DIRECTIONS

In Chapter 2, we utilized innovative (Kit™-"V-=h model) and well accepted
(Cpa3-Cre Tphl floxed) models to delete Tphl and serotonin synthesis in mast
cells. In chapter 3 we were able to exclude the contribution of adipocyte-derived
serotonin to mediating obesity and insulin resistance using a more specific and
inducible adipocyte Cre recombinase. These studies establish mast cell serotonin
synthesis as a primary signal to reduce adipose tissue thermogenesis in obesity.
Given the immediate and initial role of mast cells in initiating the inflammatory
response, our findings propose a potential etiological role of mast cell serotonin as
a signal that can attenuate browning in rodents exposed to environmental conditions

that do not require non-shivering thermogenesis to maintain core body temperature.

113



Ph.D. Thesis — J. M. P. Yabut; McMaster University — Medical Sciences

Protection from obesity and insulin resistance that is associated with
elevated energy expenditure is inherently confounded by differing animal body
weights, highlighting one potential limitation to our Tphl mast cell knockout
model. Metabolic alterations triggered by changes in body weight confounds the
processes that initially caused the changes (Tschop et al., 2012). In our study with
genetic knockout mice with weight differences, it is unclear whether improvements
are due to browning of WAT or the confounding variable of reduced body weight.
More specifically, when Tphl mast cell knockout mice were placed in metabolic
cages, they had increased oxygen consumption and weighed less than Tphl™f
controls. It is unclear whether browning of WAT or less body weight resulted in
increased oxygen consumption in Tphl mast cell knockout mice. This paradoxical
association is also a caveat in human research (Westerterp, 2017). Future research
on Tphl mast cell knockout energy expenditure should be completed at a time point
when there is the absence of body weight difference, such as week 5 post-HFD, to
verify WAT browning-dependent elevations in energy expenditure.

Additional experiments in mast cell and adipocyte-specific Tphl knockout
mice should be done at rodent thermoneutrality to elucidate whether Tphl in these
cell types requires non-shivering thermogenesis for beneficial metabolic effects.
Thermoneutral housing temperatures removes the requirement for BAT
thermogenesis and WAT browning in rodents (Roh et al., 2018), which are both
associated with improvements in metabolism (Chouchani and Kajimura, 2019).

Since mast cell infiltration is elevated in WAT of HFD-fed mice at thermoneutrality
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compared to room temperature, it would be interesting to see the response in
thermoneutral HFD-fed mast cell-specific Tphl knockout mice. This experiment
would show one of two results: these mice would still be resistant to diet-induced
obesity since the elevated infiltration of mast cells in WAT would not have the
necessary serotonin to blunt WAT browning, supporting the etiological role of mast
cell serotonin to reduce non-shivering thermogenesis in thermoneutral conditions.
The other alternative is these mice would demonstrate a similar phenotype to that
of their double floxed littermates, implicating another compensatory mechanism
that reduces WAT browning. Thermoneutral housing of mast cell-specific Tphl
knockout mice may yield important insights to understanding the positive metabolic
effects associated with adipose thermogenesis.

A number of questions remain that were not addressed in our studies. These
including the mechanism by which mast cell serotonin inhibits adipocyte
thermogenesis. Firstly, a receptor type must be identified since HTRs have 7
isoforms followed by more subtypes per isoform (Yabut et al., 2019). Potential
answers to this question can be generated by crossing the same inducible adipocyte-
specific Cre mouse to novel HTR double floxed mice. Since HTR»4 has been
implicated in lipogenesis (Oh et al., 2015), which is an opposing process to the
oxidation of lipids associated with Ucp1-dependent thermogenesis (Chouchani and
Kajimura, 2019), HTR2a floxed mice should be crossed with adipocyte-specific Cre
mice, potentially resulting in progeny with increased energy expenditure and WAT

browning. Secondly, we did not assess what cellular pathways are employed post-
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receptor. We have previously shown in brown adipocytes that serotonin reduces the
cAMP-PKA cascade that ultimately reduces Ucp! expression (Crane et al., 2015).
However, similar experiments were not completed in our study. And since HTRs
that can trigger pathways that can potentially stimulate or influence white adipocyte
Ucpl expression, further experiments that achieve a greater understanding of the
cellular biology and transcription factors induced by serotonin signaling are
required. Thirdly, the source of serotonin that inhibits BAT thermogenesis is still
unclear. However, the autocrine action of brown adipocyte thermogenesis cannot
be overruled since one caveat of the findings in Chapter 3 is the ubiquitous deletion
of Tphl in both brown and white adipocytes. Infrared thermal camera experiments
(Crane et al., 2014) that employ a brown adipocyte-specific Cre driver with Tphl
floxed mouse will be required to elucidate this. And lastly, one interesting angle
that can also be explored in future experiments is the role of serotonin on Ucpl-
independent thermogenesis. Glycolytic beige adipocytes (Chen et al., 2019),
adipocyte creatine cycling (Kazak et al., 2017, 2019) and calcium cycling (Ikeda et
al., 2017) are novel pathways that do not require Ucpl-dependent mitochondrial
uncoupling, but contribute to whole-body energy expenditure. Future experiments
focused on the role of serotonin to influence these Ucpl-independent pathways are

warranted.
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5.3 MAST CELLS AND TPH1 AS CLINICAL TARGETS

The association between mast cells and metabolic disease is clinically
relevant. Epidemiological data suggest the positive association between asthma risk
and obesity (Shore, 2008). Serum tryptase — a biomarker of mast cell activation
— has been positively correlated to BMI (Fenger et al., 2012) and higher plasma
IgE and protease levels were associated with impaired fasting glucose and glucose
tolerance (Wang et al., 2013c). Consistent with these observations, Divoux and
colleagues biopsied lean and obese nondiabetic humans and showed mast cells are
activated in human adipose tissue (Divoux et al., 2012). Further, mast cell number
increased in obese adipose tissue compared to lean and was positively associated
with fasting glucose and HbAlc (Divoux et al., 2012). Individuals with metabolic
syndrome are shown to have more mast cells and tryptase levels in subcutaneous
adipose tissue (Gurung et al., 2019). Collectively, mast cells are associated with
obesity and insulin resistance, reflecting similar findings to rodent studies (Liu et
al., 2009).

Improvements in metabolism due to mast cell stabilization in humans also
support the concept that therapies inhibiting mast cells may be effective for treating
metabolic disease. For example, the treatment of people with obesity and type 2
diabetes with glimepiride and the mast cell stabilizer ketotifen versus glimepiride
alone led to a reduction in BMI and fasting blood glucose (El-haggar et al., 2015).
Similarly, treatment of obese individuals with type 2 diabetes with the mast cell

stabilizer, Amlexanox for 12 weeks reduces body weight, HbAlc and insulin
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resistance (Oral et al., 2017). Importantly, these changes were associated with an
increase in thermogenic gene expression in subcutaneous WAT characterized by
higher expression of UCP1, ADBR3, PPARGCI1A4, PRDM16 and IL4 (Oral et al.,
2017). And while this effect was attributed to the inhibition of the inflammatory
pathways involving IKKe and TBK1, it is interesting to speculate that these effects
may have been instead due to the inhibition of the mast cell serotonin synthesis.

In addition to mast cell stabilization, Tphl inhibition is currently FDA
approved to treat carcinoid syndrome (Kulke et al., 2017), highlighting the
feasibility of inhibiting serotonin synthesis in humans (Bader, 2020). The Tph
inhibitor, Telotristat ethyl, has been shown to reduce jejunal serotonin by 95%
independent on changes in brain serotonin levels (Margolis et al., 2014). Our
findings in Chapter 2 used LP533401 — another peripherally-restricted Tph
inhibitor — to inhibit activated rodent mast cell serotonin synthesis by ~80%.
LP533401 was also administered via intraperitoneal injection to inhibit serotonin
synthesis, resulting in a metabolic phenocopy to Tph1l”- mice fed HFD (Crane et
al., 2015). Since mast cell stabilizers (ketotifen or amlexanox) and Tphl inhibitors
(telotristat ethyl) are currently FDA-approved, the ability to repurpose these
therapeutics to treat obesity and insulin resistance may be possible. However, future
studies in individuals with obesity and insulin resistance in conjunction with
measures of energy expenditure and brown/beige adipose tissue, such as MRI or

PET/CT (Ong et al., 2018), are required.
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5.4 THE ROLE OF TPH1 IN HEPATIC STEATOSIS

5.4.1 CIRCULATING SEROTONIN REGULATES FATTY LIVER

In Chapter 2 and 3 we elucidated the role of mast cell serotonin to inhibit
the browning of WAT. However, the source of serotonin blunting BAT
thermogenesis was still unknown since neither adipocyte or mast cell Tph1 affected
BAT. The gut produces ~90% of the total serotonin in the body (Yabut et al., 2019).
Placing mice at thermoneutral conditions can reduce the need for Ucpl in both BAT
and subcutanecous WAT of mice (Feldmann et al., 2009; Roh et al., 2018).
Therefore, we fed HFD to Tphl”- mice and Tph1™* littermates in thermoneutral
conditions, removing the requirement for Ucpl-dependent thermogenesis and
ultimately, the metabolic benefits of BAT non-shivering thermogenesis. Consistent
with our hypothesis, placing Tph1”-mice at thermoneutrality eliminated genotypic
differences in adipose tissue UCP1 expression, energy expenditure and body
mass/fat mass previously observed in Tphl” mice housed at room temperature
(Crane et al., 2015), supporting a critical role for Tphl in inhibiting brown and
white adipose tissue thermogenesis.

Unlike humans, mice housed at room temperature need to rely on adipose
tissue thermogenesis to maintain their body temperature. We found that in contrast
to room temperature housing, when Tphl”~ mice were fed a HFD and housed at
thermoneutrality, thereby negating the need for brown and white adipose tissue
thermogenesis, there was no difference in body mass and adiposity compared to

wildtype controls. However, Tph1~~ mice still had modest improvements in insulin
yp p p
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sensitivity compared to Tphl™" controls. Considering the role of the liver in
mediating insulin resistance in HFD-fed models and the recent discovery that the
gut is involved in promoting hepatic steatosis (Choi et al., 2018), we assessed liver
lipids and found that surprisingly, Tphl” mice had reduced liver lipids.
Importantly, these reductions in liver lipids were associated with reduced markers
of fatty acid synthesis, inflammation and fibrosis. These findings provided a key
insight: reducing serotonin protects against NAFLD despite similar levels of weight
gain, energy expenditure and BAT thermogenesis.

The data in Chapter 4 suggests a novel axis (i.e. thermoneutrality — gut
serotonin — hepatic liver accumulation) that may explain how housing temperature
regulates liver lipid levels. However, further studies are required to elucidate this
relationship such as understanding what cell types are involved, the downstream
mechanisms of these cell types and determining if thermoneutrality affects hepatic

lipid accretion in mice with a gut-specific Tphl deletion.

5.4.2 CONSIDERATIONS & FUTURE DIRECTIONS

Hepatic fat accumulation has been attributed to HTR2a signalling in
hepatocytes. However, hepatic stellate cells (HSC) are another resident cell in liver
that are activated via HTR24 to induce liver fibrosis (Tsuchida and Friedman, 2017).
Inhibition of HTRza with the non-specific peripherally restricted antagonist
sarpogrelate is associated with reductions in inflammation and fibrosis in vitro and

in vivo (Kim et al., 2013). Thus, the beneficial liver phenotype of mice treated with
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HTR24 antagonists in the studies by Choi and colleagues may be partially attributed
to reduction in HSC activation, which has profound impact on hepatocyte health
and viability (Tsuchida and Friedman, 2017). Thus, future studies that utilize mice
in which Cre expression is driven by lecithin-retinol acyltransferase (Lrat), an HSC-
specific enzyme (Greenhalgh et al., 2015) and HTR2a floxed mice are crossed and
placed on a HFD at thermoneutrality will provide new evidence of serotonin’s role
in temperature-dependent liver lipid accumulation.

There are four main methods by which lipid can accumulate in the liver: 1.
reduced lipid oxidation, 2. reduced lipid export 3. increased lipid uptake and 4.
increased de novo synthesis. Markers of these pathways were reduced in Tphl--
mice housed in thermoneutrality such as CD36 (lipid transport) and PPARy (lipid
synthesis). Since serotonin binding to HTR2a increases intracellular Ca?" and
increases in Ca?" are associated with activation of various isoforms of PKC that
have been associated with steatosis such as PKCe (Samuel et al., 2004) and PKCd
(Bezy et al., 2011), examining the activity of these proteins should be considered.
Thus, future in vitro experiments in hepatocytes from HTR»a knockout mice or
HTR24 antagonist-treated hepatocytes are required.

As observed in Chapter 4, many fatty acid synthesis enzymes are
significantly reduced in Tphl” mice housed in thermoneutrality. In vitro
experiments in isolated primary hepatocytes from HTR2a knockout mice or siRNA
knockdown cells treated with H>-labelled acetate can discern if this receptor

mediates lipogenesis (Lally et al., 2019). Further, utilization of C!3-labelled
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palmitate can discern if there are changes in long-chain fatty acid uptake and
oxidation (Galic et al., 2011). If hepatic fatty acid metabolism is altered in vitro, in
vivo models that use a liver specific Cre promoter, such as albumin Cre (Weisend
et al., 2009), can be used in conjunction with HTR2a floxed mice. Adeno-associated
virus serotype 8 particles with Cre activity injected into HTR2 floxed mice can also
create a model with inducible deletion (Nakai et al., 2005). Placing these mice in
thermoneutrality in conjunction with HFD feeding may elucidate and confirm
mechanisms that can be further examined.

Lastly, we have discussed serotonin as a bioamine that may link
thermoneutrality to hepatic fatty acid accumulation. Since we used Tphl whole
body knockout mice, the use of gut-specific Tph1 knockout mice (Choi et al., 2018;
Sumara et al., 2012) will provide more evidence to support the role of gut-derived
serotonin in temperature induced lipid accretion. Placing these mice at
thermoneutrality should result in mice that are protected from HFD-induced hepatic
accretion. Unlike our study in Chapter 4, room temperature, thermoneutral and
cold-exposed gut-specific Tphl knockout mice should be utilized to discern the
dependence of hepatic lipid accretion on temperature. The proposed experiments
will provide important mechanistic and in vivo insight of the role of serotonin in

hepatic steatosis and can be exploited for future NAFLD therapies.
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5.5 TPH1 AS A THERAPY FOR METABOLIC DISEASE

The clinical transferability of mast cell and gut serotonin synthesis is
promising due to the presence of Tphl in these cell types in humans (Kushnir-
Sukhov et al., 2007; Van Lelyveld et al., 2007). However, metabolic improvements
due to inhibition of these pathways has not yet been shown in any current clinical
studies. In humans the number of mast cells in WAT increases with obesity and
type 2 diabetes (Divoux et al., 2012; Wang et al., 2013c), but the low amount of
serotonin synthesized by human, compared to rodent mast cells may not be
clinically relevant (Kushnir-Sukhov et al., 2007). Specifically, rodent mast cells
were shown to have ~110 ng of serotonin per million cells while human mast cells
contain approximately a tenth of this (~ 12 ng of serotonin per million cells).
However, this reduction in serotonin production in human mast cells may be offset
by much greater mast cells numbers in obese human WAT, ~7 mast cells per mm?,
compared to ~1-2 mast cells per mm? in rodents (Liu et al., 2009). Thus, the amount
of serotonin synthesized in whole adipose tissue depots in humans may still be
clinically relevant, but future studies that utilize obese human white adipocytes
treated with mast cell comparable concentrations of serotonin are warranted.

Highlighting the therapeutic potential of inhibiting Tphl, Telotristat ethyl
has been approved for inhibiting the synthesis of tumour-derived serotonin
synthesis in patients with carcinoid syndrome (Dillon and Chandrasekharan, 2018).
And while telotristat ethyl is effective for reducing diarrhea, many patients

experienced side effects with 1 in 4 individuals dropping out of the study due to
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nausea and constipation (Strosberg et al., 2019). Interestingly, previous studies have
found an association between carcinoid syndrome and liver fat (MacDonald, 1956;

Roberts and Sjoerdsma, 1964).

5.6 SUMMARY & CONCLUSION

In this dissertation, we identified the source of serotonin that inhibits non-
shivering thermogenesis within adipose tissue to be mast cells and not adipocytes.
This was established by showing that genetic deletion of mast cells, but not
adipocyte Tphl, increases the browning of WAT, protecting mice from HFD-
induced obesity and insulin resistance. Further, we have described the role of
serotonin in promoting hepatic steatosis by observing that Tphl whole body
knockout mice are protected from NAFLD despite similar levels of thermogenic
adipose tissue function and HFD-induced weight gain. Since the ectopic
accumulation of lipids has accelerated the global development of type 2 diabetes
and NAFLD, the findings within this dissertation identifying mast cell Tphl as a
potential therapeutic target to improve energy expenditure by increasing futile
cycling of white adipose tissue may be important. Our last set of findings supports
the concept that serotonin promotes liver lipid storage independently of alterations
in adipose tissue thermogenesis. Collectively, these data suggest that developing
new ways to inhibit serotonin synthesis and signaling may help alleviate the global

burden of obesity and related metabolic diseases.
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