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Abstract: Currently, metabolic syndrome treatment includes predominantly pharmacological symp-
tom relief and complex lifestyle changes. Trace amines and their receptor systems modulate signaling
pathways of dopamine, norepinephrine, and serotonin, which are involved in the pathogenesis of
this disorder. Trace amine-associated receptor 1 (TAAR1) is expressed in endocrine organs, and it
was revealed that TAAR1T may regulate insulin secretion in pancreatic islet 3-cells. For instance,
accumulating data demonstrate the positive effect of TAAR1 agonists on the dynamics of metabolic
syndrome progression and MetS-associated disease development. The role of other TAARs (TAAR2,
TAARS5, TAAR6, TAARS, and TAARY) in the islet’s function is much less studied. In this review,
we summarize the evidence of TAARs’ contribution to the metabolic syndrome pathogenesis and
regulation of insulin secretion in pancreatic islets. Additionally, by the analysis of public transcrip-
tomic data, we demonstrate that TAAR1 and other TAAR receptors are expressed in the pancreatic
islets. We also explore associations between the expression of TAARs mRNA and other genes in
studied samples and demonstrate the deregulation of TAARs’ functional associations in patients with
metabolic diseases compared to healthy donors.

Keywords: trace amines; trace amine-associated receptors; TAAR; dopamine; pancreatic islets;
insulin; transcriptomic; GPCR

1. Introduction

Trace amines (TA) are a group of biogenic amines that were identified in mammalian
brains in extremely low concentrations and were long considered neuromodulators of
classical monoamine signaling [1,2]. The receptors, known as trace amine-associated
receptors (TAARs), recognize both these and some other amine compounds, belong to the
family of G protein-coupled receptors, and were discovered only in 2001 [3,4]. Humans
possess six functional TAAR types, including TAAR1, TAAR2, TAAR5, TAAR6, TAARS,
and TAAR9 [1,2]. TAAR1 and TAAR2 sense primary amines and TAAR5-9 is tuned toward
diamines, polyamines, or tertiary amines [1]. These receptors were identified at first
in the olfactory epithelium, except TAAR1, which was detected primarily in the brain.
Later, all TAARs were also found in the brain structures and outside the nervous system,
in the immune cells, gastrointestinal tract, thyroid, and other organs and tissues [1,2,5],
and their involvement in regulating immune response and metabolism is the subject of
current research.

The prevalence of cardiovascular diseases (CVD), obesity, and type 2 diabetes mellitus
(T2DM) is reaching epidemic proportions worldwide. One of the most significant reasons
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for this phenomenon is the Western diet, i.e., increased calorie intake with a predomi-
nance of saturated and trans fatty acids and insufficient physical activity. Such a kind of
lifestyle leads to visceral fat accumulation and insulin resistance, which are the primary
pathophysiological signs of metabolic syndrome (MetS) [6].

The term “metabolic syndrome” was introduced in 1998 by the World Health Organi-
zation to determine the condition precedent of T2DM, obesity, and related CVD. Besides
excessive weight and insulin resistance, dyslipidemia, hypertension, hyperglycemia, and
microalbuminuria are also associated with this state. These disorders occur together and
seem to have common roots, which allows us to consider them as a syndrome [7].

MetS diagnosis is essential for public health and disease prevention. It is believed
that this complex condition increases the risk of CVD, T2DM, non-alcoholic fatty liver
disease, and cancer by 2-5 times compared to its individual components [8]. However,
the mechanisms of MetS are not yet understood, and the search for a therapy for MetS
is continuing. Currently, MetS therapy comprises lifestyle changes and pharmacological
treatment of its components. Diet, physical exercise, and rejection of unhealthy habits are
effective in combating MetS [9]. Metformin, statins, angiotensin-converting enzyme (ACE)
inhibitors, and angiotensin receptor blockers may be prescribed to improve one or more
components of MetS [10].

Dopamine (DA) is well studied as a neurotransmitter involved in movement and
cognitive function regulation. It is also suggested to regulate insulin sensitivity, and lipid
and carbohydrate metabolism. Recent studies have revealed the implication of DA in the
pathogenesis of MetS [11-13]. A promising way to regulate DA signaling is its indirect
modulation by TAAR1, which acts as an endogenous rheostat of DA signaling [14] and is
implicated in immunity and energy homeostasis regulatory pathways [15].

TAAR1 interactions with norepinephrine (NE) [16] and serotonin (5-HT) [17] signaling
were also identified. The contribution of these signaling systems in metabolic syndrome
progression was demonstrated [18-21]. Pancreatic islet dysfunction is one of the metabolic
syndrome development drivers [22]. Currently, the impact of DA [23,24], NE [25,26], and
5-HT [27,28] signaling on pancreatic islet function is confirmed. This review synthesizes
the current evidence for the involvement of DA, NE, 5-HT, and trace amine (TA) signaling
systems in regulating pancreatic islet function. Assuming that TAAR1 is the prospective
therapeutic target for diseases associated with monoamine signaling disorders, we believe
that TA signaling pathways should be kept in mind when developing new pharmaceutical
approaches to managing metabolic syndrome.

2. Metabolic Syndrome and Insulin

The prevalence of MetS in the world is growing every year, varying from 9.8% to 54%
depending on the criterion used [29]. However, despite the obvious social significance of
MetS, it is still difficult to diagnose and treat because of the lack of a unified definition
of this state. The most recognized MetS criteria are obesity, dyslipidemia, hypertension,
microalbuminuria, and, especially, insulin resistance [7].

It is believed that insulin resistance is the central mechanism of the onset of MetS
and related disorders, and obesity is the main manifestation of these conditions [30].
Insulin resistance is associated with a decrease in muscle and adipose cell sensitivity to
insulin, while its production by the 3-cells of the pancreas does not change or increase.
Hyperinsulinemia is considered a compensatory attempt to overcome insulin resistance
and maintain normal glucose transport into cells. However, it is contributing to metabolic,
hemodynamic, and organ disorders such as T2DM and CVD, and the impairment of
insulin-sensitive tissues [31].

The effects of insulin on the organs and tissues are multifaceted, which explains the
heterogeneity of the MetS manifestations. The key function of insulin is the promotion of
intracellular glucose accumulation by increasing cell membrane permeability, gluconeogen-
esis and glycogenolysis suppression, glycogenesis activation, and enhancing the synthesis
of fats and proteins [32,33]. Insulin is recognized by the insulin receptor (IR), which is



Biomolecules 2023, 13, 1618

3 0f27

expressed in various organs, including the liver, heart, lung, placenta, muscle, spleen,
kidney, adipose tissue, and central nervous system (CNS) [34]. IR tyrosine kinase domain
autophosphorylation leads to activation of the Akt-cascade through phosphoinositol 3-
kinase (PI3K) phosphorylation, which results in downstream insulin effects like decrease
in gluconeogenesis and increases in glycogenesis, lipolysis suppression, and uptake of
circulating glucose into cells [35]. The interaction of insulin with its receptor in the brain
can activate the ERK signaling pathway [36]. Insulin together with aldosterone participates
in regulating vascular stiffness, and controlling the delivery of nutrients so that insulin sen-
sitivity failure could reduce the bioavailability of nitric oxide, and initiation of atherogenic
processes like the decrease of blood flow rate and glucose removal [37].

In MetS, the transport of insulin through the blood-brain barrier is disrupted, and
the level of insulin in the brain decreases at the same time as the decline of its ability to
reg.ulate peripheral metabolism [38]. Because of insulin resistance, glycogen synthesis and
glucose transport decrease, and lipids, free fatty acids, atherogenic triglycerides, and very
low-density lipoproteins accumulate, increasing the lipolysis rate [39].

Thus, insulin resistance may be considered the most crucial prerequisite for MetS, and
the prospective therapy of this condition should be targeted first at this disorder.

3. G Protein-Coupled Receptors and Insulin Secretion Regulation

The B-cells seem to be electrically excitable and depolarize in response to glucose and
generate action potentials [40]. Commonly, 3-cells uptake glucose, and when its concen-
tration grows, the activation of glycolysis increases ATP, which mediates the inhibition of
ATP-sensitive K+ channels, the opening of voltage-dependent Ca?* channels, and increases
cytosolic Ca?* concentration with consequent insulin release [41,42]. This effect is known
as glucose-stimulated insulin secretion (GSIS). Likewise, insulin secretion depends on the
signals of multiple ligand-receptor systems integrated by (3-cells [43]. Thus, -cells may be
classified into high or low glucose responders. The proportion of high responders depends
on physiological conditions and, for example, increases during pregnancy [44].

G protein-coupled receptors (GPCRs) bind extracellular peptides or proteins, small
organic molecules like free fatty acids or amino acids and their derivatives, monatomic
ions, and large biological macromolecules and transmit signals to intracellular guanine
nucleotide-binding proteins (G proteins). Human islets express at least 293 GPCRs, and 99
of them are the targets of either approved drugs or drugs undergoing clinical trials [41].
These receptors are critical players in GSIS paracrine regulation in (3-cells by binding the
glucagon, glucagon-like peptide 1, and acetylcholine derived from the x-cells which potenti-
ate GSIS, or somatostatin (SST) originating from 5-cells and inhibiting insulin secretion [45].
Insulin, islet amyloid polypeptide (IAPP), zinc ions, and other signaling molecules are
involved in GPCR-mediated autocrine regulation of GSIS in (3-cells [46]. There is a plethora
of other GPCR ligands that regulate islet hormone secretion like oxytocin, neurotensin,
bradykinin, secretin, ATP, orexins, bile acids, fructose, fatty acids, amino acids, melanin-
concentrating hormones, corticotropin-releasing hormones, and histamine [26,41,45,47,48].

The repertoire of GPCRs on pancreatic cells varies and depends on individual pe-
culiarities and circumstances. For example, it has been demonstrated that the alpha-2C
adrenergic receptor (ADRA2C) expression in mouse [3-cells regularly varies depending on
the circadian rhythm [49].

Pancreatic islets comprise functionally different cell types, mainly (-cells (54% of islet
cells), a-cells (35%), and 6-cells (11%). The y-cells, polypeptides (PP) cells, and e-cells are
minor cell populations in the pancreatic islets [25]. The cytoarchitecture of human islets
differs somewhat from mouse islets. (3-cells, x-cells, and b-cells are scattered throughout
the human islet and aligned along blood vessels. In contrast, in rodents, -cells are localized
peripherally and {3-cells are clustered together and demonstrate synchronized oscillation of
membranous potential. The proportion of x-cells is significantly lower in mice compared
to human islets, and their physiological impact is weaker. Together with the discrepancy in
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the GPCR repertoire, these differences complicate the translation of model animal studies
in clinical practice [50].

Even though islets account for only 1-2% of the pancreas, they receive nearly 10%
of the blood supply in this organ. The vascularization allows islets to rapidly sense the
changes in nutritional or hormonal status and coordinate the insulin and glucagon secretion
in the circulation. Hormone production also depends on complex autocrine and paracrine
regulation, which involves not only insulin and glucagon but also d-cell-derived SST, e-cell-
derived ghrelin, and PP synthesized and secreted in PP cells [51]. Serotonin, urocortin 3,
GABA, and zinc modulate regulatory molecule secretion in o- and 8-cells [26]. All islet cell
populations are thought to contribute to the function of islets through integrating systemic
signals, and disturbances in these interactions could cause the development of T2DM [25].

The elucidation of monoamine-binding GPCRs’ effect on GSIS and glucose homeosta-
sis regulation will be described below.

4. DA-Mediated Regulation of Insulin Secretion
4.1. DA Modulation of GSIS in Islets

Ingestion of a standard meal increases plasma levels of DA and its precursor L-
DOPA [43]. DA infusion stimulates glucagon release and downregulates insulin secretion
in healthy humans [52]. DA is found both in the endocrine and exocrine parts of the pan-
creas [53]. The pancreas is the main source of dopamine, which is secreted with duodenal
juice and protects duodenal epithelium from damage by digestive enzymes and other harm-
ful agents [54,55]. Recently, it was demonstrated that pancreatic acinar cells can synthesize
L-DOPA, but not DA; thus, DA likely originates from nerves or endocrine cells [56].

Paracrine DA coordinates the secretory activity of the major cell groups in pancreatic
islets, i.e., a-, 3- and 0-cells [25]. In islets, both «- and (3-cells express the catecholamine
biosynthetic and signaling machinery. These cells express the components of the DA
synthesis pathway, including tyrosine hydroxylase, which is the rate-limiting enzyme of
this process, and aromatic amino acid decarboxylase (AADC). DA degradation enzymes
monoamine oxidases MAO-A and MAO-B, catechol-O-methyltransferase (COMT), vesicu-
lar monoamine transporter, VMAT?2, and the DA precursor L-DOPA were also found in
islet cells [25,54,57].

In the B-cells, DA is packaged in the insulin granules and is released simultaneously
with insulin secretion [25,42,43]. Notably, it is not only a regulatory signaling compound
co-secreted with insulin. For example, insulin granules contain high concentrations of
Ca?*, which act at neighboring B-cells to amplify insulin output via the activation of a
calcium-sensing GPCR named CASR [41]. The main sources of DA in islets are summarized
in Figure 1a.

The DA effect on GSIS is context dependent. DA dose-dependently inhibits insulin
secretion in isolated islets in high-glucose conditions but not in a low-glucose-containing
medium [58,59]. It also was demonstrated that DA regulates insulin secretion but does not
modulate its production and storage in -cells [59]. It can also suppress cell growth and
initiate apoptosis in 3-cells in vitro [60].

DA releases its physiological effects through interaction with two families of GPCRs,
D1-like receptors (includes types 1 and 5 of DA receptors (D1R, D5R) and D2-like receptors
(includes types 2, 3, and 4 of DA receptors (D2R, D3R, D4R). D1-like receptors activate G
proteins of the G 5/0)f family, which stimulates adenylate cyclase. The D2-like receptors
are coupled with G proteins of the G i/, family and inhibit adenylate cyclase [61]. In
the CNS, D1-like receptors are localized mainly on the postsynaptic membranes of cells
sensitive to DA, while D2-like receptors are also found on the presynaptic membranes
of dopaminergic neurons, having the ability to autoregulate the release of DA [62]. DA
receptors are heterogeneously expressed in different islet cell populations. In particular,
DIR receptors are expressed in 3 -cells, D2R in «-, 3-, 8-, and PP cells, D4R in (3- and PP
cells, and D5R in o~ and d-cells [23,24].
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Figure 1. The role of monoamine neurotransmitters in the insulin secretion of 3-cells. (a) The main
sources of monoamine neurotransmitters in pancreatic islets; all monoamine neurotransmitters may
be synthesized in islets (1), the dopamine synthesis in islets needs L-DOPA which is realized from
acini (2) or other sources, dopamine or norepinephrine are realized from the nerve endings (3), or
acquired from the circulation (4). (b) Monoamines and their receptors are involved in the pancreatic
islet hormone production. The activation effect is marked by red arrows, inhibition is marked by
blue blunt arrows, and the dotted line indicates bioactive molecules’ release. Parts of the figure were
drawn by using pictures from Servier Medical Art. Servier Medical Art by Servier is licensed under a
Creative Commons Attribution 3.0 Unported License.

The DIR receptor mediates GSIS activation in 3-cells, and its expression seems to
prevail over the D2R expression in this cell population [52]. A D1-like receptor agonist
(SKF-38393, 10 uM) stimulates GSIS, but the mechanism by which the D1 receptor regulates
this process needs further investigation [23].

In contrast, D2 family activation provides an inhibitory effect on GSIS by cell depolar-
ization [58,63]. D2R function in 3-cells is not limited to participating in GSIS modulation.
In vitro, the D2R antagonist domperidone protects (3-cells from dedifferentiation and apop-
tosis and promotes the proliferation of the differentiated (3-cells [64]. Recently, it was shown
that D2R is involved in circadian 3-cell regulation [49]. It should be noted that in the rat
insulinoma cells INS-1E, D2R localization is atypical. No D2R was detected in either the
cytoplasmic or the plasma membrane fractions, but it was associated with insulin granules.
It remains unknown whether D2R on the granule surface is activated by extracellular
dopamine only at the time of its transient contact with the cellular membrane or whether it
interacts with DA in some other way [58].

Higher DA concentrations may activate ADRA2A adrenergic receptors, which also
inhibit insulin secretion [25]. It is also possible that the DA effect on (3-cells is indirect
and mediated by its interaction with D2R on §-cells with consequent downregulation of
SST secretion. In such a way, DA activates insulin secretion [23,42]. Controversial results
of some studies highlight the complexity of D2R involvement in GSIS. Knockout of D2
receptors in the insulinoma cell line INS-1 832/13 resulted in increased insulin secretion,
but the global D2R knockout (KO) in mice impaired insulin secretion and caused glucose
intolerance [43,65].

D3R and D4R involvement in GSIS regulation was shown in hamster 3-cells. GSIS is
downregulated by D3 and D4 antagonists, whereas a D3 agonist increases it [48].

Pronounced species-specific differences mark the DA-mediated regulation of x-cell
glucagon secretion. DA enhances glucagon release from mouse islets, but in human islets,
its effect is biphasic. DA concentrations below 1 uM reduce glucagon secretion, while
higher DA concentrations enhance glucagon release. Such dualistic effects are determined
by a complex repertoire of DA-binding receptors in human x-cells. D2R and D3R enable
the inhibitory DA effect even in low concentrations. Higher DA concentrations lead to
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activation of 3-adrenergic receptors, resulting in glucagon release. In mouse o-cells, (3-
adrenergic receptors are significantly more abundant than in humans, so the DA effect
almost entirely depends on these receptors and becomes monophasic [25]. In §-cells, D2R
expression is significantly higher than in other islet cell populations and these cells seem to
be the main link in dopamine-mediated GSIS regulation [23,25]. DA’s effect on pancreatic
hormone secretion is briefly summarized in Figure 1b.

4.2. DA Signaling in CNS in the Aspect of Metabolic Syndrome

The assumption of a connection between DA homeostasis and metabolic syndrome
arose when the increased risk of weight gain, hyperinsulinemia, hyperlipidemia, and
diabetes mellitus, was found in patients receiving antipsychotics and other DA metabolism-
targeting drugs [66]. The administration of DA receptor agonists sometimes has an amelio-
rative effect on the dynamics of metabolic disease recovery [67].

DA receptors are heterogeneously distributed in the mammalian CNS. D1R and D2R
are commonly expressed in the striatum, nucleus accumbens, olfactory bulb, amygdala,
hippocampus, substantia nigra (SN), ventral tegmental area (VTA), hypothalamus, and
frontal cortex; D3R was detected in the nucleus accumbens, striatum, and cortex; D4R is
expressed in the frontal cortex, amygdala, hypothalamus, and nucleus accumbens; D5R
was detected in the cortex, the SN, and the hypothalamus [68,69].

D2-like receptors play the most important role in postsynaptic receptor-mediated
behavioral and extrapyramidal activity [70]. Eating behavior is regulated by homeostatic
signals and non-homeostatic hedonic cues both in animals and humans [71,72]. D2R
contributes to the rewarding effects secondary to food intake [59], since food consumption
leads to an increase in the level of DA in the brain, associated with a decrease in the
expression of D2R in the nucleus accumbens in the forebrain and the ventral tegmental area
in the midbrain [73]. Experimental data on mice and rats confirm the DA neurotransmission
deficiency and the downregulation of D2R, DA transporter (DAT), and DA synthetic
enzyme tyrosine hydroxylase (TH) under conditions of a high-calorie obesity-inducing
diet [74,75]. In addition, depletion of striatal D2Rs mediates the onset of compulsive-like
food seeking in rats [76,77].

The role of D2R-mediated signaling in eating behavior regulation is not restricted to
its central position in the reward system. DA is released by the hypothalamic cells and
tonically inhibits prolactin secretion from the pituitary through binding with D2R [78,79].
Thus, D2R antagonists may contribute to hyperinsulinemia and obesity via the control of
the pituitary hormone prolactin [78].

D1R implication in the MetS phenotype is also not excluded [80]. This assumption
is supported by the noticeable role of D1R in reward processing [68,69]. Furthermore,
mice deficient in the SLC35D3 transporter protein exhibit MetS and obesity. SLC35D3 is
expressed only in striatonigral medium spiny neurons and provides D1R transfer from the
endoplasmic reticulum to the membrane [81]. The basic points of the interactions between
insulin and dopamine signaling in brain structures are summarized in Figure 2a.

In humans, DA system hypofunction may be a predictor of obesity. A postmortem
study of obese and non-obese patients revealed an obesity-associated decrease in DAT
and TH expression without significant changes in the D2R expression level [82]. Thus,
DA itself and its receptors, transporters, and synthesis enzymes are involved in eating
behavior and energy balance, and their coordinated functioning breakdown may lead to
metabolic disruptions.
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Figure 2. The interactions between dopamine and insulin signaling. (a) The crosstalk between insulin
signaling and dopamine signaling in the brain where the D1R and D2R receptors in the nucleus ac-
cumbens and VTA and dopamine receptors DIR in striatonigral pathway neurons regulate the reward
system, which contributes to the normalization of eating behavior (1, 2, 3). The dopamine interaction
with D2R receptor in the hypothalamus prevents prolactin production and consequent hyperinsuline-
mia (4). At the same time, insulin dualistically affects dopamine transmission by the activation of
dopamine reuptake by DAT and prevention of dopamine degradation by MAO enzymes. (b) Intra-
cellular interaction of insulin signaling and dopamine signaling resulting from common downstream
targets, D2R inhibits Akt signaling by the f-arrestin-mediated signaling cascade (1) and activates MEK
signaling (2) while D1R stimulation activates MEK via PKA-DARPP32 pathway (3) instead. Parts of
the figure were drawn by using pictures from Servier Medical Art. Servier Medical Art by Servier is
licensed under a Creative Commons Attribution 3.0 Unported License. DR1—dopamine receptor 1,
DR2—dopamine receptor 2, IR—insulin receptor, IRS—insulin receptor substrate, SHC—Src ho-
mology 2 domain containing, PP2A—protein phosphatase 2A, PI3K—phosphatidylinositol 3-kinase,
PDK1—pyruvate dehydrogenase kinase 1, GSK3—glycogen synthase kinase 3, MEK—mitogen-
activated protein kinase kinase, ERK 1/2—extracellular signal-regulated kinase 1/2, PKA—protein
kinase A, DARPP32—dopamine- and cAMP-regulated phosphoprotein with an apparent Mr of
32,000, PP1—protein phosphatase 1, STEP—striatal-enriched protein tyrosine phosphatase.

4.3. Systemic Interaction of Insulin and DA Signaling Pathways

The regulatory influence of insulin extends beyond the control of peripheral glucose
levels. Insulin, along with the DA, is involved in regulating eating behavior and reward. In
addition, insulin affects DA signaling, modulating the duration of DA action by regulating
MAOs and DAT expression [83].

Insulin activates tyrosine-kinase insulin receptor IR, and its downstream signaling
includes two main pathways. The insulin receptor substrate (IRS) node transduces the
signal to the phosphatidylinositol 3-kinase (PI3K, a lipid kinase)/Akt (also known as PKB
or protein kinase B) and the Raf/Ras/MEK/MAPK (mitogen-activated protein kinase,
also known as ERK or extracellular signal-regulated kinase) pathways. Additionally, the
Src homology 2 domain-containing (Shc) adapter is involved in Raf/Ras/MEK/MAPK
pathway activation [84].

Overlapping insulin and DA signal transduction reflects the contribution of common
downstream components in both pathways. The key point, where these pathways have
crossed, is the Akt signaling. Akt is involved in a range of processes, including the control
of glucose homeostasis by insulin and regulating DAT expression. Glycogen synthase
kinase 3 (GSK3), which influences cell survival, circadian rhythms, mood, and cognition, is
one of Akt’s downstream targets [60]. Insulin activates the Akt-signaling pathway [85]. In
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contrast, D2R activation blocks Akt activity through a G protein-independent beta-arrestin
2-mediated mechanism [68,86].

D2R can also trigger the extracellular signal-regulated kinase (ERK) pathway, which
is involved in insulin signaling. A short-term effect of DA on D2R leads to G protein-
dependent inhibition of cAMP, Ca?* influx into the cell, and suppression of PKA activity.
Reduction in PKA activity removes the inhibitory effect of 32 kDa DA and cAMP-regulated
phosphoprotein (DARPP-32) on protein phosphatase 1 (PP1) activity, which leads to the
activation of ERK. The ERK pathway mediates changes in gene expression, including
DAT [68,83,87]. These interactions of two signaling pathways are represented in Figure 2b.

Metabolic diseases, in particular, T2DM, are often associated with CNS disorders.
Insulin deficiency-associated disturbances in the DA system may be manifested as eating
disorders, depression, and cognitive dysfunction. Insulin receptor gene KO in mice leads
to the deregulation of MAO-A and MAO-B expression in the striatum and consequent
increase in DA clearance time [88]. DA neuron damage in the suprachiasmatic nucleus in
rats causes MetS with characteristic manifestations, including weight gain, hypertension,
and insulin resistance [89].

The reduced secretory functions of pancreatic 3-cells, together with complete or partial
lack of insulin sensitivity, are implicated in the pathogenesis of MetS. Blockade of pancreatic
D2R in mice causes glucose intolerance by decreasing insulin production and decreasing
[-cells mass. The impaired p-cells replicative capacity was demonstrated in 2-month-old
D2R-KO mice [65]. DA-mediated inhibition of GSIS seems to depend on the combined
effect of D2 and D3 members of the D2-like receptor family and the L-DOPA transporter
LAT. This transporter is expressed in islet cells as two isoforms, LAT1 and LAT2. Its
concerted functioning provides effective absorption of L-DOPA in response to stimulation
by the glucose supplied with food. In summary, the bioavailability of DA synthesized from
dietary L-DOPA may contribute to the inhibition of GSIS [90].

Human data also support a link between DA and insulin signaling. Historically,
insulin coma therapy was used in schizophrenia patients [91]. Examination of postmortem
brain tissue samples from individuals with psychiatric or neurodegenerative diseases
demonstrated a coordinated decrease of DA metabolism-related genes (i.e., DIR, D2R, TH,
MAOB) and insulin receptor expression [92].

Considering the reciprocal interaction of the DA and insulin systems, prevention
and therapy of MetS by targeting the DA metabolism may be a promising approach.
Thus, D2R agonist bromocriptine has become the prospective medication to manage MetS,
obesity, and T2DM. It improves glycemic parameters such as plasma cholesterol and being
overweight [93]. The bromocriptine effect is mediated by both central and peripheral
processes modulation. As demonstrated in animal models, it impacts the imbalance of
DA signaling in the adipose tissue. Bromocriptine administration stimulates D1R and TH
expression in white adipose tissue and the liver activates lipid oxidation. Additionally,
bromocriptine increases insulin receptor expression levels in adipose tissue and contributes
to the improvement of fasting glucose levels [94].

5. Norepinephrine Signaling in GSIS Regulation

Islets are innervated by adrenergic nerves projecting from the celiac ganglion or
the paravertebral sympathetic ganglia. Thus, NE is released in pancreatic islets from
sympathetic inputs. In addition, the murine «-cell line, alpha TC1 clone 6, may also
produce NE [25]. NE reduces insulin and SST secretion and stimulates glucagon and PP
secretion in islets [25,26].

Different adrenergic receptors are involved in GSIS regulation. The inhibitory effect of
NE is mediated by ADRA adrenergic receptors (Figure 1a), whose blockade counteracts the
inhibition of GSIS by electrical sympathetic nerve activation. GSIS inhibition by ADRA2A
activation is accompanied by hyperpolarization of the 3-cells and reduction in the cyto-
plasmic concentration of Ca?* and cAMP [95]. It was found that rs553668 polymorphism in
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the 3’ UTR region of ADRA2A may be linked to impaired insulin secretion and GSIS, and
an increased risk of T2DM [96].

The stimulatory action of ADRB receptors is mediated by the increased formation
of cAMP in f3-cells [51]. ADRB2-KO mice are glucose intolerant because of impaired
GSIS; they have significantly higher blood glucose both upon fasting and under random
feeding conditions and decreased fasting serum insulin levels compared to their wild-type
littermates. It also was demonstrated that in 20-month-old mice, ADRB2 expression was
significantly lower compared to young animals; thus, it was postulated that the reduced
ADRB2 expression might contribute to the age-related decline of glucose tolerance in
mice [97]. In an experimental model of T2D, the ADRB2 ligand ephedrine showed a
hypoglycemic effect together with facilitating the regeneration of the pancreatic islets after
their atrophy [98].

Prolonged NE exposure leads to the upregulation of insulin secretion and profound
changes in the GPCR repertoire in islet cells. After chronic NE treatment of islets, the levels
of Gus, Gz, Gp1, and Gg proteins were 42.8%, 19.4%, 24.8%, and 16.9% lower compared
to the untreated islets, respectively. The negative regulator of insulin secretion, Ucp2, was
also reduced in the NE-exposed (3-cells [57].

A study of genetic factors responsible for the development of insulin resistance showed
that mutations in ADRB3 may be involved in the development of tissue insulin sensitivity
disorders [99]. However, this association seems to be related to NE signaling from the
pancreatic islets, in particular, in visceral adipose tissue. Previously, a relationship between
obesity and its associated metabolic complications, as well as increased visceral fat ADRB3
sensitivity, was proven [100].

6. 5-HT Participation in 3-cell Modulation

5-HT regulates several functions in the CNS and outside the brain, including colon
motility, immune function, and blood flow. In (3-cell, 5-HT regulates GSIS (Figure 1b) and pro-
liferation, particularly in the adaptation to hyperglycemia, a high-fat diet, or pregnancy [101].
Basal 5-HT production in (3-cells is required for physiological insulin release [27]. These
cells express all proteins required to synthesize and package 5-HT, which is stored in insulin
granules and co-released with insulin after glucose stimulation [28,45,102,103]. Islet cells also
express SERT, which allows the re-uptake of secreted 5-HT [101].

5-HT receptors are structurally different. 5-HT3Rs are ligand-gated cation channels,
but all the other 5-HT receptors are GPCRs. These receptors are expressed in different
populations of islet cells. 3-cells express 5-HT1AR, 5-HT2CR, 5-HT1DR, 5-HT2BR, and
5-HT3Rs. 5-HT1FRs were detected in «-cells, and 5-HT5ARs are specific to d-cells [104].

5-HT1AR'’s agonists significantly reduced GSIS in rats [105]. In contrast, 5-HT2BR
and 5-HT2CR receptors increased insulin secretion from pancreatic 3-cells [43,99] through
the activation of the phospholipase C pathway, with a subsequent increase in intracellular
Ca?* [27]. When B-cells grow in medium supplemented with 5-HT2B receptor antagonist
SB204741 or high (30 mmol/1) glucose concentrations, the expression of this receptor
becomes reduced [106]. It was also demonstrated that this receptor is involved in GSIS
activation and {3-cells proliferation in pregnancy [27,102]. The 5-HT2B receptor is a critical
modulator of physiological insulin secretion and its inactivation blunts GSIS [27].

5-HT2CR expression in 3-cells and its effect on GSIS activity depends on its mRNA
editing. Adenosine to inosine (A-to-I) RNA editing increases the receptor 5-HT potency,
agonist binding affinity, constitutive activities, and G protein coupling activity. The ex-
pression of this 5-HT2CR also depends on the feed consumption induced by an insulin
resistance-initiating diet. The expression of the enzyme ADAR?2 involved in the 5-HT2CR
mRNA editing is also upregulated by the same diet [107].

GSIS is accompanied by 5-HT release from the {3 cells, and then 5-HT provides negative
paracrine and autocrine feedback loops for the insulin secretion. 5-HT1ARs mediate
autocrine GSIS downregulation by 5-HT on (-cells, and paracrine downregulation is
implemented by the binding with 5-HT1FR on «-cells and the consequent inhibition of
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glucagon secretion [101,104]. In contrast, activation of 5-HT2 and 5-HT3 receptors potentiate
GSIS in (-cells [101].

Downstream insulin effects may also be modulated by 5-HT. It is expected that the
5-HT?2 antagonist ketanserin impairs insulin sensitivity by suppressing 5-HT2A receptor-
mediated glucose uptake in skeletal muscle [108].

Several effects of 5-HT in pancreatic cells are bypassing receptors and mediated by
serotonylation of proteins. In 3-cells, protein serotonylation is a meaningful mechanism,
thus enhancing insulin granule exocytosis by activating small GTPases [27,28].

7. Trace Amine Signaling and TAARs in Pancreatic Islets
7.1. TAARs-Dependent Regulation Mechanisms

TAs are a group of endogenous and exogenous compounds that structurally resemble
biogenic monoamines. In the mammalian CNS, their concentration is extremely low and
does not exceed 50 ng/g (500 nM), so the TAs were named according to their trace concen-
trations [1]. TAs are structurally and metabolically related to classical monoamine neuro-
transmitters. In low concentrations, these molecules become modulators of monoaminergic
activity, especially the activities of the DA or 5-HT systems. This property determines their
influence on mood and emotional background. At high concentrations, TAs demonstrate an
amphetamine-like effect on the release, reuptake, and biosynthesis of catecholamines and
indolamines. The ability of TA signaling to modulate monoaminergic systems attracted in-
terest as a potential therapeutic target for the management of mental and neurodegenerative
diseases [109].

The most-studied TAs are 3-phenylethylamine (PEA), tyramine (TYR), tryptamine
(TRP), 3-iodothyronamine (T1AM), and octopamine (OCT). These and many other less-
studied mammalian TAs are TAAR agonists at their physiological concentrations. Despite
20 years of TAAR research, the progress regarding their study is relatively slow, reflecting
some limitations in its exploration. First, the TAARs investigation is limited because of the
low expression of these proteins. Other constraints are associated with intracellular TAAR
localization and, last but not least, the wide diversity of TAAR ligands [2,110].

As is currently known, TAARs are members of the rhodopsin A-like GPCR family
with seven transmembrane domains. The ligand-receptor interaction leads to cAMP
accumulation, modulation of PKA and PKC signaling, and, possibly, 3-arrestin 2-dependent
pathway activation (at least after TAAR1 binding with its ligands). The influence of TAAR1
on the opening of internally (inwardly) rectifying K+ GirK channels was also revealed [17].
At least 26 TAAR subtypes belonging to 9 families were described in vertebrates, and their
distribution in different species varies significantly. The TAAR gene family members which
were identified in human and several animal models following the Ensembl database [111]
are summarized in Table 1. Although TAAR expression was initially found in pancreatic
-cells, the studies of these receptors were for a long time focused specifically on their
function in the CNS. This interest was attributed to the TAAR gene localization on the
human chromosome 6q23.2 locus associated with susceptibility to schizophrenia [3].

Table 1. TAAR genes diversity in human and animal models.

Species Number of Genes Identified TAAR Genes
Homo sapiens 6 TAAR1, TAAR2, TAAR5, TAAR6, TAARS, TAAR9
Pan trogloditus 3 TAAR1, TAAR5, TAARG6
Chlorocebus sabaeus 4 TAAR1, TAAR2, TAARS5, TAARG6

Mus musculus

Rattus norvegicus

Taarl, Taar2, Taar3, Taard, Taar5, Taar6, Taar7a, Taar7b, Taar7d, Taar7e,
Taar7f, Taar8a, Taar8b, TaarSc, Taar9
Taar1, Taar2, Taar3, Taar4, Taar5, Taar6, Taar7a, Taar7b, Taar7c, Taar7d,
Taar7e, Taar7f, Taar7h, Taar7g, Taar8a, Taar8b, Taar8c, Taar9

15

18
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The first discovered and most studied of the TAARs is TAARL. In the brain, its expres-
sion is concentrated in the monoaminergic systems, including the VTA, the dorsal raphe,
and their projections in the striatum, amygdala, hypothalamus, and frontal cortex, suggest-
ing a TAAR1 role in modulating DA, 5-HT, and possibly NE neurotransmission [1,110,112].

All TAARs except TAAR1 are represented in the olfactory epithelium, where they
are involved in the detection of various innate olfactory stimuli mediated by volatile
amines [113,114]. However, growing evidence confirms that TAARs are also present in the
CNS, particularly in limbic brain areas receiving olfactory input [5], and can be involved in
adult neurogenesis, as was demonstrated in TAAR5-KO mice [115,116]. TAARS was found
in the amygdala, arcuate nucleus, ventromedial hypothalamus, frontal cortex, hippocam-
pus, and SN [2,117]. Systemic transcriptomic analysis demonstrated a wide representation
of TAARS in the adult human brain, especially in the limbic brain regions associated with
the processing of olfactory signals and control of emotions [117]. A TAARG transcript was
found in the amygdala, frontal cortex, hippocampus, striatum, and SN [2,118,119].

TAAR expression has also been demonstrated outside the CNS, in the mammalian
digestive, endocrine, cardiovascular, and immune systems. The expression of TAARI,
TAAR?2, and TAAR6 was shown in the cells of the gastrointestinal tract. TAAR1 is predomi-
nately expressed in the mouse, rat, or human stomach and small intestine. TAAR2, TAARS,
and TAARY expression were detected in the mucous cells of the duodenum in mice and
rats [2,120]. Human leukocytes express TAAR1, TAAR2, TAARS5, TAAR6, TAARS, and
TAAR9 [121]. Of particular interest is the TAAR expression in the islet 3-cells. TAAR1 co-
localization with insulin in pancreatic 3-cells, as well as the modulating effects of TAAR1 on
DA transmission, may underlie the relationship between TA-mediated signaling pathways
and metabolic diseases, in particular, T2DM [122].

7.2. Relationship between the Trace Amine System and the Monoaminergic Systems

Given the involvement of the DA system in the pathogenesis of MetS, it is important to
understand the possibilities of its targeting in metabolic diseases. It is known that TAAR1
modulates the DA neurotransmission regulating the rate of dopaminergic neurons’ excita-
tion, the sensitivity of D2R to ligands, and the activity of the DAT [123]. The mechanisms
underlying the interaction of the DA and TA systems will be considered. TAAR1 and D2R
have a functional and structural relationship. Both receptors belong to the GPCR family and
could form a heterodimer on the surface of the cell membrane [124,125]. The interaction of
two receptors in the complex impacts its properties. After heterodimerization with D2R,
TAAR1, which is predominantly intracellular in the monomeric form, migrates to the cell
surface. In parallel, D2R signaling activity shifts from the (3-arrestin 2 signaling pathway
to Gi activation. The 3-arrestin 2 affinities to D2-like receptors decrease, which leads to
the suppression of GSK3 signaling [1,126,127]. Furthermore, after the heterodimerization,
D2R and TAAR1 become co-internalized upon any of the receptors’ stimulation [124,125].

Currently, the evidence suggests an antagonistic relationship between the DA and
TA systems. D2R blockade selectively enhances TAAR1 signaling [128], while TAARs’
agonists, such as PEA and TYR, inhibit the excitation of DA neurons in the VTA, SN,
and nucleus accumbens. The supposed mechanism of DA neuron inhibition is related to
alterations in D2R autoreceptor activity [129]. In contrast, in TAAR1-deficient mice, the
DA metabolite, homovanillic acid accumulates extracellularly in the dorsal striatum and
nucleus accumbens, which suggests the increased DA release in these structures. DA release
is also stimulated by TAAR1 antagonists and inhibited by TAARI agonists in wild-type
mice. However, TAARI insufficiency does not affect the kinetics of DA uptake and DAT
function [128,130].

Thus, the TA system, in particular TAAR1, apparently functions as a negative control
mechanism for DA release and exerts an inhibitory effect on DA neurons.

There is some evidence for the interaction of TA and 5-HT signaling. For example, TA
may also indirectly cause increased susceptibility to oxidative stress in tissue through their
modulation of 5-HT. The absence of TAAR1 in model animals is associated with increased
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DA and 5-HT signaling [131,132]. TAAR5-KO mice also showed a deregulated 5-HT and
DA system [5,115]. Since it was suggested that TAARI could act as a rheostat of 5-HT
signaling [1,131], the relation between TAARs and 5-HT signaling components is expected.

7.3. Background and Prospects for the Clinical Use of Trace Amines and their Receptors

The involvement of the TA system in regulating biogenic amine-mediated processes
suggests its role in MetS pathogenesis. Besides the modulating effect of TAAR1 activation
on DA transmission, TAARs may be implicated in the control of energy metabolism, nutri-
tion, eating behavior, body weight, and insulin sensitivity [2]. TAAR expression outside
the CNS is interesting in terms of MetS pathogenesis and therapy. TAAR1 expression was
detected in the stomach and intestinal neuroendocrine cells, and in pancreatic 3-cells which
could impact insulin production and systemic function of the endocrine pancreas [122,133].
It was suggested that TAARI activation in 3-cells by ractopamine can stimulate GSIS [134].
Also, it was demonstrated that the acute TAAR1 activation in vivo by the selective small
molecule agonist RO5166017 stimulates insulin secretion, but in sub-chronic treatment by
supplying RO5166017 with food for 7 days improves insulin sensitivity and reduces insulin
plasma levels in mice [122].

The gradually accumulating evidence for TAARs’ involvement in energy metabolism
makes it possible to consider these receptors as the targets in MetS therapy. In the aspect
of MetS, it is important to consider the TAARs’ role in regulating eating behavior, the
violation of which may underlie the etiology of obesity, which is an important factor in MetS
development. A TAAR1 agonist, RO5256390, was demonstrated to prevent the compulsive
eating of delicious food. The proposed background of this effect, as with drug abuse and
addiction, is the modulation of DA projections in the medial prefrontal cortex. In conditions
associated with disturbed eating behavior, i.e., overeating and obesity, an increased DA
release during food intake occurs. Rats receiving the TAAR1 agonist RO5256390 exhibited
a selective reduction in sugary food consumption without effect on either baseline intake
or food restriction-induced overeating on the standard chow diet [135].

TAARs expressed outside the CNS also may be potential medication targets for MetS,
as TAAR-expressing cells outside the brain also may be involved in the pathogenesis of
metabolic diseases. This perspective is attractive since such TAAR-targeted compounds
may release their therapeutic potential without impacting the cognitive or behavioral
functions if they have a limited capacity to cross the blood-brain barrier [2]. For example,
TAAR1 expression in the SST-producing D-cells in the stomach was found [136]. SST
released from D-cells has a paracrine effect on the ghrelin production in the stomach
and consequent downregulation of the ghrelin synthesis [137]. Ghrelin is known as the
“hunger hormone” and its depletion leads to decreased food consumption. The TAAR1
agonist RO5166017 stimulates SST production in stomach D-cells and this effect seems to
be TAAR1 dependent [136]. Also, it was identified that TAAR1 gene knockout in mice is
associated with an increase in catabolic reaction, although the basis of this association is
not described yet [138].

TAAR1, TAAR?2, and TAARY receptors are expressed in the mucosal layer of the
duodenum in mice. These receptors are suggested to be involved in hormonal secretion,
or motility regulation [2,120]. In the duodenum, TAARs are co-localized with the cells
producing the neuroendocrine marker chromogranin A or hormones involved in appetite
regulation and glucose level control as GLP1 and PPY [122].

The inhibition of certain TAARs may improve MetS severity. Two TAAR9-KO rat
strains have lower low-density lipoprotein cholesterol levels in the plasma compared
to their wild-type counterparts [139]. A high LDL-C level is a significant risk factor for
CVD development. The extremely low LDL cholesterol levels may also be related to ad-
verse effects like hemorrhagic strokes, dementia, depression, hematuria, and cancers [140].
However, TAAR9-KO rats had LDL plasma levels only twice lower than the wild-type
animals, so this TAAR9-KO rats feature seems to be safe for health. No health-damaging
consequences of TAAR9 deletion were found in both rat knockout lines tested [139]. The
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identified associations between TAARs and the regulation of mechanisms involved in
metabolic syndrome development are represented in Figure 3.

consumption
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Figure 3. The associations between TA AR-mediated signaling and mechanisms involved in metabolic
syndrome development. (1) TAAR1 expression was identified in brain structure involved in the re-
ward system regulation which is involved in food consumption regulation; (2) TAAR1 was identified
in the stomach epithelium, its activation on the D-cells leads to the somatostatin realizing, downregu-
lation of ghrelin production, and reduces the feeling of hunger; (3) in the duodenum, TAAR1, TAAR2,
and TAAR9 were identified; it is suggested that these receptors are involved in the regulation of
neuroendocrine secretory cells that control appetite and glucose metabolism; (4) TAAR1 is expressed
in B-cells and regulates insulin secretion, TAAR1 agonists could stimulate insulin secretion, but if
TAAR1 dimerizes with ADRA2A, the effect of its activation on insulin secretion becomes inhibitory;
(5) TAAR9 seems to be involved in the cholesterol metabolism regulation, but this regulatory mech-
anism is not clearly understood yet. Parts of the figure were drawn using pictures from Servier
Medical Art. Servier Medical Art by Servier is licensed under a Creative Commons Attribution 3.0
Unported License.

Recently, TAAR1 missense mutations, S49L, and I171L were found in obese/overweight
patients with slightly impaired glucose homeostasis, and R23C substitution was identified
in a patient with a complete loss of insulin production. These alleles are rare, thus their
impact on glucose metabolism currently has not been fully investigated. An in vitro assay
revealed a partial loss of function for S49L and a complete loss of function for R23C [141].

However, it was demonstrated that the overrepresentation of tryptamine and phenethy-
lamine producers in the enteric microbial community may play a pathogenic role in insulin
resistance development. It was evidenced that the identified effect of dysbiosis is me-
diated by the TAAR1 activation that impairs insulin signaling in the metabolic tissues,
including white adipose tissue (WAT), liver, and skeletal muscle. Thus, the TAARs, at
least TAAR1, impact on the metabolic disorders seems to be dualistic [142]. Also, TAAR1
agonist N-methyltyramine provokes insulin resistance in adipocytes in vitro, despite its
weak insulin-like effect in these cells in insulin-free conditions [143].

Because of the complex MetS nature, involving the disturbance of glucose and lipid
metabolism accompanied by hypertension, activation inflammatory pathways, and differ-
ent organ complications, multi-component treatment regimens are administered in this
condition. This resulted in low patient compliance with the difficult-to-apply regimen
and additional undesirable drug—drug interactions. The hopeful way to overcome these
disadvantages is the development of multi-targeted therapeutic compounds that could
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improve different individual MetS symptoms at the same time [144,145]. The commonly
known examples of such medications are PPAR agonists because PPARY plays a significant
role in the regulation of lipid metabolism, glucose homeostasis, adipogenesis, and several
inflammatory processes [144].

The TAARI interaction with D2R with downstream behavioral effects seems to be
only the “tip of the iceberg” in terms of its complex function. TAARI is suggested to be
constitutively active or tonically activated in the central nervous system and modulate
monoamine neurotransmission activity [142]. TAAR1 was found in cells involved in innate
and adaptive immune response, thrombocytes, lung tissue, the esophagus and stomach,
uterine cervix, prostate, kidneys, liver, and others. The function of TAARs in these cells
largely remains unknown [1,15,146,147]. So, TAARs seem to be an attractive drug target as
they are modulators of multiple processes in different organs and tissues.

7.4. TAAR Activity in the Pancreatic Islets as Part of the Systemic Metabolism Regulation by TAs

First, the idea of TA implication in metabolic processes arose when it was found that the
TAARI1 agonist RO5263397 exerted potential antipsychotic activity with no metabolic side
effects and minimized the weight gain in rodents undergoing D2R-blocking antipsychotic
treatment [148]. Recent Phase II clinical trials with the first-in-class antipsychotic not
affecting D2R, TAAR1 agonist with 5-HT1A activity SEP-363856 (Ulotaront), supported
these observations [149]. In a 6-month open-label study, Ulotaront demonstrated significant
antipsychotic activity without extrapyramidal-related adverse effects, a low liability for
adverse weight and metabolic effects, and no effect on prolactin levels [150].

TAARLI is expressed in the 3-cells [133,151]. TAAR activation affects insulin secre-
tion through cAMP signaling pathways. It was demonstrated that TAAR1, TAAR3, and
TAAR4 ligands increase the level of cAMP and GSIS in the INS-1 mouse (-cell line [151].
Furthermore, TAAR family gene expression in islets is downregulated by glucolipotoxic-
ity [151,152]. In 3-cells, in glucolipotoxic conditions, TAAR1 expression loss is accompanied
by the downregulation of stimulatory G4s protein, whereas inhibitory Gai protein becomes
overexpressed. These expression changes are suggested to be associated with the suppres-
sion of GPCR-mediated GSIS upregulation [152].

The effect of TAARI activation in (3-cells is the most studied TAAR-dependent process
in islets. This receptor mediates GSIS potentiation by membrane depolarization, increases
vesicle priming and fusion at docking sites, and stimulates phosphorylation of the key
transcription factor CREB that promotes (3-cell functioning. Also, TAAR1 activation could
improve (3-cell mass in vitro [153]. Furthermore, TAAR1 agonist RO5256390 induces poten-
tiation of GSIS, possibly by the activation of calcium channels on the plasma membrane,
which was demonstrated in the Ins-1 -cell line in vitro [151].

TAARI1, TAAR2, and TAARS ligand T1AM and, especially, its synthetic analog SG2
with high affinity to TAARI, affect energy metabolism, inducing ameliorative effects
on insulin secretion and glucose homeostasis [154]. SG2 is also considered a promising
medication in the therapy and prevention of MetS and demonstrates more suitable phar-
macological properties than TIAM [150]. In contrast, GSIS stimulation by TIAM through
TAAR1 binding may be demonstrated only in insulinoma cell lines [133,155]. Simultane-
ously, TIAM is an agonist of other receptors, including TAARs, such as TAAR5 and TAARS,
so its influence on insulin secretion may be mediated by some other targets as well [153].
On the other hand, T1AM injection stimulates hyperglycemia [156] and increases plasma
glucagon levels in mice, but these effects seem to be rather dependent on the Gi/o coupled
Alpha-2A adrenergic receptor (ADRA2A) than TAAR1, which is coupled with coupled
Gs [157]. Another TAARI1 agonist, TYR, activates islets” pericytes, decreases blood flow,
lowers plasma insulin levels, and increases plasma glucagon levels [158]. The effect of TYR
is considered to be associated with its sympathomimetic properties [154].
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8. Evidence for TAARs Involvement in Islets Functioning from Transcriptomic Data
8.1. Whole Islet Transcriptomic Data

Publicly available transcriptomic data seem to be a prospective source of information
about expression patterns and their systemic analysis. In this context, the Gene Expression
Omnibus [159] database was searched for RNA-seq-generated transcriptomic data for
human pancreatic islets. The relevant whole-tissue datasets included in the analysis are
listed in Table 2. For the estimation of TAAR expression, all data were CPM-normalized by
the edgeR R package [160] version 3.42.4. A value of 0.5 CPM was applied as the threshold
for positive expression. As a result, all TAARs, except TAAR2, were detected in human islet
whole-tissue samples, at least in one of the studied datasets.

Table 2. Whole tissue sample transcriptome datasets included in analysis.

Accesion

Title

n TAAR1 TAAR2 TAAR5 TAAR6 TAARS TAAR9

GSE108072

Global transcriptomic

analysis of human

pancreatic islets
(RNAseq)

88 0.03-1.78*  0.01-0.06  0.01-0.07  0.01-0.06  0.01-0.05  0.01-0.06

GSE165121

Transcriptional

analysis of islets of
Langerhans from 30 0.8-28,6 0-0.1 0-18.9 0-10.5 0.5-18 0-10.6

organ donors of
different ages

GSE50244

Global transcriptomic
analysis of human

pancreatic islets

89 0-0.03 NA NA NA NA NA

reveals novel genes
influencing glucose
metabolism (RNA-seq)

GSE164416

Multi-omics profiling

of living human
pancreatic islet donors

133 ** 0-4.8 0-0.2 0-0.9 0-0.2 0-0.3 0-0.9

reveals heterogeneous
beta cell trajectories
toward type 2 diabetes

GSE86468

Single-cell

transcriptomics defines

human islet cell

signatures and reveals 24 0 0 0 0 0 0

cell-type-specific

expression changes in
type 2 diabetes (bulk)

* All expression values are represented in CPM. ** The study includes three groups, i.e., 18 healthy controls,
41 patients with impaired glucose tolerance, 35 type 3c diabetic patients, and 39 type 2 diabetic patients.

Because the dataset GSE165121 was the most informative for TAAR expression in
the pancreatic islets, we selected it for the study of the functional significance of TAAR
expression in these structures. In this dataset, all human TAARs” mRNA except TAAR2
were identified in most studied islet samples (Table 2, Figure 4a,b). TAARs’ co-expressed
genes in this dataset were further analyzed to explain the significance of TAAR expression
in healthy human pancreatic islets.
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Figure 4. TAARs and TAAR co-expressed gene clusters in pancreatic islets. (a) Expression levels
of TAAR1, TAARS5, TAAR6, TAARS, and TAARSY in pancreatic islets isolated from healthy donors;
(b) Venn diagram representing overlaps between TAAR1, TAARS, TAAR6, TAARS, and TAAR9 co-
expressed gene clusters; (c) analysis of Gene Ontology (GO) enrichment of TAAR co-expressed gene
clusters; (d) analysis of KEGG pathway enrichment of TAAR co-expressed gene clusters.

TAARs’ co-expressed genes were selected by Pearson correlation analysis (r > 0.7,
p <0.05). Intriguingly, the expression levels of all detected TAARs were correlated with
the expression of the same genes. TAAR-associated gene clusters were analyzed by the
Gene Ontology (GO) terms enrichment test (i.e., identification of the gene’s functional
groups that are over-represented in the gene set) and the KEGG pathway enrichment test.
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The analysis was performed by the clusterProfiler R package [161] version 4.8.3. Biologic
process (BP) ontology was applied for the GO terms enrichment analysis.

Both applied methods reveal the co-expression of TAARs with genes implicated in
other GPCR-mediated biological processes, particularly with olfactory and taste receptor
activity, and perception of other chemical stimuli (Figure 4c,d). The co-expression of TAARs
with other chemosensory receptors may mirror their implication in the islet hormone secre-
tion regulation in the response to chemical stimuli. For example, it was demonstrated that
ectopic odorant receptors (ORs) in pancreatic islets regulate insulin and glucagon secretion,
fatty acid oxidation, lipogenesis, thermogenesis, and other processes. At least 47 ORs
have been proven to be expressed in human pancreatic islets and the pancreatic 3-cell line
MING [162], where these receptors regulate insulin secretion and inflammation [163-167].
The olfactory marker protein (OMP) is also expressed in pancreatic islets, especially in o-
cells, in which it participates in glucagon secretion regulation. Taste receptors are identified
in pancreatic islets [168,169]. Sweet taste receptors TAS1R1, TASIR2, and TAS1R3 stimulate
insulin secretion from 3-cells [170-173].

8.2. TAAR1 Co-Expression Cluster Changes in Metabolic Diseases

The GSE164416 dataset includes gene expression data for islets of healthy donors
(n =18) and patients with pre-diabetic conditions (n = 41), T2DM (n = 39), or type 3¢
diabetes (T3cD, pancreatogenic diabetes, n = 35). TAAR1 expression was detected in all
study groups (Figure 5a), while other TAARs were not expressed or expressed below the
cut-off (this discrepancy with data discussed above may be because of the methodological
aspects that impact sequencing sensitivity).
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Figure 5. TAAR1T and TAAR1 co-expressed gene clusters in pancreatic islets isolated from healthy
donors and patients with metabolic diseases. (a) Expression levels of TAARI healthy donors and
patients with metabolic diseases; (b) functional similarity of TRAAI co-expressed genes in islets
isolated from healthy donors and patients with metabolic diseases. ND—non-diabetic (healthy
donors), PreD—pre-diabetic, T2D—type 2 diabetes, T3cD—type 3c patients. *—p < 0.05, **—p < 0.01,
__p < 0.001

Considering that co-expressed genes are implicated in the same functions [174], we
estimate the functional similarity of genes co-expressed with TAARI in healthy controls
and patients with prediabetic conditions or diabetes. GO biologic process terms semantic
similarity was used to quantify the functional association of TAARI co-expressed (r > 0.5,
p < 0.05) genes. The semantic similarity was estimated by the Wang coefficient [175] by
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applying the GOSemSim [176] R package version 2.26.1 in each gene cluster. Then, the
Wang coefficient values were compared between study groups by a Wilcoxon signed rank
test. A random 400-gene set was included in the comparison.

We found that co-expressed genes in healthy donors have significantly higher (p < 0.001)
functional relationships compared to prediabetic, T2D, and T3cD groups (Figure 5b). Also,
both in healthy donors and pre-diabetic patients, the functional similarity of TAARI co-
expressed genes was higher (p < 0.001) than in the random gene set. The dramatic loss of
functional similarity between TAARI co-expressed genes was identified in pancreatic islets
of T2D patients, and, especially, in pancreatogenic T3cD patients. This loss of functional
links may be related to the disturbance of TAAR1-mediated biologic processes with diabetic-
associated islets” damage.

8.3. RNA Sequencing of Single Cells and Cell Fractions Demonstrates Taar Expression in all Main
Islet Cell Populations, Especially in 6-Cells

Analysis of single-cell RNA sequencing (scRNA-seq) data and data obtained by
RNAseq in islet cell fractions confirms that TAART expression is observed in the 6-cells of
the pancreatic islets (Table 3). According to the dataset GSE81547, TAAR1 is expressed in
7% of the human pancreatic 6 cell population.

Table 3. Single-cell RNA seq and cell fractions transcriptome datasets included in the analysis.

Accession Title Cells n TAAR1 TAAR2 TAARS5 TAAR6 TAARS TAAR9
Gspsrors  Ase- dependent gene expression changes o-cells 10 0-0.2* ND 0-0.07 0-0.08 0-0.08 0-0.04
in human islets B-cells 10 0-1.14 0-0.4 0-0.96 0-0.97 0-0.2 0-0.04
Single-cell transcriptome analysis of o-cells 998 0-2.25 0 0 0 0-111 0-0.79
human pancreas reveals transcriptional
GSE81547 signatures of aging and somatic B-cells 348 0 0 0 0 0 0
mutation patterns. 5-cells 83 0-173 0 0 0 0 0
GSES80780 Human islets contain four distinct B-cells 2 0-0.26 0-0.06 0-0.6 0 0-0.06 0-0.08
subtypes of 3 cells
Single-cell transcriptomics defines human o/B/8/ 239/263/ 0 0 0 0 0 0
GSES6469 islet cell signatures and reveals stellate cells  25/19/18
cell-type-specific expression changes in
type 2 diabetes (single-cell) ppP 18 0-0.8 0 0 0 0 0
«-cells 18 0.1-0.54 0.3-1.6 0.1-0.54 0.1-0.54 0.1-0.54 0.1-0.54
Single-cell transcriptomics reveals unique 3-cells 12 0.08-046  0.24-1.37  0.08-0.46 0.08-0.46 0.08-0.46 0.08-0.46
GSE73727 features of human pancreatic islet cell
subtypes S-cells 2 0.18-0.24 0.55-0.71 0.19-0.23 0.18-0.024 0.18-0.024 0.18-0.24
PP cells 9 0.1-0.58 0.3-1.74 0.1-0.58 0.01-0.58 0.01-0.58 0.01-0.58
GSE106148 & Cell Function and Gene Expression Are ocells 5 0-1 0-1 0 0 0 0

Compromised in Type 1 Diabetes

* All expression values are represented in CPM.

TAAR1 mRNA was identified in other pancreatic cell populations, including c-cells.
Analysis of other scRNA-sec datasets and transcriptomic datasets of cell fractions (GSE86469,
GSE73727, GSE57973) also revealed TAAR1 expression in 3-cells and PP cells of pancreatic
islets, and duct cells belonging to the exocrine pancreas.

Thus, the expression of TAARI in islets is associated with 5-cells, while the expression
of other TAARs in the endocrine pancreas cells seems to be sporadic. &-cells are SST-
producing cells. In human islets, the SST-secreting -cells make up 1-5% of the total islet
cell population [177]. These cells express receptors that can sense appetite-regulating
hormones leptin (LEPR) and ghrelin (GHSR), the growth factor neuregulin 4 (ERBB4), and
the DA (D2R). The function of 5-cells is the integration of complex metabolic signals via
different signaling pathways and regulation of insulin and glucagon synthesis in - and
a-cells, respectively [25]. It is possible that TAAR1 activation in & cells causes the effect that
then becomes amplified downstream.
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9. Review Limitations

There are several limitations in this review that need to be acknowledged. Current
knowledge of the trace amine and trace amine-associated function regulatory functions
remains fragmental and needs further studies. The agonists of TAAR2, TAAR6, TAARS,
and TAAR9 are not well defined, and high-specific agonists are not available for these
receptors. TAARs are considered rheostats of GPCR-mediated monoamine signaling, but
their impact on the other GPCR-mediated pathways has not been studied. Thus, it is
difficult to identify the biological base of some identified trends.

As the literature data for TAAR expression in pancreatic islet and islet cell populations
are limited, we add the information mined from the GEO NCBI repository. It should be
noted that TAARs are expressed at low levels, thus only transcriptomic datasets that were
generated with suitable sequencing depth are suitable for the estimation of these receptors’
expression. Therefore, the lack of TAAR expression in some samples may be because of
false-negative results related to the insufficient sequencing depth. The RNA sequencing
data from different groups cannot be completely standardized and combined for statistical
analysis. We can only demonstrate some similar trends that are reproduced in different
datasets and find out that the result is congruent and replicable.

The results generated by the systems biology methods like the semantic similarity
analysis and GO terms or KEGG pathway enrichment analysis need further confirmation
by the laboratory studies.

10. Conclusions

Currently, the concept of TAs and their receptors is gradually expanding outside
their function in the olfactory system. TAAR1 primarily was shown outside the olfactory
system, and this receptor has already been identified as the target of therapeutic agents for
schizophrenia, depression, and drug addiction. Its role in the pathogenesis of other diseases,
including MetS, continues to be studied. The pattern of TAAR expression allows suspecting
the involvement of the TA system in the MetS pathogenesis. Other TAARs were also
found in endocrine glands that control energy metabolism, including the hypothalamus,
thyroid, and pancreatic islets. In addition, TAARs are important endogenous modulators
of other neurotransmitter systems, in particular, dopaminergic transmission, which can
be disturbed in MetS. Also, the antagonistic relationship between DA and insulin has
been described. A deficiency in DA neurotransmission could cause MetS or its individual
symptoms, including weight gain, insulin resistance, hypertension, and glucose intoler-
ance. Meanwhile, insulin deficiency may trigger the development of depression and eating
behavior disorders. DA signaling in the endocrine pancreas regulates insulin secretion and
maintains glucose homeostasis. TAARI ligands in physiological concentration negatively
regulate the DA system, which may draw attention to these compounds as putative thera-
peutic agents for MetS prevention or treatment. However, this hypothesis is contradicted
by the effect of some natural TAAR1 agonists, which can elicit insulin resistance. Such
results may be explained by the difference in exposure, dose, or the complex interaction of
the TA system with other regulatory pathways.

By using bioinformatics approaches, we observed TAAR expression in pancreatic islets.
Our in silico analysis demonstrates that TAARs, especially TAAR1, may be involved in the
complex regulation of GSIS in the response to chemical stimuli, which is destroyed in type
2 diabetes and prediabetic metabolic disorders. Furthermore, TAARs were identified not
only in insulin-producing {3-cells but also in «- and é-cells, which are involved in the GSIS
regulation. The effect of TAAR ligands on these cells, especially on the 4-cells, has not yet
been investigated. These facts, along with the reported effects of TAAR1 agonists, should
be considered in future research to explore if MetS management with TAAR-targeting
compounds is possible.



Biomolecules 2023, 13, 1618 20 of 27

Author Contributions: Conceptualization, R.R.G.; methodology, A.N.V.; validation, A.N.V.; for-
mal analysis, A.N.V,; investigation, T.S.S. and A.N.V,; resources, RR.G.; data curation, AN.V,;
writing—original draft preparation, T.S.S., AN.V,, RN.R. and C.S.; writing—review and editing,
AN.V,RN.R, K.VL. and C.S,; visualization, A.N.V.,, K.V.L.; software, A.N.V,; supervision, RR.G.;
project administration, R.R.G.; funding acquisition, R.R.G. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by the Russian Science Foundation (19-75-30008-P).

Data Availability Statement: All datasets are available in the GEO database (https://www.ncbi.nlm.
nih.gov/geo/, accessed on 15 September 2023).

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Gainetdinov, R.R.; Hoener, M.C.; Berry, M.D. Trace Amines and Their Receptors. Pharmacol. Rev. 2018, 70, 549-620. [CrossRef]
[PubMed]

Berry, M.D.; Gainetdinov, R.R.; Hoener, M.C.; Shahid, M. Pharmacology of Human Trace Amine-Associated Receptors: Therapeu-
tic Opportunities and Challenges. Pharmacol. Ther. 2017, 180, 161-180. [CrossRef] [PubMed]

Borowsky, B.; Adham, N.; Jones, K.A.; Raddatz, R.; Artymyshyn, R.; Ogozalek, K.L.; Durkin, M.M.; Lakhlani, P.P.; Bonini, J.A.;
Pathirana, S.; et al. Trace Amines: Identification of a Family of Mammalian G Protein-Coupled Receptors. Proc. Natl. Acad. Sci.
USA 2001, 98, 8966—8971. [CrossRef] [PubMed]

Bunzow, ].R.; Sonders, M.S.; Arttamangkul, S.; Harrison, L.M.; Zhang, G.; Quigley, D.I,; Darland, T.; Suchland, K.L.; Pasumamula,
S.; Kennedy, J.L.; et al. Amphetamine, 3,4-Methylenedioxymethamphetamine, Lysergic Acid Diethylamide, and Metabolites
of the Catecholamine Neurotransmitters Are Agonists of a Rat Trace Amine Receptor. Mol. Pharmacol. 2001, 60, 1181-1188.
[CrossRef] [PubMed]

Espinoza, S.; Sukhanov, I.; Efimova, E.V.; Kozlova, A.; Antonova, K.A,; Illiano, P; Leo, D.; Merkulyeva, N.; Kalinina, D.;
Musienko, P.; et al. Trace Amine-Associated Receptor 5 Provides Olfactory Input Into Limbic Brain Areas and Modulates Emo-
tional Behaviors and Serotonin Transmission. Front. Mol. Neurosci. 2020, 13, 18. [CrossRef] [PubMed]

Samson, S.L.; Garber, A.J. Metabolic Syndrome. Endocrinol. Metab. Clin. North Am. 2014, 43, 1-23. [CrossRef] [PubMed]

Alberti, K.G.; Zimmet, P.Z. Definition, Diagnosis and Classification of Diabetes Mellitus and Its Complications. Part 1: Diagnosis
and Classification of Diabetes Mellitus Provisional Report of a WHO Consultation. Diabet. Med. 1998, 15, 539-553. [CrossRef]
Eberly, L.E.; Prineas, R.; Cohen, ].D.; Vazquez, G.; Zhi, X.; Neaton, J.D.; Kuller, L.H.; Multiple Risk Factor Intervention Trial
Research Group. Metabolic Syndrome: Risk Factor Distribution and 18-Year Mortality in the Multiple Risk Factor Intervention
Trial. Diabetes Care 2006, 29, 123-130. [CrossRef]

de Toro-Martin, J.; Arsenault, B.J.; Després, J.-P.; Vohl, M.-C. Precision Nutrition: A Review of Personalized Nutritional Approaches
for the Prevention and Management of Metabolic Syndrome. Nutrients 2017, 9, 913. [CrossRef]

Aguilar-Salinas, C.A.; Viveros-Ruiz, T. Recent Advances in Managing/Understanding the Metabolic Syndrome. F1000Reserch
2019, 8, F1000. [CrossRef]

Bjorntorp, P.; Rosmond, R. Neuroendocrine Abnormalities in Visceral Obesity. Int. |. Obes. Relat. Metab. Disord. 2000, 24 (Suppl. S2),
S580-S85. [CrossRef] [PubMed]

Sun, X.; Luquet, S.; Small, D.M. DRD2: Bridging the Genome and Ingestive Behavior. Trends Cogn. Sci. 2017, 21, 372-384.
[CrossRef] [PubMed]

Brunerova, L.; Potockova, J.; Horacek, J.; Suchy, J.; Andel, M. Central Dopaminergic Activity Influences Metabolic Parameters in
Healthy Men. Neuroendocrinology 2013, 97, 132-138. [CrossRef] [PubMed]

Revel, EG.; Meyer, C.A,; Bradaia, A.; Jeanneau, K.; Calcagno, E.; André, C.B.; Haenggi, M.; Miss, M.-T.; Galley, G,;
Norcross, R.D.; et al. Brain-Specific Overexpression of Trace Amine-Associated Receptor 1 Alters Monoaminergic Neurotransmis-
sion and Decreases Sensitivity to Amphetamine. Neuropsychopharmacology 2012, 37, 2580-2592. [CrossRef] [PubMed]

Freyberg, Z.; Saavedra, ].M. Trace Amines and Trace Amine-Associated Receptors: A New Frontier in Cell Signaling. Cell Mol.
Neurobiol. 2020, 40, 189-190. [CrossRef] [PubMed]

Dinter, J.; Miihlhaus, J.; Jacobi, S.E; Wienchol, C.L.; Coster, M.; Meister, J.; Hoefig, C.S.; Miiller, A.; Kohrle, J.; Griiters, A.; et al.
3-Iodothyronamine Differentially Modulates «-2A-Adrenergic Receptor-Mediated Signaling. J. Mol. Endocrinol. 2015, 54, 205-216.
[CrossRef] [PubMed]

Revel, EG.; Moreau, J.-L.; Gainetdinov, R.R.; Bradaia, A.; Sotnikova, T.D.; Mory, R.; Durkin, S.; Zbinden, K.G.; Norcross, R.;
Meyer, C.A.; et al. TAAR1 Activation Modulates Monoaminergic Neurotransmission, Preventing Hyperdopaminergic and
Hypoglutamatergic Activity. Proc. Natl. Acad. Sci. USA 2011, 108, 8485-8490. [CrossRef] [PubMed]

Straznicky, N.E.; Grima, M.T.; Lambert, E.A; Sari, C.I.; Eikelis, N.; Nestel, PJ.; Phillips, S.E.; Hering, D.; Karapanagiotidis, S.;
Dixon, ].B; et al. Arterial Norepinephrine Concentration Is Inversely and Independently Associated With Insulin Clearance in
Obese Individuals With Metabolic Syndrome. J. Clin. Endocrinol. Metab. 2015, 100, 1544-1550. [CrossRef]


https://www.ncbi.nlm.nih.gov/geo/
https://www.ncbi.nlm.nih.gov/geo/
https://doi.org/10.1124/pr.117.015305
https://www.ncbi.nlm.nih.gov/pubmed/29941461
https://doi.org/10.1016/j.pharmthera.2017.07.002
https://www.ncbi.nlm.nih.gov/pubmed/28723415
https://doi.org/10.1073/pnas.151105198
https://www.ncbi.nlm.nih.gov/pubmed/11459929
https://doi.org/10.1124/mol.60.6.1181
https://www.ncbi.nlm.nih.gov/pubmed/11723224
https://doi.org/10.3389/fnmol.2020.00018
https://www.ncbi.nlm.nih.gov/pubmed/32194374
https://doi.org/10.1016/j.ecl.2013.09.009
https://www.ncbi.nlm.nih.gov/pubmed/24582089
https://doi.org/10.1002/(SICI)1096-9136(199807)15:7%3C539::AID-DIA668%3E3.0.CO;2-S
https://doi.org/10.2337/diacare.29.01.06.dc05-1320
https://doi.org/10.3390/nu9080913
https://doi.org/10.12688/f1000research.17122.1
https://doi.org/10.1038/sj.ijo.0801285
https://www.ncbi.nlm.nih.gov/pubmed/10997616
https://doi.org/10.1016/j.tics.2017.03.004
https://www.ncbi.nlm.nih.gov/pubmed/28372879
https://doi.org/10.1159/000338405
https://www.ncbi.nlm.nih.gov/pubmed/22947694
https://doi.org/10.1038/npp.2012.109
https://www.ncbi.nlm.nih.gov/pubmed/22763617
https://doi.org/10.1007/s10571-020-00800-x
https://www.ncbi.nlm.nih.gov/pubmed/32006222
https://doi.org/10.1530/JME-15-0003
https://www.ncbi.nlm.nih.gov/pubmed/25878061
https://doi.org/10.1073/pnas.1103029108
https://www.ncbi.nlm.nih.gov/pubmed/21525407
https://doi.org/10.1210/jc.2014-3796

Biomolecules 2023, 13, 1618 21 of 27

19.

20.

21.
22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.
36.

37.

38.
39.

40.
41.

42.

43.

44.

45.

46.

47.

Straznicky, N.E.; Grima, M.T.,; Sari, C.I; Eikelis, N.; Lambert, E.A.; Nestel, PJ.; Esler, M.D.; Dixon, ]J.B.; Chopra, R;
Tilbrook, A.].; et al. Neuroadrenergic Dysfunction Along the Diabetes Continuum: A Comparative Study in Obese Metabolic
Syndrome Subjects. Diabetes 2012, 61, 2506-2516. [CrossRef]

Halder, I.; Muldoon, M.E; Ferrell, R.E.; Manuck, S.B. Serotonin Receptor 2A (HTR2A) Gene Polymorphisms Are Associated with
Blood Pressure, Central Adiposity, and the Metabolic Syndrome. Metab. Syndr. Relat. Disord. 2007, 5, 323-330. [CrossRef]
Priest, C.; Tontonoz, P. Inter-Organ Cross-Talk in Metabolic Syndrome. Nat. Metab. 2019, 1, 1177-1188. [CrossRef] [PubMed]
Nolan, C.J.; Prentki, M. Insulin Resistance and Insulin Hypersecretion in the Metabolic Syndrome and Type 2 Diabetes: Time for a
Conceptual Framework Shift. Diabetes Vasc. Dis. Res. 2019, 16, 118-127. [CrossRef] [PubMed]

Chen, Y;; Hong, F; Chen, H.; Fan, R.-F,; Zhang, X.-L.; Zhang, Y.; Zhu, J.-X. Distinctive Expression and Cellular Distribution of
Dopamine Receptors in the Pancreatic Islets of Rats. Cell Tissue Res. 2014, 357, 597-606. [CrossRef] [PubMed]

Di Cairano, E.S.; Moretti, S.; Marciani, P.; Sacchi, V.F; Castagna, M.; Davalli, A.; Folli, F.; Perego, C. Neurotransmitters and
Neuropeptides: New Players in the Control of Islet of Langerhans’ Cell Mass and Function. J. Cell Physiol. 2016, 231, 756-767.
[CrossRef] [PubMed]

Lawlor, N.; George, ].; Bolisetty, M.; Kursawe, R.; Sun, L.; Sivakamasundari, V.; Kycia, I.; Robson, P.; Stitzel, M.L. Single-Cell
Transcriptomes Identify Human Islet Cell Signatures and Reveal Cell-Type-Specific Expression Changes in Type 2 Diabetes.
Genome Res. 2017, 27, 208-222. [CrossRef] [PubMed]

Noguchi, G.M.; Huising, M.O. Integrating the Inputs That Shape Pancreatic Islet Hormone Release. Nat. Metab. 2019, 1, 1189-1201.
[CrossRef] [PubMed]

Cataldo Bascunan, L.R.; Lyons, C.; Bennet, H.; Artner, I.; Fex, M. Serotonergic Regulation of Insulin Secretion. Acta Physiol. 2019,
225, e13101. [CrossRef] [PubMed]

Paulmann, N.; Grohmann, M.; Voigt, J.-P.; Bert, B.; Vowinckel, J.; Bader, M.; Skelin, M.; Jevsek, M.; Fink, H.; Rupnik, M.; et al.
Intracellular Serotonin Modulates Insulin Secretion from Pancreatic Beta-Cells by Protein Serotonylation. PLoS Biol. 2009,
7,€1000229. [CrossRef]

Kassi, E.; Pervanidou, P.; Kaltsas, G.; Chrousos, G. Metabolic Syndrome: Definitions and Controversies. BMC Med. 2011, 9, 48.
[CrossRef]

Alberti, K.G.M.M.; Zimmet, P.; Shaw, J. Metabolic Syndrome-a New World-Wide Definition. A Consensus Statement from the
International Diabetes Federation. Diabet. Med. 2006, 23, 469-480. [CrossRef]

Monzavi, R.; Dreimane, D.; Geffner, M.E.; Braun, S.; Conrad, B.; Klier, M.; Kaufman, ER. Improvement in Risk Factors for
Metabolic Syndrome and Insulin Resistance in Overweight Youth Who Are Treated with Lifestyle Intervention. Pediatrics 2006,
117, e1111-e1118. [CrossRef] [PubMed]

Kleinridders, A.; Ferris, H.A.; Cai, W.; Kahn, C.R. Insulin Action in Brain Regulates Systemic Metabolism and Brain Function.
Diabetes 2014, 63, 2232-2243. [CrossRef]

Tokarz, V.L.; MacDonald, P.E.; Klip, A. The Cell Biology of Systemic Insulin Function. . Cell Biol. 2018, 217, 2273-2289. [CrossRef]
[PubMed]

Belfiore, A.; Frasca, F; Pandini, G.; Sciacca, L.; Vigneri, R. Insulin Receptor Isoforms and Insulin Receptor/Insulin-like Growth
Factor Receptor Hybrids in Physiology and Disease. Endocr. Rev. 2009, 30, 586—623. [CrossRef] [PubMed]

Bekerman, M. Cellular Signaling in Health and Disease; Springer: Berlin/Heidelberg, Germany, 2009.

Mackenzie, R.W.; Elliott, B.T. Akt/PKB Activation and Insulin Signaling: A Novel Insulin Signaling Pathway in the Treatment of
Type 2 Diabetes. Diabetes Metab. Syndr. Obes. 2014, 7, 55-64. [CrossRef] [PubMed]

Hill, M.A; Yang, Y.; Zhang, L.; Sun, Z; Jia, G.; Parrish, A.R.; Sowers, J.R. Insulin Resistance, Cardiovascular Stiffening and
Cardiovascular Disease. Metabolism 2021, 119, 154766. [CrossRef] [PubMed]

Milstein, J.L.; Ferris, H.A. The Brain as an Insulin-Sensitive Metabolic Organ. Mol. Metab. 2021, 52, 101234. [CrossRef]
McCracken, E.; Monaghan, M.; Sreenivasan, S. Pathophysiology of the Metabolic Syndrome. Clin. Dermatol. 2018, 36, 14-20.
[CrossRef]

Rorsman, P; Braun, M. Regulation of Insulin Secretion in Human Pancreatic Islets. Annu. Rev. Physiol. 2013, 75, 155-179. [CrossRef]
Amisten, S.; Salehi, A.; Rorsman, P.; Jones, PM.; Persaud, S.J. An Atlas and Functional Analysis of G-Protein Coupled Receptors
in Human Islets of Langerhans. Pharmacol. Ther. 2013, 139, 359-391. [CrossRef]

Bucolo, C.; Leggio, G.M.; Drago, E,; Salomone, S. Dopamine Outside the Brain: The Eye, Cardiovascular System and Endocrine
Pancreas. Pharmacol. Ther. 2019, 203, 107392. [CrossRef] [PubMed]

Ustione, A.; Piston, D.W.; Harris, PE. Minireview: Dopaminergic Regulation of Insulin Secretion from the Pancreatic Islet. Mol.
Endocrinol. 2013, 27, 1198-1207. [CrossRef] [PubMed]

Ohara-Imaizumi, M.; Kim, H.; Yoshida, M.; Fujiwara, T.; Aoyagi, K.; Toyofuku, Y.; Nakamichi, Y.; Nishiwaki, C.; Okamura, T.;
Uchida, T.; et al. Serotonin Regulates Glucose-Stimulated Insulin Secretion from Pancreatic 3 Cells during Pregnancy. Proc. Natl.
Acad. Sci. USA 2013, 110, 19420-19425. [CrossRef]

Huising, M.O. Paracrine Regulation of Insulin Secretion. Diabetologia 2020, 63, 2057-2063. [CrossRef] [PubMed]

Braun, M.; Ramracheya, R.; Rorsman, P. Autocrine Regulation of Insulin Secretion. Diabetes Obes. Metab. 2012, 14 (Suppl. S3),
143-151. [CrossRef] [PubMed]

Chandra, R; Liddle, R.A. Modulation of Pancreatic Exocrine and Endocrine Secretion. Curr. Opin. Gastroenterol. 2013, 29, 517-522.
[CrossRef] [PubMed]


https://doi.org/10.2337/db12-0138
https://doi.org/10.1089/met.2007.0008
https://doi.org/10.1038/s42255-019-0145-5
https://www.ncbi.nlm.nih.gov/pubmed/32694672
https://doi.org/10.1177/1479164119827611
https://www.ncbi.nlm.nih.gov/pubmed/30770030
https://doi.org/10.1007/s00441-014-1894-9
https://www.ncbi.nlm.nih.gov/pubmed/24825414
https://doi.org/10.1002/jcp.25176
https://www.ncbi.nlm.nih.gov/pubmed/26332080
https://doi.org/10.1101/gr.212720.116
https://www.ncbi.nlm.nih.gov/pubmed/27864352
https://doi.org/10.1038/s42255-019-0148-2
https://www.ncbi.nlm.nih.gov/pubmed/32694675
https://doi.org/10.1111/apha.13101
https://www.ncbi.nlm.nih.gov/pubmed/29791774
https://doi.org/10.1371/journal.pbio.1000229
https://doi.org/10.1186/1741-7015-9-48
https://doi.org/10.1111/j.1464-5491.2006.01858.x
https://doi.org/10.1542/peds.2005-1532
https://www.ncbi.nlm.nih.gov/pubmed/16682491
https://doi.org/10.2337/db14-0568
https://doi.org/10.1083/jcb.201802095
https://www.ncbi.nlm.nih.gov/pubmed/29622564
https://doi.org/10.1210/er.2008-0047
https://www.ncbi.nlm.nih.gov/pubmed/19752219
https://doi.org/10.2147/DMSO.S48260
https://www.ncbi.nlm.nih.gov/pubmed/24611020
https://doi.org/10.1016/j.metabol.2021.154766
https://www.ncbi.nlm.nih.gov/pubmed/33766485
https://doi.org/10.1016/j.molmet.2021.101234
https://doi.org/10.1016/j.clindermatol.2017.09.004
https://doi.org/10.1146/annurev-physiol-030212-183754
https://doi.org/10.1016/j.pharmthera.2013.05.004
https://doi.org/10.1016/j.pharmthera.2019.07.003
https://www.ncbi.nlm.nih.gov/pubmed/31299315
https://doi.org/10.1210/me.2013-1083
https://www.ncbi.nlm.nih.gov/pubmed/23744894
https://doi.org/10.1073/pnas.1310953110
https://doi.org/10.1007/s00125-020-05213-5
https://www.ncbi.nlm.nih.gov/pubmed/32894316
https://doi.org/10.1111/j.1463-1326.2012.01642.x
https://www.ncbi.nlm.nih.gov/pubmed/22928575
https://doi.org/10.1097/MOG.0b013e3283639326
https://www.ncbi.nlm.nih.gov/pubmed/23817137

Biomolecules 2023, 13, 1618 22 of 27

48.

49.

50.

51.
52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.
67.
68.
69.
70.
71.
72.

73.
74.

Nagata, M.; Yokooji, T.; Nakai, T.; Miura, Y.; Tomita, T.; Taogoshi, T.; Sugimoto, Y.; Matsuo, H. Blockade of Multiple Monoamines
Receptors Reduce Insulin Secretion from Pancreatic 3-Cells. Sci. Rep. 2019, 9, 16438. [CrossRef]

Wei, H.; Zapata, R.C.; Lopez-Valencia, M.; Aslanoglou, D.; Farino, Z.J.; Benner, V.; Osborn, O.; Freyberg, Z.; McCarthy, M.J.
Dopamine D2 Receptor Signaling Modulates Pancreatic Beta Cell Circadian Rhythms. Psychoneuroendocrinology 2020, 113, 104551.
[CrossRef]

Cabrera, O.; Berman, D.M.; Kenyon, N.S.; Ricordi, C.; Berggren, P.-O.; Caicedo, A. The Unique Cytoarchitecture of Human
Pancreatic Islets Has Implications for Islet Cell Function. Proc. Natl. Acad. Sci. USA 2006, 103, 2334-2339. [CrossRef]

Hartig, S.M.; Cox, A.R. Paracrine Signaling in Islet Function and Survival. . Mol. Med. 2020, 98, 451-467. [CrossRef]
Underland, L.J.; Mark, E.R.; Katikaneni, R.; Heptulla, R. The Impact of Dopamine on Insulin Secretion in Healthy Controls. Indian
J. Crit. Care Med. 2018, 22, 209-213. [CrossRef] [PubMed]

Han, X,; Li, B.; Ye, X.; Mulatibieke, T.; Wu, J.; Dai, J.; Wu, D.; Ni, ].; Zhang, R.; Xue, ].; et al. Dopamine D2 Receptor Signalling
Controls Inflammation in Acute Pancreatitis via a PP2A-Dependent Akt/NF-KB Signalling Pathway. Br. J. Pharmacol. 2017, 174,
4751-4770. [CrossRef] [PubMed]

Feng, X.; Yan, J.; Li, G,; Liu, J.; Fan, R.; Li, S.; Zheng, L.; Zhang, Y.; Zhu, ]J. Source of Dopamine in Gastric Juice and Luminal
Dopamine-induced Duodenal Bicarbonate Secretion via Apical Dopamine D2 Receptors. Br. J. Pharmacol. 2020, 177, 3258-3272.
[CrossRef] [PubMed]

Mezey, E.; Eisenhofer, G.; Harta, G.; Hansson, S.; Gould, L.; Hunyady, B.; Hoffman, B.J]. A Novel Nonneuronal Catecholaminergic
System: Exocrine Pancreas Synthesizes and Releases Dopamine. Proc. Natl. Acad. Sci. USA 1996, 93, 10377-10382. [CrossRef]
[PubMed]

Li, G.-W.,; Li, J; Feng, X.-Y; Chen, H; Chen, Y;; Liu, J.-H.; Zhang, Y.; Hong, F.; Zhu, ].-X. Pancreatic Acinar Cells Utilize Tyrosine to
Synthesize L-Dihydroxyphenylalanine. Exp. Biol. Med. 2021, 246, 2533-2542. [CrossRef]

Ganic, E.; Johansson, J.K.; Bennet, H.; Fex, M.; Artner, . Islet-Specific Monoamine Oxidase A and B Expression Depends on MafA
Transcriptional Activity and Is Compromised in Type 2 Diabetes. Biochem. Biophys. Res. Commun. 2015, 468, 629-635. [CrossRef]
[PubMed]

Liu, M,; Ren, L.; Zhong, X,; Ding, Y,; Liu, T,; Liu, Z; Yang, X.; Cui, L; Yang, L.; Fan, Y; et al. D2-Like Receptors Mediate
Dopamine-Inhibited Insulin Secretion via Ion Channels in Rat Pancreatic 3-Cells. Front. Endocrinol. 2020, 11, 152. [CrossRef] [PubMed]
Rubi, B.; Ljubicic, S.; Pournourmohammadi, S.; Carobbio, S.; Armanet, M.; Bartley, C.; Maechler, P. Dopamine D2-like Receptors Are
Expressed in Pancreatic Beta Cells and Mediate Inhibition of Insulin Secretion. J. Biol. Chem. 2005, 280, 36824-36832. [CrossRef]
Garcia Barrado, M.].; Iglesias Osma, M.C.; Blanco, E.J.; Carretero Hernandez, M.; Sanchez Robledo, V.; Catalano Iniesta, L.;
Carrero, S.; Carretero, ]. Dopamine Modulates Insulin Release and Is Involved in the Survival of Rat Pancreatic Beta Cells. PLoS
ONE 2015, 10, €0123197. [CrossRef]

Butini, S.; Nikolic, K.; Kassel, S.; Briickmann, H.; Filipic, S.; Agbaba, D.; Gemma, S.; Brogi, S.; Brindisi, M.; Campiani, G.; et al.
Polypharmacology of Dopamine Receptor Ligands. Prog. Neurobiol. 2016, 142, 68-103. [CrossRef]

Yung, K.K.; Bolam, J.P. Localization of Dopamine D1 and D2 Receptors in the Rat Neostriatum: Synaptic Interaction with
Glutamate- and GABA-Containing Axonal Terminals. Synapse 2000, 38, 413—420. [CrossRef] [PubMed]

Aslanoglou, D.; Bertera, S.; Sanchez-Soto, M.; Benjamin Free, R.; Lee, J.; Zong, W.; Xue, X.; Shrestha, S.; Brissova, M.;
Logan, RW.,; et al. Dopamine Regulates Pancreatic Glucagon and Insulin Secretion via Adrenergic and Dopaminergic Re-
ceptors. Transl. Psychiatry 2021, 11, 59. [CrossRef] [PubMed]

Sakano, D.; Choi, S.; Kataoka, M.; Shiraki, N.; Uesugi, M.; Kume, K.; Kume, S. Dopamine D2 Receptor-Mediated Regulation of
Pancreatic 3 Cell Mass. Stem Cell Rep. 2016, 7, 95-109. [CrossRef] [PubMed]

Garcia-Tornadd, I.; Perez-Millan, M.I,; Recouvreux, V.; Ramirez, M.C.; Luque, G.; Risso, G.S.; Ornstein, A.M.; Cristina, C,;
Diaz-Torga, G.; Becu-Villalobos, D. New Insights into the Endocrine and Metabolic Roles of Dopamine D2 Receptors Gained from
the Drd2 Mouse. Neuroendocrinology 2010, 92, 207-214. [CrossRef] [PubMed]

Pijl, H. Reduced Dopaminergic Tone in Hypothalamic Neural Circuits: Expression of a “Thrifty” Genotype Underlying the
Metabolic Syndrome? Eur. |. Pharmacol. 2003, 480, 125-131. [CrossRef] [PubMed]

DeFronzo, R.A. Bromocriptine: A Sympatholytic, D2-Dopamine Agonist for the Treatment of Type 2 Diabetes. Diabetes Care 2011,
34, 789-794. [CrossRef] [PubMed]

Beaulieu, J.-M.; Gainetdinov, R.R. The Physiology, Signaling, and Pharmacology of Dopamine Receptors. Pharmacol. Rev. 2011, 63,
182-217. [CrossRef]

Mishra, A.; Singh, S.; Shukla, S. Physiological and Functional Basis of Dopamine Receptors and Their Role in Neurogenesis:
Possible Implication for Parkinson’s Disease. J. Exp. Neurosci. 2018, 12, 1179069518779829. [CrossRef]

Seeman, P.; Van Tol, H.H. Dopamine Receptor Pharmacology. Trends Pharmacol. Sci. 1994, 15, 264-270. [CrossRef]

Schultz, W. Predictive Reward Signal of Dopamine Neurons. J. Neurophysiol. 1998, 80, 1-27. [CrossRef]

Taber, K.H.; Black, D.N.; Porrino, L.J.; Hurley, R.A. Neuroanatomy of Dopamine: Reward and Addiction. J. Neuropsychiatry Clin.
Neurosci. 2012, 24, 1-4. [CrossRef] [PubMed]

Baik, J.-H. Dopamine Signaling in Food Addiction: Role of Dopamine D2 Receptors. BMB Rep. 2013, 46, 519-526. [CrossRef]
Baldo, B.A.; Sadeghian, K.; Basso, A.M.; Kelley, A.E. Effects of Selective Dopamine D1 or D2 Receptor Blockade within Nucleus
Accumbens Subregions on Ingestive Behavior and Associated Motor Activity. Behav. Brain Res. 2002, 137, 165-177. [CrossRef] [PubMed]


https://doi.org/10.1038/s41598-019-52590-y
https://doi.org/10.1016/j.psyneuen.2019.104551
https://doi.org/10.1073/pnas.0510790103
https://doi.org/10.1007/s00109-020-01887-x
https://doi.org/10.4103/ijccm.IJCCM_175_17
https://www.ncbi.nlm.nih.gov/pubmed/29743758
https://doi.org/10.1111/bph.14057
https://www.ncbi.nlm.nih.gov/pubmed/28963856
https://doi.org/10.1111/bph.15047
https://www.ncbi.nlm.nih.gov/pubmed/32154577
https://doi.org/10.1073/pnas.93.19.10377
https://www.ncbi.nlm.nih.gov/pubmed/8816808
https://doi.org/10.1177/15353702211032552
https://doi.org/10.1016/j.bbrc.2015.11.002
https://www.ncbi.nlm.nih.gov/pubmed/26546820
https://doi.org/10.3389/fendo.2020.00152
https://www.ncbi.nlm.nih.gov/pubmed/32318020
https://doi.org/10.1074/jbc.M505560200
https://doi.org/10.1371/journal.pone.0123197
https://doi.org/10.1016/j.pneurobio.2016.03.011
https://doi.org/10.1002/1098-2396(20001215)38:4%3C413::AID-SYN6%3E3.0.CO;2-V
https://www.ncbi.nlm.nih.gov/pubmed/11044888
https://doi.org/10.1038/s41398-020-01171-z
https://www.ncbi.nlm.nih.gov/pubmed/33589583
https://doi.org/10.1016/j.stemcr.2016.05.015
https://www.ncbi.nlm.nih.gov/pubmed/27373926
https://doi.org/10.1159/000321395
https://www.ncbi.nlm.nih.gov/pubmed/20975260
https://doi.org/10.1016/j.ejphar.2003.08.100
https://www.ncbi.nlm.nih.gov/pubmed/14623356
https://doi.org/10.2337/dc11-0064
https://www.ncbi.nlm.nih.gov/pubmed/21447659
https://doi.org/10.1124/pr.110.002642
https://doi.org/10.1177/1179069518779829
https://doi.org/10.1016/0165-6147(94)90323-9
https://doi.org/10.1152/jn.1998.80.1.1
https://doi.org/10.1176/appi.neuropsych.24.1.1
https://www.ncbi.nlm.nih.gov/pubmed/22450608
https://doi.org/10.5483/BMBRep.2013.46.11.207
https://doi.org/10.1016/S0166-4328(02)00293-0
https://www.ncbi.nlm.nih.gov/pubmed/12445722

Biomolecules 2023, 13, 1618 23 of 27

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Teegarden, S.L.; Nestler, E.J.; Bale, T.L. Delta FosB-Mediated Alterations in Dopamine Signaling Are Normalized by a Palatable
High-Fat Diet. Biol. Psychiatry 2008, 64, 941-950. [CrossRef] [PubMed]

Halpern, C.H.; Tekriwal, A.; Santollo, J.; Keating, J.G.; Wolf, ].A.; Daniels, D.; Bale, T.L. Amelioration of Binge Eating by Nucleus
Accumbens Shell Deep Brain Stimulation in Mice Involves D2 Receptor Modulation. J. Neurosci. 2013, 33, 7122-7129. [CrossRef]
[PubMed]

Johnson, PM.; Kenny, P.J. Dopamine D2 Receptors in Addiction-like Reward Dysfunction and Compulsive Eating in Obese Rats.
Nat. Neurosci. 2010, 13, 635-641. [CrossRef] [PubMed]

Rubi, B.; Maechler, P. Minireview: New Roles for Peripheral Dopamine on Metabolic Control and Tumor Growth: Let’s Seek the
Balance. Endocrinology 2010, 151, 5570-5581. [CrossRef]

Freeman, M.E.; Kanyicska, B.; Lerant, A.; Nagy, G. Prolactin: Structure, Function, and Regulation of Secretion. Physiol. Rev. 2000,
80, 1523-1631. [CrossRef]

Labouesse, M.A.; Sartori, A.M.; Weinmann, O.; Simpson, E.H.; Kellendonk, C.; Weber-Stadlbauer, U. Striatal Dopamine 2 Receptor
Upregulation during Development Predisposes to Diet-Induced Obesity by Reducing Energy Output in Mice. Proc. Natl. Acad.
Sci. USA 2018, 115, 10493-10498. [CrossRef]

Zhang, Z.; Hao, C.-].; Li, C.-G.; Zang, D.-].; Zhao, ].; Li, X.-N.; Wei, A.-H.; Wei, Z.-B.; Yang, L.; He, X,; et al. Mutation of SLC35D3
Causes Metabolic Syndrome by Impairing Dopamine Signaling in Striatal D1 Neurons. PLoS Genet. 2014, 10, e1004124. [CrossRef]
Wu, C.; Garamszegi, S.P; Xie, X.; Mash, D.C. Altered Dopamine Synaptic Markers in Postmortem Brain of Obese Subjects. Front.
Hum. Neurosci. 2017, 11, 386. [CrossRef]

Kleinridders, A.; Pothos, E.N. Impact of Brain Insulin Signaling on Dopamine Function, Food Intake, Reward, and Emotional
Behavior. Curr. Nutr. Rep. 2019, 8, 83-91. [CrossRef] [PubMed]

Taniguchi, C.M.; Emanuelli, B.; Kahn, C.R. Critical Nodes in Signalling Pathways: Insights into Insulin Action. Nat. Rev. Mol. Cell
Biol. 2006, 7, 85-96. [CrossRef] [PubMed]

Ding, J.; Liu, Y.; Sullivan, D.A. Effects of Insulin and High Glucose on Human Meibomian Gland Epithelial Cells. Investig.
Ophthalmol. Vis. Sci. 2015, 56, 7814-7820. [CrossRef] [PubMed]

Beaulieu, ]J.-M.; Sotnikova, T.D.; Marion, S.; Lefkowitz, R.J.; Gainetdinov, R.R.; Caron, M.G. An Akt/Beta-Arrestin 2/PP2A
Signaling Complex Mediates Dopaminergic Neurotransmission and Behavior. Cell 2005, 122, 261-273. [CrossRef] [PubMed]
Owens, W.A.; Williams, ].M.; Saunders, C.; Avison, M.].; Galli, A.; Daws, L.C. Rescue of Dopamine Transporter Function in
Hypoinsulinemic Rats by a D2 Receptor-ERK-Dependent Mechanism. J. Neurosci. 2012, 32, 2637-2647. [CrossRef] [PubMed]
Kleinridders, A.; Cai, W.; Cappellucci, L.; Ghazarian, A.; Collins, W.R.; Vienberg, S.G.; Pothos, E.N.; Kahn, C.R. Insulin Resistance
in Brain Alters Dopamine Turnover and Causes Behavioral Disorders. Proc. Natl. Acad. Sci. USA 2015, 112, 3463-3468. [CrossRef]
[PubMed]

Luo, S.; Ezrokhi, M.; Cominos, N.; Tsai, T.-H.; Stoelzel, C.R.; Trubitsyna, Y.; Cincotta, A.H. Experimental Dopaminergic Neuron
Lesion at the Area of the Biological Clock Pacemaker, Suprachiasmatic Nuclei (SCN) Induces Metabolic Syndrome in Rats.
Diabetol. Metab. Syndr. 2021, 13, 11. [CrossRef]

Farino, Z.J.; Morgenstern, T.J.; Maffei, A.; Quick, M.; De Solis, A.].; Wiriyasermkul, P.; Freyberg, R.J.; Aslanoglou, D.; Sorisio, D.;
Inbar, B.P,; et al. New Roles for Dopamine D2 and D3 Receptors in Pancreatic Beta Cell Insulin Secretion. Mol. Psychiatry 2020, 25,
2070-2085. [CrossRef]

Freudenthal, R.; Moncrieff, J. “A Landmark in Psychiatric Progress”? The Role of Evidence in the Rise and Fall of Insulin Coma
Therapy. Hist. Psychiatry 2022, 33, 65-78. [CrossRef]

Mansur, R.B.; Fries, G.R.; Subramaniapillai, M.; Frangou, S.; De Felice, EG.; Rasgon, N.; McEwen, B.; Brietzke, E.; McIntyre, R.S.
Expression of Dopamine Signaling Genes in the Post-Mortem Brain of Individuals with Mental Illnesses Is Moderated by Body
Mass Index and Mediated by Insulin Signaling Genes. |. Psychiatr. Res. 2018, 107, 128-135. [CrossRef] [PubMed]

Lamos, E.M.; Levitt, D.L.; Munir, KM. A Review of Dopamine Agonist Therapy in Type 2 Diabetes and Effects on Cardio-
Metabolic Parameters. Prim. Care Diabetes 2016, 10, 60-65. [CrossRef] [PubMed]

Tavares, G.; Marques, D.; Barra, C.; Rosendo-Silva, D.; Costa, A.; Rodrigues, T.; Gasparini, P.; Melo, B.F; Sacramento, J.E; Seica, R.; et al.
Dopamine D2 Receptor Agonist, Bromocriptine, Remodels Adipose Tissue Dopaminergic Signalling and Upregulates Catabolic
Pathways, Improving Metabolic Profile in Type 2 Diabetes. Mol. Metab. 2021, 51, 101241. [CrossRef] [PubMed]

Ahrén, B. Autonomic Regulation of Islet Hormone Secretion-Implications for Health and Disease. Diabetologia 2000, 43, 393—-410.
[CrossRef] [PubMed]

Rosengren, A.H.; Jokubka, R.; Tojjar, D.; Granhall, C.; Hansson, O.; Li, D.-Q.; Nagaraj, V.; Reinbothe, T.M.; Tuncel, J;
Eliasson, L.; et al. Overexpression of Alpha2A-Adrenergic Receptors Contributes to Type 2 Diabetes. Science 2010, 327, 217-220.
[CrossRef] [PubMed]

Santulli, G.; Lombardi, A.; Sorriento, D.; Anastasio, A.; Del Giudice, C.; Formisano, P.; Béguinot, F.; Trimarco, B.; Miele, C.;
Taccarino, G. Age-Related Impairment in Insulin Release. Diabetes 2012, 61, 692-701. [CrossRef]

Costa, V.M.; Grando, L.G.R.; Milandri, E.; Nardj, J.; Teixeira, P.; Mladénka, P.; Remido, F. On behalf of The OEMONOM Natural
Sympathomimetic Drugs: From Pharmacology to Toxicology. Biomolecules 2022, 12, 1793. [CrossRef]

Teixeira, G.P; Faria, R.X. Influence of Purinergic Signaling on Glucose Transporters: A Possible Mechanism against Insulin
Resistance? Eur. J. Pharmacol. 2021, 892, 173743. [CrossRef]


https://doi.org/10.1016/j.biopsych.2008.06.007
https://www.ncbi.nlm.nih.gov/pubmed/18657800
https://doi.org/10.1523/JNEUROSCI.3237-12.2013
https://www.ncbi.nlm.nih.gov/pubmed/23616522
https://doi.org/10.1038/nn.2519
https://www.ncbi.nlm.nih.gov/pubmed/20348917
https://doi.org/10.1210/en.2010-0745
https://doi.org/10.1152/physrev.2000.80.4.1523
https://doi.org/10.1073/pnas.1800171115
https://doi.org/10.1371/journal.pgen.1004124
https://doi.org/10.3389/fnhum.2017.00386
https://doi.org/10.1007/s13668-019-0276-z
https://www.ncbi.nlm.nih.gov/pubmed/31001792
https://doi.org/10.1038/nrm1837
https://www.ncbi.nlm.nih.gov/pubmed/16493415
https://doi.org/10.1167/iovs.15-18049
https://www.ncbi.nlm.nih.gov/pubmed/26658502
https://doi.org/10.1016/j.cell.2005.05.012
https://www.ncbi.nlm.nih.gov/pubmed/16051150
https://doi.org/10.1523/JNEUROSCI.3759-11.2012
https://www.ncbi.nlm.nih.gov/pubmed/22357848
https://doi.org/10.1073/pnas.1500877112
https://www.ncbi.nlm.nih.gov/pubmed/25733901
https://doi.org/10.1186/s13098-021-00630-x
https://doi.org/10.1038/s41380-018-0344-6
https://doi.org/10.1177/0957154X211062538
https://doi.org/10.1016/j.jpsychires.2018.10.020
https://www.ncbi.nlm.nih.gov/pubmed/30391805
https://doi.org/10.1016/j.pcd.2015.10.008
https://www.ncbi.nlm.nih.gov/pubmed/26670921
https://doi.org/10.1016/j.molmet.2021.101241
https://www.ncbi.nlm.nih.gov/pubmed/33933677
https://doi.org/10.1007/s001250051322
https://www.ncbi.nlm.nih.gov/pubmed/10819232
https://doi.org/10.1126/science.1176827
https://www.ncbi.nlm.nih.gov/pubmed/19965390
https://doi.org/10.2337/db11-1027
https://doi.org/10.3390/biom12121793
https://doi.org/10.1016/j.ejphar.2020.173743

Biomolecules 2023, 13, 1618 24 of 27

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

Hoffstedt, J.; Wahrenberg, H.; Thorne, A.; Lonnqgvist, F. The Metabolic Syndrome Is Related to B3-Adrenoceptor Sensitivity in
Visceral Adipose Tissue. Diabetologia 1996, 39, 838-860. [CrossRef]

Martin, A.M.; Young, R.L.; Leong, L.; Rogers, G.B.; Spencer, N.J.; Jessup, C.F.; Keating, D.]. The Diverse Metabolic Roles of
Peripheral Serotonin. Endocrinology 2017, 158, 1049-1063. [CrossRef]

Kim, K.; Oh, C.-M.; Ohara-Imaizumi, M.; Park, S.; Namkung, J.; Yadav, VK.; Tamarina, N.A.; Roe, M.W.; Philipson, L.H.;
Karsenty, G.; et al. Functional Role of Serotonin in Insulin Secretion in a Diet-Induced Insulin-Resistant State. Endocrinology 2015,
156, 444-452. [CrossRef] [PubMed]

Ohta, Y.; Kosaka, Y.; Kishimoto, N.; Wang, J.; Smith, S.B.; Honig, G.; Kim, H.; Gasa, R.M.; Neubauer, N.; Liou, A.; et al.
Convergence of the Insulin and Serotonin Programs in the Pancreatic 3-Cell. Diabetes 2011, 60, 3208-3216. [CrossRef] [PubMed]
Georgescu, T.; Lyons, D.; Heisler, L.K. Role of Serotonin in Body Weight, Insulin Secretion and Glycaemic Control. J. Neuroendoct.
2021, 33, €12960. [CrossRef] [PubMed]

Guenette, M.D.; Giacca, A.; Hahn, M.; Teo, C.; Lam, L.; Chintoh, A.; Arenovich, T.; Remington, G. Atypical Antipsychotics and
Effects of Adrenergic and Serotonergic Receptor Binding on Insulin Secretion In-Vivo: An Animal Model. Schizophr. Res. 2013,
146, 162-169. [CrossRef] [PubMed]

Bennet, H.; Mollet, 1.G.; Balhuizen, A.; Medina, A.; Nagorny, C.; Bagge, A.; Fadista, J.; Ottosson-Laakso, E.; Vikman, P;
Dekker-Nitert, M.; et al. Serotonin (5-HT) Receptor 2b Activation Augments Glucose-Stimulated Insulin Secretion in Human and
Mouse Islets of Langerhans. Diabetologia 2016, 59, 744-754. [CrossRef] [PubMed]

Xie, K.-Y.; Chien, S.-].; Tan, B.C.-M.; Chen, Y.-W. RNA Editing of 5-HT2C R Impairs Insulin Secretion of Pancreatic Beta Cells via
Altered Store-Operated Calcium Entry. FASEB J. 2021, 35, €21929. [CrossRef] [PubMed]

Gilles, M.; Wilke, A.; Kopf, D.; Nonell, A.; Lehnert, H.; Deuschle, M. Antagonism of the Serotonin (5-HT)-2 Receptor and Insulin
Sensitivity: Implications for Atypical Antipsychotics. Psychosom. Med. 2005, 67, 748-751. [CrossRef] [PubMed]

Burchett, S.A.; Hicks, T.P. The Mysterious Trace Amines: Protean Neuromodulators of Synaptic Transmission in Mammalian
Brain. Prog. Neurobiol. 2006, 79, 223-246. [CrossRef]

Lindemann, L.; Ebeling, M.; Kratochwil, N.A.; Bunzow, ].R.; Grandy, D.K.; Hoener, M.C. Trace Amine-Associated Receptors Form
Structurally and Functionally Distinct Subfamilies of Novel G Protein-Coupled Receptors. Genomics 2005, 85, 372-385. [CrossRef]
Martin, EJ.; Amode, M.R.; Aneja, A.; Austine-Orimoloye, O.; Azov, A.G.; Barnes, I.; Becker, A.; Bennett, R.; Berry, A.; Bhai, J.; et al.
Ensembl 2023. Nucleic Acids Res. 2023, 51, D933-D941. [CrossRef]

Khan, M.Z.; Nawaz, W. The Emerging Roles of Human Trace Amines and Human Trace Amine-Associated Receptors (HTAARs)
in Central Nervous System. Biomed. Pharmacother. 2016, 83, 439—449. [CrossRef] [PubMed]

Liberles, S.D. Trace Amine-Associated Receptors Are Olfactory Receptors in Vertebrates. Ann. N. Y. Acad. Sci. 2009, 1170, 168-172.
[CrossRef] [PubMed]

Liberles, S.D.; Buck, L.B. A Second Class of Chemosensory Receptors in the Olfactory Epithelium. Nature 2006, 442, 645-650.
[CrossRef] [PubMed]

Efimova, E.V,; Kozlova, A.A.; Razenkova, V.; Katolikova, N.V.; Antonova, K.A.; Sotnikova, T.D.; Merkulyeva, N.S.; Veshchitskii,
A.S.; Kalinina, D.S.; Korzhevskii, D.E.; et al. Increased Dopamine Transmission and Adult Neurogenesis in Trace Amine-
Associated Receptor 5 (TAAR5) Knockout Mice. Neuropharmacology 2021, 182, 108373. [CrossRef]

Efimova, E.V.; Kuvarzin, S.R.; Mor, M.S.; Katolikova, N.V.; Shemiakova, T.S.; Razenkova, V.; Ptukha, M.; Kozlova, A.A.; Murtazina,
R.Z.; Smirnova, D.; et al. Trace Amine-Associated Receptor 2 Is Expressed in the Limbic Brain Areas and Is Involved in Dopamine
Regulation and Adult Neurogenesis. Front. Behav. Neurosci. 2022, 16, 847410. [CrossRef]

Vaganova, A.N.; Murtazina, R.Z.; Shemyakova, T.S.; Prjibelski, A.D.; Katolikova, N.V.; Gainetdinov, R.R. Pattern of TAAR5
Expression in the Human Brain Based on Transcriptome Datasets Analysis. Int. J. Mol. Sci. 2021, 22, 8802. [CrossRef]
Katolikova, N.V.; Vaganova, A.N.; Efimova, E.V.; Gainetdinov, R.R. Expression of Trace Amine-Associated Receptors in the
Murine and Human Hippocampus Based on Public Transcriptomic Data. Cells 2022, 11, 1813. [CrossRef]

Vaganova, A.N.; Katolikova, N.V.; Murtazina, R.Z.; Kuvarzin, S.R.; Gainetdinov, R.R. Public Transcriptomic Data Meta-Analysis
Demonstrates TAAR6 Expression in the Mental Disorder-Related Brain Areas in Human and Mouse Brain. Biomolecules 2022,
12,1259. [CrossRef]

Ito, J.; Ito, M.; Nambu, H.; Fujikawa, T.; Tanaka, K.; Iwaasa, H.; Tokita, S. Anatomical and Histological Profiling of Orphan
G-Protein-Coupled Receptor Expression in Gastrointestinal Tract of C57BL/6] Mice. Cell Tissue Res. 2009, 338, 257-269. [CrossRef]
Zucchi, R.; Chiellini, G.; Scanlan, T.S.; Grandy, D.K. Trace Amine-Associated Receptors and Their Ligands. Br. J. Pharmacol. 2006, 149,
967-978. [CrossRef]

Raab, S.; Wang, H.; Uhles, S.; Cole, N.; Alvarez-Sanchez, R.; Kiinnecke, B.; Ullmer, C.; Matile, H.; Bedoucha, M.; Norcross, R.D.; et al.
Incretin-like Effects of Small Molecule Trace Amine-Associated Receptor 1 Agonists. Mol. Metab. 2016, 5, 47-56. [CrossRef] [PubMed]
Miller, G.M.; Verrico, C.D.; Jassen, A.; Konar, M.; Yang, H.; Panas, H.; Bahn, M.; Johnson, R.; Madras, B.K. Primate Trace Amine
Receptor 1 Modulation by the Dopamine Transporter. |. Pharmacol. Exp. Ther. 2005, 313, 983-994. [CrossRef] [PubMed]
Salahpour, A.; Espinoza, S.; Masri, B.; Lam, V.; Barak, L.S.; Gainetdinov, R.R. BRET Biosensors to Study GPCR Biology,
Pharmacology, and Signal Transduction. Front. Endocrinol. 2012, 3, 105. [CrossRef] [PubMed]

Espinoza, S.; Salahpour, A.; Masri, B.; Sotnikova, T.D.; Messa, M.; Barak, L.S.; Caron, M.G.; Gainetdinov, R.R. Functional
Interaction between Trace Amine-Associated Receptor 1 and Dopamine D2 Receptor. Mol. Pharmacol. 2011, 80, 416-425.
[CrossRef] [PubMed]


https://doi.org/10.1007/s001250050518
https://doi.org/10.1210/en.2016-1839
https://doi.org/10.1210/en.2014-1687
https://www.ncbi.nlm.nih.gov/pubmed/25426873
https://doi.org/10.2337/db10-1192
https://www.ncbi.nlm.nih.gov/pubmed/22013016
https://doi.org/10.1111/jne.12960
https://www.ncbi.nlm.nih.gov/pubmed/33909316
https://doi.org/10.1016/j.schres.2013.02.023
https://www.ncbi.nlm.nih.gov/pubmed/23499243
https://doi.org/10.1007/s00125-015-3847-6
https://www.ncbi.nlm.nih.gov/pubmed/26733006
https://doi.org/10.1096/fj.202100265RR
https://www.ncbi.nlm.nih.gov/pubmed/34553421
https://doi.org/10.1097/01.psy.0000174994.91245.34
https://www.ncbi.nlm.nih.gov/pubmed/16204433
https://doi.org/10.1016/j.pneurobio.2006.07.003
https://doi.org/10.1016/j.ygeno.2004.11.010
https://doi.org/10.1093/nar/gkac958
https://doi.org/10.1016/j.biopha.2016.07.002
https://www.ncbi.nlm.nih.gov/pubmed/27424325
https://doi.org/10.1111/j.1749-6632.2009.04014.x
https://www.ncbi.nlm.nih.gov/pubmed/19686131
https://doi.org/10.1038/nature05066
https://www.ncbi.nlm.nih.gov/pubmed/16878137
https://doi.org/10.1016/j.neuropharm.2020.108373
https://doi.org/10.3389/fnbeh.2022.847410
https://doi.org/10.3390/ijms22168802
https://doi.org/10.3390/cells11111813
https://doi.org/10.3390/biom12091259
https://doi.org/10.1007/s00441-009-0859-x
https://doi.org/10.1038/sj.bjp.0706948
https://doi.org/10.1016/j.molmet.2015.09.015
https://www.ncbi.nlm.nih.gov/pubmed/26844206
https://doi.org/10.1124/jpet.105.084459
https://www.ncbi.nlm.nih.gov/pubmed/15764732
https://doi.org/10.3389/fendo.2012.00105
https://www.ncbi.nlm.nih.gov/pubmed/22952466
https://doi.org/10.1124/mol.111.073304
https://www.ncbi.nlm.nih.gov/pubmed/21670104

Biomolecules 2023, 13, 1618 25 of 27

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

Espinoza, S.; Ghisi, V.; Emanuele, M.; Leo, D.; Sukhanov, I.; Sotnikova, T.D.; Chieregatti, E.; Gainetdinov, R.R. Postsynaptic D2
Dopamine Receptor Supersensitivity in the Striatum of Mice Lacking TAAR1. Neuropharmacology 2015, 93, 308-313. [CrossRef]
Harmeier, A.; Obermueller, S.; Meyer, C.A.; Revel, EG.; Buchy, D.; Chaboz, S.; Dernick, G.; Wettstein, ]J.G.; Iglesias, A.;
Rolink, A.; et al. Trace Amine-Associated Receptor 1 Activation Silences GSK3p Signaling of TAAR1 and D2R Heteromers. Eur.
Neuropsychopharmacol. 2015, 25, 2049-2061. [CrossRef]

Bradaia, A.; Trube, G.; Stalder, H.; Norcross, R.D.; Ozmen, L.; Wettstein, J.G.; Pinard, A.; Buchy, D.; Gassmann, M.;
Hoener, M.C,; et al. The Selective Antagonist EPPTB Reveals TAAR1-Mediated Regulatory Mechanisms in Dopaminergic
Neurons of the Mesolimbic System. Proc. Natl. Acad. Sci. USA 2009, 106, 20081-20086. [CrossRef]

Geracitano, R.; Federici, M.; Prisco, S.; Bernardi, G.; Mercuri, N.B. Inhibitory Effects of Trace Amines on Rat Midbrain Dopaminer-
gic Neurons. Neuropharmacology 2004, 46, 807-814. [CrossRef]

Leo, D.; Mus, L.; Espinoza, S.; Hoener, M.C.; Sotnikova, T.D.; Gainetdinov, R.R. Taarl-Mediated Modulation of Presynaptic
Dopaminergic Neurotransmission: Role of D2 Dopamine Autoreceptors. Neuropharmacology 2014, 81, 283-291. [CrossRef]
Pretorius, L.; Smith, C. The Trace Aminergic System: A Gender-Sensitive Therapeutic Target for IBS? . Biomed. Sci. 2020, 27, 95.
[CrossRef]

Schwartz, M.D.; Canales, J.].; Zucchi, R.; Espinoza, S.; Sukhanov, I.; Gainetdinov, R.R. Trace Amine-Associated Receptor 1: A
Multimodal Therapeutic Target for Neuropsychiatric Diseases. Expert. Opin. Ther. Targets 2018, 22, 513-526. [CrossRef] [PubMed]
Regard, J.B.; Sato, I.T.; Coughlin, S.R. Anatomical Profiling of G Protein-Coupled Receptor Expression. Cell 2008, 135, 561-571.
[CrossRef] [PubMed]

Fan, ES. Ractopamine Residues in Meat Might Reduce the Risk of Type 2 Diabetes. Nutr. Health 2023, 29, 5-7. [CrossRef]
[PubMed]

Ferragud, A.; Howell, A.D.; Moore, C.E,; Ta, T.L.; Hoener, M.C.; Sabino, V.; Cottone, P. The Trace Amine-Associated Receptor
1 Agonist RO5256390 Blocks Compulsive, Binge-like Eating in Rats. Neuropsychopharmacology 2017, 42, 1458-1470. [CrossRef]
[PubMed]

Adriaenssens, A.; Lam, B.Y.H,; Billing, L.; Skeffington, K.; Sewing, S.; Reimann, F.; Gribble, F. A Transcriptome-Led Exploration of
Molecular Mechanisms Regulating Somatostatin-Producing D-Cells in the Gastric Epithelium. Endocrinology 2015, 156, 3924-3936.
[CrossRef] [PubMed]

Shimada, M.; Date, Y.; Mondal, M.S.; Toshinai, K.; Shimbara, T.; Fukunaga, K.; Murakami, N.; Miyazato, M.; Kangawa, K;
Yoshimatsu, H.; et al. Somatostatin Suppresses Ghrelin Secretion from the Rat Stomach. Biochem. Biophys. Res. Commun. 2003, 302,
520-525. [CrossRef] [PubMed]

Apryatin, S.A.; Zhukov, L.S.; Zolotoverkhaya, E.A.; Kuvarzin, S.R.; Khunagov, T.A.; Ushmugina, S.V.; Klimenko, V.M. Protein
Metabolism Changes and Alterations in Behavior of Trace Amine-Associated Receptor 1 Knockout Mice Fed a High-Fructose
Diet. Neurol. Int. 2023, 15, 339-351. [CrossRef] [PubMed]

Murtazina, R.Z.; Zhukov, L.S.; Korenkova, O.M.; Popova, E.A.; Kuvarzin, S.R.; Efimova, E.V.; Kubarskaya, L.G.; Batotsyrenova,
E.G.; Zolotoverkhaya, E.A.; Vaganova, A.N,; et al. Genetic Deletion of Trace-Amine Associated Receptor 9 (TAARY) in Rats Leads
to Decreased Blood Cholesterol Levels. Int. J. Mol. Sci. 2021, 22, 2942. [CrossRef]

Bandyopadhyay, D.; Qureshi, A.; Ghosh, S.; Ashish, K.; Heise, L.R.; Hajra, A.; Ghosh, R K. Safety and Efficacy of Extremely Low
LDL-Cholesterol Levels and Its Prospects in Hyperlipidemia Management. J. Lipids 2018, 2018, 8598054. [CrossRef]

Miihlhaus, J.; Dinter, J.; Jyrch, S.; Teumer, A.; Jacobi, S.F.; Homuth, G.; Kithnen, P.; Wiegand, S.; Griiters, A.; Volzke, H.; et al.
Investigation of Naturally Occurring Single-Nucleotide Variants in Human TAARI. Front. Pharmacol. 2017, 8, 807. [CrossRef]
Zhai, L.; Xiao, H.; Lin, C.; Wong, H.L.X.; Lam, Y.Y,; Gong, M.; Wu, G; Ning, Z.; Huang, C.; Zhang, Y.; et al. Gut Microbiota-Derived
Tryptamine and Phenethylamine Impair Insulin Sensitivity in Metabolic Syndrome and Irritable Bowel Syndrome. Nat. Commun.
2023, 14, 4986. [CrossRef]

Carpéné, C.; Viana, P; Fontaine, J.; Laurell, H.; Grolleau, ].-L. Multiple Direct Effects of the Dietary Protoalkaloid N-
Methyltyramine in Human Adipocytes. Nutrients 2022, 14, 3118. [CrossRef] [PubMed]

Lillich, EF,; Imig, J.D.; Proschak, E. Multi-Target Approaches in Metabolic Syndrome. Front. Pharmacol. 2020, 11, 554961.
[CrossRef] [PubMed]

Tremmel, E.; Hofmann, S.; Kuhn, C.; Heidegger, H.; Heublein, S.; Hermelink, K.; Wuerstlein, R.; Harbeck, N.; Mayr, D.;
Mahner, S.; et al. Thyronamine Regulation of TAAR1 Expression in Breast Cancer Cells and Investigation of Its Influence on
Viability and Migration. Breast Cancer 2019, 11, 87-97. [CrossRef]

Vattai, A.; Akyol, E.; Kuhn, C.; Hofmann, S.; Heidegger, H.; von Koch, F; Hermelink, K.; Wuerstlein, R.; Harbeck, N.;
Mayr, D.; et al. Increased Trace Amine-Associated Receptor 1 (TAAR1) Expression Is Associated with a Positive Survival Rate in
Patients with Breast Cancer. J. Cancer Res. Clin. Oncol. 2017, 143, 1637-1647. [CrossRef] [PubMed]

Revel, F.G.; Moreau, J.-L.; Pouzet, B.; Mory, R.; Bradaia, A.; Buchy, D.; Metzler, V.; Chaboz, S.; Groebke Zbinden, K.; Galley, G.; et al.
A New Perspective for Schizophrenia: TAAR1 Agonists Reveal Antipsychotic- and Antidepressant-like Activity, Improve
Cognition and Control Body Weight. Mol. Psychiatry 2013, 18, 543-556. [CrossRef] [PubMed]

Koblan, K.S.; Hopkins, S.; Kent, J.; Cheng, H.; Goldman, R.; Loebel, A. 138 Efficacy and Safety of SEP-363856, a Novel Psychotropic
Agent with a Non-D2 Mechanism of Action, in the Treatment of Schizophrenia. CNS Spectr. 2020, 25, 287-288. [CrossRef]


https://doi.org/10.1016/j.neuropharm.2015.02.010
https://doi.org/10.1016/j.euroneuro.2015.08.011
https://doi.org/10.1073/pnas.0906522106
https://doi.org/10.1016/j.neuropharm.2003.11.031
https://doi.org/10.1016/j.neuropharm.2014.02.007
https://doi.org/10.1186/s12929-020-00688-1
https://doi.org/10.1080/14728222.2018.1480723
https://www.ncbi.nlm.nih.gov/pubmed/29798691
https://doi.org/10.1016/j.cell.2008.08.040
https://www.ncbi.nlm.nih.gov/pubmed/18984166
https://doi.org/10.1177/02601060221108146
https://www.ncbi.nlm.nih.gov/pubmed/35702043
https://doi.org/10.1038/npp.2016.233
https://www.ncbi.nlm.nih.gov/pubmed/27711047
https://doi.org/10.1210/en.2015-1301
https://www.ncbi.nlm.nih.gov/pubmed/26241122
https://doi.org/10.1016/S0006-291X(03)00178-5
https://www.ncbi.nlm.nih.gov/pubmed/12615065
https://doi.org/10.3390/neurolint15010022
https://www.ncbi.nlm.nih.gov/pubmed/36976665
https://doi.org/10.3390/ijms22062942
https://doi.org/10.1155/2018/8598054
https://doi.org/10.3389/fphar.2017.00807
https://doi.org/10.1038/s41467-023-40552-y
https://doi.org/10.3390/nu14153118
https://www.ncbi.nlm.nih.gov/pubmed/35956295
https://doi.org/10.3389/fphar.2020.554961
https://www.ncbi.nlm.nih.gov/pubmed/33776749
https://doi.org/10.2147/BCTT.S178721
https://doi.org/10.1007/s00432-017-2420-8
https://www.ncbi.nlm.nih.gov/pubmed/28409272
https://doi.org/10.1038/mp.2012.57
https://www.ncbi.nlm.nih.gov/pubmed/22641180
https://doi.org/10.1017/S1092852920000541

Biomolecules 2023, 13, 1618 26 of 27

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.
173.

Correll, C.U.; Koblan, K.S.; Hopkins, S.C.; Li, Y.; Heather Dworak Null; Goldman, R.; Loebel, A. Safety and Effectiveness of
Ulotaront (SEP-363856) in Schizophrenia: Results of a 6-Month, Open-Label Extension Study. NPJ Schizophr. 2021, 7, 63. [CrossRef]
[PubMed]

Achtyes, E.D.; Hopkins, S.C.; Dedic, N.; Dworak, H.; Zeni, C.; Koblan, K. Ulotaront: Review of Preliminary Evidence for the
Efficacy and Safety of a TAAR1 Agonist in Schizophrenia. Eur. Arch. Psychiatry Clin. Neurosci. 2023, 273, 1543-1556. [CrossRef]
Cripps, M.]J.; Bagnati, M.; Jones, T.A.; Ogunkolade, B.W.; Sayers, S.R.; Caton, PW.; Hanna, K.; Billacura, M.P;; Fair, K,;
Nelson, C.; et al. Identification of a Subset of Trace Amine-Associated Receptors and Ligands as Potential Modulators of Insulin
Secretion. Biochem. Pharmacol. 2020, 171, 113685. [CrossRef]

Michael, E.S.; Covic, L.; Kuliopulos, A. Trace Amine-Associated Receptor 1 (TAAR1) Promotes Anti-Diabetic Signaling in
Insulin-Secreting Cells. J. Biol. Chem. 2019, 294, 4401-4411. [CrossRef]

Tan, E.S.; Miyakawa, M.; Bunzow, J.R.; Grandy, D.K,; Scanlan, T.S. Exploring the Structure—Activity Relationship of the
Ethylamine Portion of 3-lodothyronamine for Rat and Mouse Trace Amine-Associated Receptor 1. . Med. Chem. 2007, 50,
2787-2798. [CrossRef] [PubMed]

Homuth, G.; Lietzow, J.; Schanze, N.; Golchert, J.; Kohrle, . Endocrine, Metabolic and Pharmacological Effects of Thyronamines
(TAM), Thyroacetic Acids (TA) and Thyroid Hormone Metabolites (THM)-Evidence from in Vitro, Cellular, Experimental Animal
and Human Studies. Exp. Clin. Endocrinol. Diabetes 2020, 128, 401-413. [CrossRef] [PubMed]

Rutigliano, G.; Bandini, L.; Sestito, S.; Chiellini, G. 3-lJodothyronamine and Derivatives: New Allies Against Metabolic Syndrome?
Int. ]. Mol. Sci. 2020, 21, 2005. [CrossRef] [PubMed]

Manni, M.E,; De Siena, G.; Saba, A.; Marchini, M.; Landucci, E.; Gerace, E.; Zazzeri, M.; Musilli, C.; Pellegrini-Giampietro, D.;
Matucci, R; et al. Pharmacological Effects of 3-lodothyronamine (T1AM) in Mice Include Facilitation of Memory Acquisition and
Retention and Reduction of Pain Threshold. Br. J. Pharmacol. 2013, 168, 354-362. [CrossRef] [PubMed]

Regard, ].B.; Kataoka, H.; Cano, D.A.; Camerer, E.; Yin, L.; Zheng, Y.-W.; Scanlan, T.S.; Hebrok, M.; Coughlin, S.R. Probing Cell
Type-Specific Functions of Gi in Vivo Identifies GPCR Regulators of Insulin Secretion. J. Clin. Investig. 2007, 117, 4034—4043.
[CrossRef] [PubMed]

Tamayo, A.; Gongalves, L.M.; Rodriguez-Diaz, R.; Pereira, E.; Canales, M.; Caicedo, A.; Almaga, J. Pericyte Control of Blood Flow
in Intraocular Islet Grafts Impacts Glucose Homeostasis in Mice. Diabetes 2022, 71, 1679-1693. [CrossRef]

Barrett, T.; Wilhite, S.E.; Ledoux, P.; Evangelista, C.; Kim, L.LF.; Tomashevsky, M.; Marshall, K.A.; Phillippy, K.H.; Sherman, PM.;
Holko, M.; et al. NCBI GEO: Archive for Functional Genomics Data Sets-Update. Nucleic Acids Res. 2013, 41, D991-D995.
[CrossRef]

Robinson, M.D.; McCarthy, D.J.; Smyth, G.K. EdgeR: A Bioconductor Package for Differential Expression Analysis of Digital
Gene Expression Data. Bioinformatics 2010, 26, 139-140. [CrossRef]

Wu, T,; Hu, E; Xu, S.; Chen, M.; Guo, P; Dai, Z.; Feng, T.; Zhou, L.; Tang, W.; Zhan, L.; et al. ClusterProfiler 4.0: A Universal
Enrichment Tool for Interpreting Omics Data. Innovation 2021, 2, 100141. [CrossRef]

Zhang, S.; Li, L.; Li, H. Role of Ectopic Olfactory Receptors in Glucose and Lipid Metabolism. Br. ]. Pharmacol. 2021, 178,
4792-4807. [CrossRef] [PubMed]

Yang, Z.; Cheng, J.; Shang, P.; Sun, J.-P.; Yu, X. Emerging Roles of Olfactory Receptors in Glucose Metabolism. Trends Cell Biol.
2022, 33, 463-476. [CrossRef] [PubMed]

Leem, ].; Shim, H.; Cho, H.; Park, J.-H. Octanoic Acid Potentiates Glucose-Stimulated Insulin Secretion and Expression of
Glucokinase through the Olfactory Receptor in Pancreatic 3-Cells. Biochem. Biophys. Res. Commun. 2018, 503, 278-284. [CrossRef]
[PubMed]

Seiron, P,; Stenwall, A.; Hedin, A.; Granlund, L.; Esguerra, ].L.S.; Volkov, P; Renstrém, E.; Korsgren, O.; Lundberg, M.; Skog, O.
Transcriptional Analysis of Islets of Langerhans from Organ Donors of Different Ages. PLoS ONE 2021, 16, €0247888. [CrossRef]
Cheng, J.; Yang, Z.; Ge, X.-Y.; Gao, M.-X.; Meng, R.; Xu, X.; Zhang, Y.-Q.; Li, R.-Z; Lin, J.-Y,; Tian, Z.-M.; et al. Autonomous
Sensing of the Insulin Peptide by an Olfactory G Protein-Coupled Receptor Modulates Glucose Metabolism. Cell Metab. 2022, 34,
240-255. [CrossRef] [PubMed]

Oh, ].H.; Han, Y.E.; Bao, Y.R.; Kang, C.W.; Koo, J.; Ku, C.R.; Cho, Y.H.; Lee, E.J. Olfactory Marker Protein Regulation of Glucagon
Secretion in Hyperglycemia. Exp. Mol. Med. 2022, 54, 1502-1510. [CrossRef]

Park, J.-H.; Song, D.-K. Sweet Taste Receptors as a Tool for an Amplifying Pathway of Glucose-Stimulated Insulin Secretion in
Pancreatic 3 Cells. Pflug. Arch. 2019, 471, 655-657. [CrossRef] [PubMed]

Kojima, I.; Nakagawa, Y. The Role of the Sweet Taste Receptor in Enteroendocrine Cells and Pancreatic 3-Cells. Diabetes Metab. ].
2011, 35, 451-457. [CrossRef]

Oya, M.; Suzuki, H.; Watanabe, Y.; Sato, M.; Tsuboi, T. Amino Acid Taste Receptor Regulates Insulin Secretion in Pancreatic 3-Cell
Line MING6 Cells. Genes. Cells 2011, 16, 608-616. [CrossRef]

Serrano, J.; Meshram, N.N.; Soundarapandian, M.M.; Smith, K.R.; Mason, C.; Brown, L.S,; Tyrberg, B.; Kyriazis, G.A. Saccharin
Stimulates Insulin Secretion Dependent on Sweet Taste Receptor-Induced Activation of PLC Signaling Axis. Biomedicines 2022,
10, 120. [CrossRef]

Calvo, S.S.-C.; Egan, ]. M. The Endocrinology of Taste Receptors. Nat. Rev. Endocrinol. 2015, 11, 213-227. [CrossRef]

Kyriazis, G.A.; Soundarapandian, M.M.; Tyrberg, B. Sweet Taste Receptor Signaling in Beta Cells Mediates Fructose-Induced
Potentiation of Glucose-Stimulated Insulin Secretion. Proc. Natl. Acad. Sci. USA 2012, 109, E524-E532. [CrossRef]


https://doi.org/10.1038/s41537-021-00190-z
https://www.ncbi.nlm.nih.gov/pubmed/34887427
https://doi.org/10.1007/s00406-023-01580-3
https://doi.org/10.1016/j.bcp.2019.113685
https://doi.org/10.1074/jbc.RA118.005464
https://doi.org/10.1021/jm0700417
https://www.ncbi.nlm.nih.gov/pubmed/17497842
https://doi.org/10.1055/a-1139-9200
https://www.ncbi.nlm.nih.gov/pubmed/32450582
https://doi.org/10.3390/ijms21062005
https://www.ncbi.nlm.nih.gov/pubmed/32183490
https://doi.org/10.1111/j.1476-5381.2012.02137.x
https://www.ncbi.nlm.nih.gov/pubmed/22889145
https://doi.org/10.1172/JCI32994
https://www.ncbi.nlm.nih.gov/pubmed/17992256
https://doi.org/10.2337/db21-1104
https://doi.org/10.1093/nar/gks1193
https://doi.org/10.1093/bioinformatics/btp616
https://doi.org/10.1016/j.xinn.2021.100141
https://doi.org/10.1111/bph.15666
https://www.ncbi.nlm.nih.gov/pubmed/34411276
https://doi.org/10.1016/j.tcb.2022.09.005
https://www.ncbi.nlm.nih.gov/pubmed/36229334
https://doi.org/10.1016/j.bbrc.2018.06.015
https://www.ncbi.nlm.nih.gov/pubmed/29885841
https://doi.org/10.1371/journal.pone.0247888
https://doi.org/10.1016/j.cmet.2021.12.022
https://www.ncbi.nlm.nih.gov/pubmed/35108512
https://doi.org/10.1038/s12276-022-00843-8
https://doi.org/10.1007/s00424-019-02271-6
https://www.ncbi.nlm.nih.gov/pubmed/30877363
https://doi.org/10.4093/dmj.2011.35.5.451
https://doi.org/10.1111/j.1365-2443.2011.01509.x
https://doi.org/10.3390/biomedicines10010120
https://doi.org/10.1038/nrendo.2015.7
https://doi.org/10.1073/pnas.1115183109

Biomolecules 2023, 13, 1618 27 of 27

174. Eisen, M.B.; Spellman, P.T.; Brown, P.O.; Botstein, D. Cluster Analysis and Display of Genome-Wide Expression Patterns. Proc.
Natl. Acad. Sci. USA 1998, 95, 14863-14868. [CrossRef]

175. Wang, J.Z.; Du, Z.; Payattakool, R.; Yu, PS.; Chen, C.-F. A New Method to Measure the Semantic Similarity of GO Terms.
Bioinformatics 2007, 23, 1274-1281. [CrossRef]

176. Yu, G,;Li, E; Qin, Y,; Bo, X;; Wu, Y;; Wang, S. GOSemSim: An R Package for Measuring Semantic Similarity among GO Terms and
Gene Products. Bioinformatics 2010, 26, 976-978. [CrossRef]

177. Arrojo e Drigo, R.; Jacob, S.; Garcia-Prieto, C.F; Zheng, X.; Fukuda, M.; Nhu, H.T.T.; Stelmashenko, O.; Pecanha, FL.M,;
Rodriguez-Diaz, R.; Bushong, E.; et al. Structural Basis for Delta Cell Paracrine Regulation in Pancreatic Islets. Nat. Commun.
2019, 10, 3700. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1073/pnas.95.25.14863
https://doi.org/10.1093/bioinformatics/btm087
https://doi.org/10.1093/bioinformatics/btq064
https://doi.org/10.1038/s41467-019-11517-x
https://www.ncbi.nlm.nih.gov/pubmed/31420552

	Introduction 
	Metabolic Syndrome and Insulin 
	G Protein-Coupled Receptors and Insulin Secretion Regulation 
	DA-Mediated Regulation of Insulin Secretion 
	DA Modulation of GSIS in Islets 
	DA Signaling in CNS in the Aspect of Metabolic Syndrome 
	Systemic Interaction of Insulin and DA Signaling Pathways 

	Norepinephrine Signaling in GSIS Regulation 
	5-HT Participation in -cell Modulation 
	Trace Amine Signaling and TAARs in Pancreatic Islets 
	TAARs-Dependent Regulation Mechanisms 
	Relationship between the Trace Amine System and the Monoaminergic Systems 
	Background and Prospects for the Clinical Use of Trace Amines and their Receptors 
	TAAR Activity in the Pancreatic Islets as Part of the Systemic Metabolism Regulation by TAs 

	Evidence for TAARs Involvement in Islets Functioning from Transcriptomic Data 
	Whole Islet Transcriptomic Data 
	TAAR1 Co-Expression Cluster Changes in Metabolic Diseases 
	RNA Sequencing of Single Cells and Cell Fractions Demonstrates Taar Expression in all Main Islet Cell Populations, Especially in -Cells 

	Review Limitations 
	Conclusions 
	References

