
pharmaceuticals

Review

Atypical Antipsychotics and Metabolic Syndrome:
From Molecular Mechanisms to Clinical Differences

Marco Carli 1,*,† , Shivakumar Kolachalam 1,†, Biancamaria Longoni 1, Anna Pintaudi 1, Marco Baldini 1,
Stefano Aringhieri 1, Irene Fasciani 2, Paolo Annibale 3, Roberto Maggio 2 and Marco Scarselli 1,*

����������
�������

Citation: Carli, M.; Kolachalam, S.;

Longoni, B.; Pintaudi, A.; Baldini, M.;

Aringhieri, S.; Fasciani, I.; Annibale,

P.; Maggio, R.; Scarselli, M. Atypical

Antipsychotics and Metabolic

Syndrome: From Molecular

Mechanisms to Clinical Differences.

Pharmaceuticals 2021, 14, 238.

https://doi.org/10.3390/

ph14030238

Academic Editor: Sheila Leone

Received: 27 January 2021

Accepted: 3 March 2021

Published: 8 March 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Translational Research and New Technologies in Medicine and Surgery, University of Pisa,
56126 Pisa, Italy; k.shivakumar@alumni.sssup.it (S.K.); biancamaria.longoni@med.unipi.it (B.L.);
anna.pintaudi@hotmail.com (A.P.); marcobuniversita@gmail.com (M.B.); stefano.aringhieri@gmail.com (S.A.)

2 Department of Biotechnological and Applied Clinical Sciences, University of L’Aquila, 67100 L’Aquila, Italy;
irene.fasciani@hotmail.it (I.F.); roberto.maggio@univaq.it (R.M.)

3 Max Delbrück Center for Molecular Medicine, 13125 Berlin, Germany; paolo.annibale@mdc-berlin.de
* Correspondence: carlimarco@outlook.it (M.C.); marco.scarselli@med.unipi.it (M.S.)
† These authors contributed equally to the work.

Abstract: Atypical antipsychotics (AAPs) are commonly prescribed medications to treat schizophre-
nia, bipolar disorders and other psychotic disorders. However, they might cause metabolic syndrome
(MetS) in terms of weight gain, dyslipidemia, type 2 diabetes (T2D), and high blood pressure,
which are responsible for reduced life expectancy and poor adherence. Importantly, there is clear
evidence that early metabolic disturbances can precede weight gain, even if the latter still remains
the hallmark of AAPs use. In fact, AAPs interfere profoundly with glucose and lipid homeostasis
acting mostly on hypothalamus, liver, pancreatic β-cells, adipose tissue, and skeletal muscle. Their ac-
tions on hypothalamic centers via dopamine, serotonin, acetylcholine, and histamine receptors
affect neuropeptides and 5′AMP-activated protein kinase (AMPK) activity, thus producing a supra-
physiological sympathetic outflow augmenting levels of glucagon and hepatic glucose production.
In addition, altered insulin secretion, dyslipidemia, fat deposition in the liver and adipose tissues,
and insulin resistance become aggravating factors for MetS. In clinical practice, among AAPs, olan-
zapine and clozapine are associated with the highest risk of MetS, whereas quetiapine, risperidone,
asenapine and amisulpride cause moderate alterations. The new AAPs such as ziprasidone, lurasi-
done and the partial agonist aripiprazole seem more tolerable on the metabolic profile. However,
these aspects must be considered together with the differences among AAPs in terms of their efficacy,
where clozapine still remains the most effective. Intriguingly, there seems to be a correlation between
AAP’s higher clinical efficacy and increase risk of metabolic alterations. Finally, a multidisciplinary
approach combining psychoeducation and therapeutic drug monitoring (TDM) is proposed as a
first-line strategy to avoid the MetS. In addition, pharmacological treatments are discussed as well.

Keywords: atypical antipsychotics (AAPs); G protein-coupled receptors (GPCRs); metabolic syn-
drome (MetS); weight gain; type 2 diabetes; dyslipidemia; clozapine; olanzapine

1. Introduction

Antipsychotic (AP) medications are associated with relevant metabolic side effects,
where the so-called metabolic syndrome (MetS) can be responsible for poor adherence,
sub-optimal and discontinuation drug use, resulting in relapse and poor clinical outcome.
In fact, about 20–50% of patients suffering from schizophrenia or other psychotic disorders,
in the long-term, may suspend drug usage with a detrimental effect for their prognosis [1].

In addition, MetS, which has an occurrence of about 40% in chronic schizophrenic
patients, has a relevant impact on their general health conditions [1,2]. MetS is defined by
the presence of metabolic abnormalities, such as large waist circumference, dyslipidemia,
fasting hyperglycemia and elevated blood pressure. Schizophrenic patients have higher
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morbidity and mortality compared to the general population, where cardiovascular prob-
lems are the main cause of this decease and the estimated life expectancy drops down by
10–20 years [3]. However, recent data have confirmed that long term use of atypical antipsy-
chotics (AAPs) in the schizophrenic population is associated with decreased hospitalization
and mortality compared to untreated patients, especially with the use of clozapine [4,5].

The relationship between MetS and schizophrenia is complex and multifactorial,
where the use of APs has a major role. Besides drugs side effects, other factors such
as unhealthy lifestyle, reduced physical activity, smoking, improper diet and genetic
predisposition also contribute to metabolic disturbances [6].

APs are generally divided into typical antipsychotics (TAPs) or first-generation APs
and atypical antipsychotics (AAPs) or second-generation APs, based on the evidence that
AAPs rarely induce motor side effects. However, this distinction has been questioned
by many, so a new classification among AAPs was recently proposed by introducing the
concept of spectrum of atypia that begins with risperidone (the least atypical) and ends with
clozapine (the most atypical), which is still the gold standard for the treatment-resistant
schizophrenia [7].

Unfortunately, AAPs higher efficacy on cognition and negative symptoms of schizophre-
nia is outweighed by the frequent occurrence of MetS and weight gain, thereby limiting their
use in clinical practice and compelling clinicians for constant monitoring of patient conditions.
It is quite surprising that these relevant side effects, in particular for AAPs, have been under-
estimated in the past, but now finally clinicians are addressing these concerns while treating
psychotic disorders.

Different meta-analysis have shown that the use of AAPs is associated with the highest
risk of MetS compared with TAPs, with clozapine and olanzapine being the worse [8].
Importantly, type 2 diabetes (T2D) is not strictly correlated with adiposity. In fact, 25% of
patients develop hyperglycemia without gaining weight and this metabolic alteration can
happen in the early period of the treatments and precede weight gain [9]. On the other
hand, it is important to underline, in the long-term, how weight gain induced by AAPs
undoubtedly represents an aggravating factor in the whole metabolic regulation.

The molecular and cellular mechanisms responsible for these metabolic changes are
complex and involve practically all the organs relevant for metabolism, including the
central and peripheral nervous system.

Indeed, AAPs are drugs targeting many receptors and other proteins, and significantly
affect the activities of many hormones and neuromodulators. Different affinities of AAPs
on dopamine, serotonin, muscarinic, adrenergic, histamine receptors and other molecular
targets (e.g., AMPK) are responsible of their diverse clinical profiles. These receptor targets
are well expressed in the hypothalamic centers, pancreas, liver, adipose tissue and skeletal
muscle where they modulate glucose and lipid homeostasis in the whole body [10].

With these premises, this review aims to analyze the occurrence of MetS during the
use of AAPs by trying to understand the responsible mechanisms in order to identify new
potential targets to avoid and/or reduce this undesired effect.

A multidisciplinary approach combining psychoeducation and therapeutic drug mon-
itoring (TDM) is proposed as a first-line strategy. In addition, pharmacological treatments
are discussed as well.

2. A New Classification for AAPs: The Spectrum of Atypia

Since the discovery of clozapine in the 70’s, the concept of AAPs or second-generation
APs was introduced, referring to a new class of medications that were better tolerable,
especially in terms of motor-related side effects. However, in the following years, it emerged
that the benefits of this new class of drugs were somehow overshadowed due to induced
metabolic side effects such as obesity and diabetes. In addition, clinical evidence underlined
the diversity within the class of AAPs in terms of efficacy and motor and endocrine-related
side effects, highlighting how each AAP was unique and therefore the differences among
TAPs and AAPs were questionable [11].
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To reconcile the concept of atypicality and diversity among the class of AAPs, a new
classification for AAPs was recently proposed by introducing the notion of spectrum of
atypia, that ranges from risperidone, the least atypical, to clozapine, the most atypical,
while all the other AAPs fall within the extremes of this spectrum (Figure 1). Notably,
risperidone and amisulpride can lose their atypicality at higher doses [7]. With this
clarification, the concept of atypia is still intact in its essence referring to a category of APs,
which demonstrate reduced motor problems, reduced hyperprolactinemia, and reduced
worsening of apathy and anhedonia along with a better improvement of negative and
cognitive symptoms of schizophrenia. The most effective AAP is still clozapine, which has
unique clinical properties to treat drug-refractory schizophrenia, psychoses associated
with Parkinson’s disease (PD) and tardive dyskinesia. Unfortunately, these advantages
have to be balanced with the increased risk of the AAPs-induced MetS, which is seen less
with TAPs [12].
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Figure 1. The concept of spectrum of atypia was recently introduced to classify atypical antipsychotics (AAPs). They can be
divided in three categories, where risperidone is least atypical (Level I) and clozapine is most atypical (Level III), while all
others fall within these two extremes of the spectrum (Level II). The molecular targets shown on the right add up, beginning
with the D2 and 5-HT2A,C receptors that are common targets for all AAPs, extending to additional mechanisms such as M1
positive allosterism and GlyT (glycine transporter) activity that seem specific to clozapine. Other targets, such as H1 and α2
receptors and BDNF, are relevant to both Level II and III of atypia [7].

In fact, in clinical practice, many doctors make decisions for a tailored therapy accord-
ing to the patient’s characteristics, drug efficacy and risks of drug-related side effects. As a
consequence, the choice among the different APs is often made by trying to avoid the risk
of motor-related side effects or metabolic abnormalities.

Regarding the mechanism of action, AAPs are weak D2 receptor blockers and they
act beyond D2 antagonism, involving other receptor targets (e.g., serotonin (5-HT) recep-
tors) [13–16]. The ratio of 5-HT2A/D2 and 5-HT2C/D2 receptor affinity together with a
rapid dissociation constant (Koff) from the D2 receptor are two important factors that
distinguish AAPs in terms of efficacy and side effects [17,18]. In addition, other molecular
targets characterize the receptor profile of the ideal AAP, and among them, 5-HT1 partial
agonism, H1 antagonism, α2 antagonism, muscarinic antagonism and positive alloster-
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ism, brain-derived neurotrophic factor (BDNF) production, and glycine transporter (GlyT)
blocking are relevant for AAP’s action. Clozapine has a unique receptor profile on these
molecular targets and therefore it is still considered the gold standard, especially for
treatment-resistant schizophrenia. Recently, new concepts such as biased agonism and
receptor dimerization have been introduced to explain the differences among different
APs [19–21]. It has been found that some AAPs have biased signaling activities at D2
and 5-HT2A receptors, allowing them to preferentially block or activate specific receptor-
mediated intracellular signaling pathways. For instance, clozapine has been shown to act
as a biased agonist in vivo and in vitro at 5-HT2A receptor and to activate ERK and Akt
kinases, and this can be another factor determining clozapine singularity [19,22].

3. Role of GPCRs in the Metabolism of Peripheral Tissues

Glucose and lipid metabolism relies on the coordination between several organs,
including pancreatic β-cells, liver, adipose tissue, and skeletal muscle. In addition, the cen-
tral nervous system (CNS), through the hypothalamic centers via the autonomic nervous
system and the neuroendocrine system, constantly regulates their activity.

Besides insulin and glucagon, the main protagonists for energetic homeostasis, other mod-
ulators determine a fine regulation of the metabolism by mostly acting on the G protein-couled
receptors (GPCRs) that are targeted by AAPs.

For this reason, we briefly summarize the relevance of several GPCRs involved in
the metabolism of peripheral tissues, such as glucagon (GCG) receptors, glucagon-like
peptide-1 (GLP-1) receptors, gastric inhibitory polypeptide (GIP) receptors, muscarinic re-
ceptors, free fatty acid (FFA) receptors, adrenergic receptors, dopamine receptors, serotonin
receptors, and ghrelin receptors.

3.1. GPCRs and Pancreatic β-Cells

Many GPCRs expressed in the pancreatic β-cells are involved in the regulation of
pancreatic islet’s function, and therefore they are potential targets responsible for AAPs-
induced side effects (Figure 2).

The endogenous agonists for GLP-1 receptors are the incretin hormones released by
the intestinal system post-meal ingestion, which enhance the glucose-stimulated insulin
secretion (GSIS) by β-cells [23]. The GLP-1 receptor increases GSIS by activating the Gs
protein and consequently increasing cAMP. In addition, GLP-1 activates Akt and increases
the expression of PDX1 thus causing a cytoprotective and proliferative effect. The GIP
receptor has similar characteristics to GLP-1 and is coupled to Gs protein, which induces
an increase in cAMP and insulin secretion [24].

On β-cells physiology, the Gs-coupled glucagon receptor is important for regulating
insulin secretion, and it seems to have a permissive effect, which guarantees a minimum
concentration of intracellular cAMP necessary for the β-cells activity. Indeed, in pancre-
atic islets isolated from glucagon receptor knockout (KO) Gcgr(−/−) mice, the insulin
responses to glucose and several insulin secretagogues were found to be significantly
reduced when compared with wild-type mice [24,25].

The most expressed muscarinic receptor subtype is the M3, coupled to Gq protein.
Studies in mice have clearly shown that it is involved in the correct maintenance of glucose
homeostasis [26]. Several studies have shown that an increase in parasympathetic activity
can increase insulin secretion during the first minutes of food ingestion [27].

Similar to M3, the FFA receptor GPR40, highly expressed in β-cells, is coupled to Gq
protein and it enhances insulin secretion by increasing intracellular Ca2+ concentration.
It may also effect cell vitality through the activation of the intracellular signaling pathways
of ERK, PI3K and Akt [28]. The other FFA receptor GPR119 expressed in β-cells is associ-
ated with a Gs protein, and it increases insulin secretion by rising the intracellular levels
of cAMP [24].
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Figure 2. The AAPs-induced metabolic syndrome (MetS) is the consequence of a broad activity of these drugs on the
central nervous system (CNS) and peripheral organs. In the CNS, the most important target is the hypothalamus, while in
the periphery, the liver, pancreatic β-cells, adipose tissue and skeletal muscle are implicated in AAPs-induced MetS.
By interfering with the activity of different GPCRs expressed in these regions, AAPs significantly alter glucose and
lipid homeostasis.

Regarding adrenergic receptors, the two catecholamines, noradrenaline and adrenaline,
inhibit insulin secretion via α2 receptors coupled to Gi protein; however, the presence of
β2-adrenergic receptor in the β-cell might indicate its possible role in insulin secretion
under certain conditions. In animal models, selective KO studies have shown that the α2A
and α2C subtypes mediate the inhibition of insulin secretion by catecholamines [24].

While the role of sympathetic and parasympathetic systems has been clearly demon-
strated in β-cell physiology, an intriguing activity of peripheral dopamine and serotonin
on β-cells has also emerged over the last two decades [29].

In murine species, the expression of the five dopamine receptors in islets and β-cell
cultures, such as INS-1 and MIN6, has been determined using RT-PCR [30]. In particular,
the most expressed subtypes are D2 (long and short) and D3. A subtle inhibitory paracrine
and autocrine function on β-cells has been postulated for local dopamine sourced from
dietary precursors (e.g., L-DOPA) and/or noradrenergic fibers [31–33]. In fact, rodent and
human islets express enzymes such as tyrosine hydroxylase (TH), L-aromatic amino acid
decarboxylase (AADC), vesicular monoamine transporter 2 (VMAT2) and dopamine active
transporter (DAT) to produce and store dopamine [31].

Recently, it was proved that both the D2 and D3 receptors are relevant for inhibiting
GSIS that occurs after the L-DOPA treatment. While the D2/3 agonist quinpirole induced a
dose-dependent inhibition of GSIS, the D2/3 antagonist raclopride was able to block the
inhibitory action of L-DOPA and thus restore the normal levels of insulin [34].
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In relation to serotonin receptors, different subtypes have been detected in β-cells
across different species. However, among them, 5-HT1A/1D/1F, 5-HT2A and 5-HT3 seem
most relevant as their expression may change in response to the metabolic condition [35].

Similar to dopamine, serotonin released mostly by intrapancreatic nerves originated
from the enteric nervous system and/or co-released with insulin by β-cells can influ-
ence insulin secretion [36,37]. In fact, β-cells express tryptophan hydroxylase (TPH) [38]
and AADC, the two enzymes required for serotonin synthesis. Additionally, similar to
dopamine, serotonin can be stored in insulin vesicles via VMAT2 and it can be reuptaken
by serotonin transporter (SERT) [37].

Intriguingly, the role of serotonin in insulin secretion is still not clear because both
in vitro and in vivo studies have found different and contradicting results. It seems that
the administration of serotonin can either reduce or increase GSIS based on expression
of different serotonin receptor subtypes [37]. In β-cell cultures, such as MIN6 and INS-1,
the 5-HT2 selective agonists reduced GSIS whereas in vivo they produced an opposite
effect [39].

3.2. GPCRs and Liver

The liver is the main source of glucose production, and glucagon and insulin constantly
regulate its activity as a consequence of plasma nutrients levels. Besides, other GPCRs also
influence its metabolic activity (Figure 2).

Glucagon receptors cause an increased expression of cAMP, PKA, and CREB, with con-
sequent activation of gluconeogenesis, glycogenolysis and inhibition of glycolysis. In addi-
tion, the cAMP-PKA-CREB pathway also provides a strong stimulus for the turnover of
amino acids in the liver by activating enzymes of the urea cycle [40]. In the liver, the pres-
ence of incretin receptors such as GLP-1 or GIP do not seem significant, whereas ghrelin
receptors are capable of influencing hepatic lipid metabolism by increasing lipogenesis [41].

The sympathetic and parasympathetic activity on liver metabolism is complex and
still controversial. The β2 receptors expressed in hepatocytes influence carbohydrate and
lipid metabolism, and these receptors seem to prevent the accumulation of lipids in mice
receiving fat diet, therefore they are a plausible target for treating fatty liver disease [42].
In fact, genetic deletion of β2 adrenergic receptor aggravates hepatic lipid accumulation and
it has been hypothesized that the lack of β2 alters CREB-mediated regulation of peroxisome
proliferator-activated receptor PPARγ activity in the liver [43].

Regarding muscarinic receptors, acetylcholine alters the hepatic energy metabolism
by stimulating glycogen synthesis, apparently through the Gq-coupled M3 receptor [44].
Similar to β2, the M3 can reduce hepatic lipid accumulation via AMPK activation [45].
Recently, it was suggested that muscarinic receptors are not relevant for maintaining
glucose homeostasis as, surprisingly no significant metabolic differences were found in M3
mutant mice compared to control group, and in addition, the expression of key genes for
regulation of liver metabolism remained unaltered [46]. On this topic, it was proposed that
other GPCRs coupled to Gq protein, such as vasopressin V1b receptor, can be relevant to
regulate hepatic glucose production.

Another GPCR family expressed in hepatocytes are serotonin receptors, namely
5-HT2A/2B and 5-HT3. Activation of the 5-HT2A/2B promotes gluconeogenesis and inhibits
the absorption of glucose, thereby increasing blood sugar during fasting periods [47,48].
Serotonin promotes a similar activity through 5-HT3. In addition, serotonin regulates the
hepatic accumulation of triglycerides via mTOR pathway [49].

3.3. GPCRs and Adipose Tissues

The presence of GIP receptor has been demonstrated in the adipose tissue, while GLP-
1 receptor does not appear to be relevant [50]. Several studies have shown that GIP plays
a role in the metabolism of adipose tissue by increasing the entry of FFA into adipocytes
with a consequent reduction in their plasma levels (Figure 2). In animal studies, GIP is able



Pharmaceuticals 2021, 14, 238 7 of 26

to increase the activity of lipogenesis and lipoprotein lipase. In addition, the possible role
of GIP as a pro-inflammatory factor in adipose tissue has also been considered [51].

Stimulation of the FFA receptor GPR120 activates lipogenesis, which helps to maintain
lipid homeostasis and reduce insulin resistance. GPR120 is coupled to Gq protein and
it induces an increase in intracellular calcium concentration and ERK phosphorylation,
both relevant for stimulating adipogenesis [52].

Lipid metabolism in adipocytes is also influenced by β-adrenergic receptors that
induce lipolysis by increasing cAMP levels and consequently activating the PKA pathway;
on the contrary, insulin counteracts lipolysis and promotes lipogenesis by activating the
Akt pathway. However, despite producing this opposite effect, insulin and catecholamines
seem to converge in some common denominators, such as Akt activation. Interestingly,
insulin resistance and T2D do not alter the hormonal control of lipolysis and the release of
FFA [53].

In the white adipose tissue, serotonin, by stimulating 5-HT2A/2B receptors, promotes
adipogenesis and absorption of lipids from the bloodstream while simultaneously it inhibits
lipolysis induced by β-adrenergic receptors. Whereas in brown adipose tissue, serotonin
reduces cellular activity and energy expenditure [47].

Finally, ghrelin causes an increase in the mass of white adipose tissue via a GHS1
receptor-dependent mechanism that activates intracellular mTOR-PPAR signaling pathway,
and furthermore, the elimination of GHS receptor reduces the absorption of lipids and
lipogenesis [41].

3.4. GPCRs and Skeletal Muscle

The GLP-1 receptor seems to have an unusual activity in muscle tissues, such as
increasing the synthesis of glycogen and the absorption of glucose in an action similar to
insulin [54], and this effect does not involve cAMP but instead the second messenger inosi-
tolphosphoglycan (IPG). Conversely, glucagon receptors, expressed at low concentrations
in the skeletal muscle might reduce absorption of glucose [55] (Figure 2). The exposure
of skeletal muscle to catecholamines induces a slight increase in lipolysis in obese sub-
jects; however, this does not seem to happen in lean subjects, probably due to a different
composition of muscle fibers and their sensitivity to β2-adrenergic receptors [56]. Both cat-
echolamines and serotonin, through Gs protein-coupled receptors, increase cAMP levels
and cause glycogen depletion in rat muscle cells [57].

Histaminergic H1 receptors have an important role in regulating glycogen synthesis
in muscle tissues. Their stimulation activates some key proteins for intracellular signaling
of the insulin receptor, including insulin receptor substrates IRS1/2, and Akt, thereby
inhibiting GSK3 and increasing glycogen synthesis. Furthermore, the H1 receptors also
influence the AMPK pathway, and this could increase the membrane translocation of
glucose transporter type 4 (GLUT-4) [58].

On this topic, the 5-HT2A receptor also appears capable of increasing the absorption
of glucose in the muscle by inducing greater expression of the transported GLUT-4. In fact,
the 5-HT2A antagonists inhibit muscle uptake of glucose [59].

4. Effects of AAPs on Hypothalamus and Peripheral Tissues

The AAPs-induced MetS is the consequence of a very complex and broad activity of
these drugs on the CNS and peripheral organs, especially by interfering with the activity
of GPCRs expressed in these tissues. In addition, if we consider how the CNS through
hypothalamus deeply regulates the peripheral organs by altering the concentrations of
neuromodulators and hormones in the blood system, the role of the CNS and each organ in
the genesis of the AAPs-induced MetS becomes difficult to establish. Therefore, in order to
understand the mechanism of MetS, especially in terms of hyperglycemia and dyslipidemia,
it is desirable to analyze separately the contribution of the hypothalamus and each relevant
organ targeted by AAPs.
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4.1. AAPs and Hypothalamus

Hypothalamus is the main sensor of the nutrient concentrations in the blood, such as
glucose, and it strongly intervenes by influencing glucose and lipid metabolism. Hypotha-
lamus controls glucose and lipid homeostasis coordinating several organs such as the
liver, pancreas, adipose tissue, and skeletal muscle, via the autonomic nervous system
and the neuroendocrine system. Sympathetic stimulation increases noradrenaline and
adrenaline levels, glucagon secretion, production of glucose and lipolysis, and it reduces
insulin secretion leading to transitory blood glucose increase. Conversely, parasympathetic
activation causes the opposite i.e., increases insulin secretion and inhibits production of
glucose [60].

AAPs strongly interfere with hypothalamic centers activity by targeting monoaminer-
gic GPCRs, thus altering descending and ascending autonomic system control. Monoamin-
ergic neurons in the basal brain secrete dopamine, serotonin, noradrenaline and histamine
influencing hypothalamic arcuate (ARC) and paraventricular nuclei (PVN) through the
GPCRs expressed in these areas.

Among the GPCRs targeted by AAPs, antagonism at H1 receptor has been implicated
in hyperphagia, weight gain and metabolic dysregulation [61]. Importantly, H1 seems
relevant in controlling glucose and lipid homeostasis independent of weight gain (Figure 2).
A significant association has been found between the genetic variants of H1 (rs346074-
rs346070) and obesity [62].

A confirmation of the implication of H1 in the mechanism of AAPs comes from
the observation that AAPs with high affinity for this receptor, such as clozapine and
olanzapine, are the strongest for inducing weight gain and metabolic alterations. However,
H1 antagonism is not the only mechanism involved in the hypothalamus because AAPs
have a greater effect on MetS compared to selective antihistaminergic drugs [63]. In fact,
dopaminergic and serotonergic antagonism of AAPs have a great impact on specific
hypothalamic ARC neurons.

It is known that dopamine is relevant for food intake by regulating α-MSH and orexin
expression, therefore D2 antagonism can cause an increase of hunger and thus weight
gain. The ARC nucleus has a high concentration of D2 and D3 receptors [64], and their
blockade can contribute to the deregulation of glucose and lipid metabolism. In addi-
tion, D2 antagonism induces hyperprolactinemia with consequences in food regulation
and metabolism.

Regarding the role of serotonin in the hypothalamic centers, serotonergic neurons
project to the pro-opiomelanocortin (POMC) centers of the ARC nucleus that express
5-HT2A/2C receptors, which reduce the appetite by increasing α-MSH secretion from POMC
neurons that leads to melanocortin 4 receptors (MC4Rs) activation [65,66]. ARC nucleus is
a relevant sensor for energetic homeostasis because it is sensitive to various neuro-humoral
stimuli such as leptin, orexin, insulin, GLP-1, cholecystokinin and ghrelin [63].

Clozapine and olanzapine are potent 5-HT2A/2C antagonists and this is relevant
for their effect on glucose and lipid metabolism, and weight gain [67]. In animal models,
administration of selective 5-HT2A/2C antagonists resulted in significant increases in insulin
resistance and insulin secretion in response to glucose stimulation. Conversely, 5-HT2C
agonists have been proposed for the treatment of hyperglycemia and weight gain, and they
have been experimented in clinical practice [68].

Alterations in hypothalamic orexigenic and anorexigenic neuropeptides expression and
function, including neuropeptide Y (NPY), agouti-related protein (AgRP) and melanocortins
have also been demonstrated during AAPs treatment, mainly due to their interference with
monoaminergic systems.

In several experiments, it has been shown that AAPs, particularly clozapine and
olanzapine, reduce the expression of the anorexigenic peptide POMC and conversely
increase the expression of the orexigenic peptide AgRP and NPY [69].

As a consequence of these remarkable changes in the hypothalamus, AAPs increase
the sympathetic outflow in the periphery by increasing glucagon secretion [70]. Enhanced
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levels of norepinephrine have been found in schizophrenic patients taking clozapine and
risperidone, but not haloperidol [71]. As a confirmation of implication of the sympathetic
system activation, the use of α2 or β-adrenergic receptor antagonist with clozapine was
able to reverse hyperglycemia and reduce insulin secretion caused by clozapine [72].

Another important target whose function is altered during AAPs use is hypothalamic
AMPK. AMPK, highly expressed in the ARC and ventromedial hypothalamus, is a key
player in the regulation of energy homeostasis and metabolism, which is influenced by sev-
eral neurotransmitters and neuropeptides through receptors that are targeted by AAPs [73].
When glucose levels decrease in the brain, AMPK is activated to replenish these levels that
are essential for neuronal activity. Consequently, AMPK activates hepatic gluconeogenesis
and glycogenolysis via stimulation of the sympathetic nervous system, which increases the
secretion of hormones, such as glucagon, corticosterone and epinephrine [74]. AMPK activ-
ity is regulated by nutrients, anorexigenic (e.g., leptin) and orexigenic signals, and AAPs
hinder these sensing mechanisms.

AAPs are known to increase hypothalamic AMPK activity mostly as antagonists at
H1 receptors. In fact, AAPs with high affinity for H1, such as clozapine and olanzapine,
are the strongest AMPK activators, whereas others, such as ziprasidone or lurasidone,
have a minimal effect [75]. A study confirmed this hypothesis where clozapine was unable
to activate hypothalamic AMPK phosphorylation in H1 KO mice, and thus its effect on
food intake or weight gain disappeared in these mice [75]. On this line of evidence,
the histaminergic stimulant betahistine partially reversed the changes in hypothalamic
AMPK activation and NPY expression caused by olanzapine [73].

It should be noted that while AMPK activation in the hypothalamus increases glucose
levels and alters lipid metabolism, the same mechanism has an opposite effect in the
peripheral organs, such as the liver where it lowers glucose production and increases fatty
acid oxidation.

4.2. AAPs and Liver

The liver is the principal location of glucose production, and it has a central role in
the regulation of systemic glucose and lipid fluxes during feeding and fasting. Since the
pancreatic veins drain directly into the portal venous system, every hormone secreted by
the pancreas, such as insulin and glucagon, pass through the liver before entering into the
systemic circulation. About 70% of hepatic glucose output takes place via glycogenolysis
and the remaining 30% via gluconeogenesis [76].

The AAPs-induced increase of glucagon targets the liver that is the principal source
of glucose production, and this excessive production is responsible for the development
of T2D, even at early stages (Figure 2). In fact, clozapine and olanzapine may induce an
increase in glucagon levels even when peripheral glucose levels are high [77]. Glucagon
increases the expression of glucose 6-phosphatase (G6Pase) and phosphoenolpyruvate
carboxykinase (PEPCK) in the hepatocytes [78], which determine the rate of hepatic glu-
cose production.

A confirmation of AAPs-induced glucagon increase for the hyperglycemic effect is
based on early data where olanzapine-induced increase of blood glucose levels was found
abolished in glucagon receptor KO mice [79]. Besides glucagon increase, the diabetogenic
effect induced by AAPs such as clozapine and olanzapine is also mediated by hepatic
insulin resistance as demonstrated in preclinical and clinical studies [80], which contributes
to an abnormal increase of hepatic glucose output [77,81]. This effect was however not
observed with risperidone [81]. The hepatic insulin resistance induced by clozapine can
indeed occur rapidly following a single dose as demonstrated in healthy animals [72].

In relation to hepatic metabolism, AMPK is known to be a key player for glucose home-
ostasis because its activation lowers blood glucose levels, mostly by inhibiting gluconeoge-
nesis. AAPs significantly decrease AMPK activity thereby altering glucose metabolism [82].
In addition, since activated AMPK also regulates the lipid metabolism by inhibiting lipoge-
nesis and increasing fatty acid oxidation, it is reasonable to assume that AAPs increase hep-
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atic lipogenesis through AMPK inhibition, which contributes to liver fat accumulation [83].
AMPK activation inhibits mTORc1 function, therefore AAPs indirectly stimulate mTOR
signaling that increases the expression of the transcriptional activation of sterol-regulatory
element-binding proteins SREBP-1c [83]. SREBPs play a central role in controlling a variety
of lipid biosynthetic pathways, regulating genes for lipid and cholesterol biosynthesis.
AAPs-induced hepatic overexpression of SREBP-1c is relevant for lipid accumulation and
liver steatosis. These adverse effects have been demonstrated for clozapine, olanzapine,
and risperidone, while aripiprazole or haloperidol did not induce the same effect [84].

SREBPs activity appears to be controlled by the downstream pathways of different
receptors present in the liver, and among them, 5-HT2 and H1 have received particu-
lar attention, whose expression is increased in the liver of patients chronically exposed
to AAPs [83,85].

In addition, it has been demonstrated that AAPs decrease the transcriptional activity
of PPAR, another critical regulator of lipolysis and fatty acid oxidation in the liver but also
in the adipose tissue [83].

Pharmacological treatments with antidiabetic drugs such as metformin and PPAR
agonists reduce hepatic steatosis and glucose production through activation of AMPK and
inhibition of SREBP elements, acting opposite to the mechanism of AAPs.

4.3. AAPs and Pancreatic β-Cells

AAPs treatment is associated with T2D, an undesired effect independent of weight
gain. Considering that hyperglycemia and peripheral insulin resistance are common side
effects induced by AAPs, a compensatory hyperinsulinemia should be expected regardless,
and this makes difficult to establish the direct or indirect effects of AAPs on insulin secre-
tion by the pancreatic β-cells. In fact, determining the effect of AAPs on β-cells activity is
challenging because conflicting results have been reported. Few in vitro studies demon-
strated that clozapine and olanzapine increase basal insulin secretion whereas haloperidol,
ziprasidone or aripiprazole did not induce the same effect [86]. In one study, clozapine
quickly increased basal insulin secretion at high concentrations; however, it did not alter
glucose-stimulated insulin activity [87]. In vitro early studies proposed an inhibitory effect
induced by some APs on GSIS [88].

These changes were later confirmed in clinical practice where 30–60% of patients using
clozapine or olanzapine showed hyperinsulinemia; however, it is not clear whether this
was a compensatory mechanism to insulin resistance or a direct consequence of β-cells
stimulation by AAPs [87]. Besides, chronic hyperinsulinemia becomes an aggravating
factor for β-cells deterioration and for early onset of T2D.

In relation to the mechanism of AAPs-induced hyperinsulinemia, D2, D3, 5-HT2A/2C
and 5-HT1A receptors expressed in the β-cells might be partially responsible, considering
that peripheral dopamine and serotonin generally inhibit insulin secretion in a subtle
way (Figure 2). In fact, D2 antagonists, such as AAPs and TAPs, slightly increase insulin
secretion, while dopamine agonists have an opposite effect [30]. Dopamine seems to
be produced in the β-cells starting from its precursors present in the diet and/or from
noradrenergic fibers, and in addition, it has a paracrine and autocrine inhibitory function
on insulin secretion via D2 and D3 receptors [30].

Similarly, studies conducted on animal models demonstrated that serotonergic ag-
onists and antagonists have an opposite effects on β-cells insulin secretion by acting on
different serotonergic receptors such as 5-HT2A, 5-HT2C, and 5-HT1 [36].

Therefore, it is plausible that the combination of dopaminergic and serotonergic antag-
onism might contribute to AAPs-induced insulin hypersecretion, more than compounds
that are selective at just one receptor subtype. Additionally, the antimuscarinic properties
of some AAPs, such as clozapine and olanzapine, have an impact on the parasympathetic
control of β-cells insulin secretion. On this aspect, the effect of AAPs is controversial be-
cause besides blocking muscarinic receptors, clozapine and olanzapine seem to increase the
parasympathetic cholinergic output that probably leads to a rebound on the vagal system
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with compensatory stimulation of the β-cells [63,89]. In a study, olanzapine administrated
for 9 days increased insulin and C peptide secretion that was reduced by atropine treatment,
thus confirming the role of muscarinic receptor stimulation [90]. Clozapine and olanzapine-
induced insulin dysregulation may also be partly due to blockade of hypothalamic M3
receptors [91].

Besides, the antagonism of clozapine at α2 receptors expressed on β-cells could reduce
the inhibitory effect of the sympathetic system on insulin secretion, and thus have a role
in hyperinsulinemia.

To demonstrate the difficulty in establishing definitive evidence on AAPs effect on
β-cells insulin secretion, a recent in vitro study found that olanzapine actually reduces
insulin secretion in the nanomolar concentration, whereas other works were conducted
mostly at higher concentrations. The study proposed that blockade of D3, 5-HT2B, 5-HT2C
and H1 receptors expressed in β-cells could be the mechanism responsible for AAPs-
reduced insulin secretion [92].

In conclusion, the effect of AAPs on β-cells insulin secretion is still controversial
and the hyperinsulinemia caused by AAPs as reported by several papers could be due to
peripheral insulin resistance and/or β-cells overstimulation.

4.4. AAPs and Adipose Tissue

Data from animal and human studies have confirmed an increase of lipogenesis, visceral
fat reserves, FFA circulation and differentiation of pre-adipocytes during AAPs treatment [93].
Studies on cultured cells have shown enhanced lipogenesis in rat adipocytes treated with
olanzapine and clozapine [94]. In vivo and in vitro studies both have suggested that clozapine
and olanzapine may increase lipogenesis through SREBP1c up-regulation [95], a transcription
factor for several genes that are implicated in lipid metabolism (Figure 2).

Undesired changes in adiposity and insulin sensitivity were observed after 12 weeks of
AAPs treatment in young patients, including greatest fat increase with olanzapine. In fact,
several trials have shown that this phenomenon is more relevant in patients treated with
olanzapine and clozapine compared to other AAPs [96,97].

In addition, AAPs differ from other drugs because they are capable of inducing
hypertriglyceridemia. Generally, clozapine and olanzapine have the highest propensity to
increase triglycerides levels, while quetiapine and risperidone are associated with moderate
risk, whereas ziprasidone, lurasidone and aripiprazole seem to have a minimal risk [98].

Besides these effects, AAPs such as olanzapine and clozapine also increase plasma
FFAs levels in patients and healthy persons. It is known that increased FFAs impair the
ability of insulin to suppress hepatic glucose production and stimulate glucose uptake by
skeletal muscle [99].

FFAs are generally sequestered from the plasma by hepatocytes, myocytes and
adipocytes and then transformed into activated fatty acids, which are subsequently me-
tabolized via oxidation or conserved via lipogenesis. When FFAs production exceeds the
capacity of these two pathways to dispose them, then FFAs and their intermediates have a
negative effect on insulin action at the cellular level. Some studies have illustrated that an
excess of FFAs induces insulin receptor inactivation and degradation, including disruption
of IRS1 [100,101].

Besides metabolic alterations, it has been demonstrated that AAPs are able to stimulate
the differentiation of preadipocytes into adipocytes, thereby contributing to adipose tissue
mass. In fact, olanzapine and clozapine were found to upregulate the expression of
transcription factors essential for adipocyte differentiation [102]. Due to increased adiposity,
a rise in leptin levels generally occurs, which in the long term can lead to leptin-resistance
in the hypothalamic centers, thereby altering appetite regulation [103]. Recently, it was
shown in 140 subjects that low adiponectin and high leptin levels in dysfunctional adipose
tissues may contribute to increased oxidative stress and inflammation, which can be a
marker for severity of MS [104].
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All these above-mentioned alterations indicate the relevance of adipose tissue in the
onset of MetS that causes insulin resistance, overstimulation of β-cells insulin secretion
and inflammation, which in the long-term could lead to T2D and obesity.

4.5. AAPs and Skeletal Muscle

Based on the evidence that the H1 and 5-HT2A receptors play an important role
in glycogen synthesis and glucose uptake mostly through GLUT-4 in muscle cells, it is
reasonable to expect that glucose metabolism might be locally impacted by AAPs having
strong antagonism at H1 and 5-HT2A, especially by reducing plasma glucose clearance that
contributes to the onset of T2D [59] (Figure 2).

In an in vitro study, olanzapine inhibited IRS-1 and Akt phosphorylation induced by
insulin and impaired insulin-signaling cascade, and this can be relevant for the peripheral
insulin resistance [105]. Similar evidence was also found for clozapine in L6 muscle cells;
however, ex vivo studies on rat-isolated skeletal muscle found contradictive results for
AAPs [59].

Another factor that reduces skeletal muscle sensitivity to insulin is the increase of
plasma FFA. As aforesaid for the adipose tissue, FFA can also interfere negatively with
insulin receptor downstream signaling in the muscle cell and induce receptor degradation
as well [101].

In addition, lipidomic studies on lipid contents (e.g., FFA, phosphatidylcholines and
ceramides) in skeletal muscle biopsies from patients treated with AAPs have found several
differences compared to the general population with potential consequences in insulin
resistance; conversely, mood stabilizers did not cause the same shift [106].

5. AAPs and MetS in Clinical Practice

AAPs are generally considered well-tolerated especially in terms of motor side effects;
however, they often cause MetS, which is responsible for reduced life expectancy and poor
adherence to the therapy. Importantly, there is clear evidence that early metabolic changes
can precede weight gain, an aspect that needs to be properly monitored [9].

Several reviews and meta-analysis that systematically compared AAPs with TAPs
in terms of efficacy and side effects found data supporting AAPs superiority for several
aspects, but with an increased risk of developing MetS [8,107].

However, in terms of MetS, AAPs are a heterogeneous class of drugs. In fact, olanzapine
and clozapine are associated with the greatest risk, whereas quetiapine, risperidone, asenapine,
and amisulpride show a moderate level of this undesired effect (Table 1). Interestingly, ziprasi-
done and lurasidone seem more tolerable on the metabolic profile; however, these drugs are
relatively new thus their therapeutic efficacy in comparison with other AAPs still needs to be
determined. A reduced level of MetS has also been found for aripiprazole, an AAP with a
different receptors profile compared to the other drugs [8,98]. The prevalence of clozapine and
olanzapine-induced MetS is the highest compared to the other AAPs, and it has been reported
to be between 25% to 50% [108,109]. In addition, AAPs polypharmacy is generally associated
with the increasing risk of MetS [110].

TAPs have a lower tendency to produce MetS compared to AAPs, but they might still
induce it, indicating that the D2 receptor blockade has consequences on the metabolism.
Some authors suggested that haloperidol might lead to weight gain and metabolic distur-
bances due to its activity on hypothalamic centers and also to hyperprolactinemia [111].
Surprisingly, the METEOR study (Evaluation of Metabolic disorders in Schizophrenic
patients) in 2006, conducted an analysis to evaluate the differences between TAPs and
AAPs for inducing MetS and it found more similarities than expected, in contrast with
many other meta-analyses, such as the CATIE (Clinical Antipsychotic Trials of Intervention
Effectiveness) study, where the difference was clear. Therefore, even if this study can
be downsized, it still warns about the risk of metabolic alterations associated to the use
of TAPs [95].
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Table 1. Clinical differences between AAPs in terms of negative/cognitive symptoms improvement, MetS (gain, T2D,
dyslipidemia) and parkinsonism. Based on reviews and meta-analysis studies [8,107], values are reported as very high
(++++), high (+++), moderate (++), low (+), very rare (+/−), and with no effect (0).

AAPs Negative/Cognitive
Symptoms Improvement Weight Gain Diabetes (T2D) Dyslipidemia Parkinsonism

Clozapine ++++ +++ +++ +++ 0
Olanzapine +++ +++ +++ +++ +/−
Quetiapine ++ ++ ++ ++ +/−
Risperidone ++ ++ ++ ++ ++
Amisulpride ++ ++ ++ ++ ++
Asenapine ++ + + + +
Lurasidone ++ + + + +
Ziprasidone ++ + + + +
Aripiprazole ++ + + + +

In relation to weight gain, several meta-analysis studies have consistently shown
that clozapine and olanzapine are associated with the highest risk, followed in order by
quetiapine, risperidone, paliperidone, and asenapine, whereas the other AAPs, such as
ziprasidone, lurasidone and aripiprazole seem less detrimental on this effect [107].

In the first CATIE study, olanzapine showed a weight gain of almost 1 kg/month, and a
similar conclusion was reached in a following trial over one-year in which olanzapine and
clozapine induced a weight gain of approximately 12 kg while quetiapine and risperidone
increased weight of 2–3 kg [112]. Aripiprazole and asenapine showed relatively little
weight gain where apparently ziprasidone did not show any gain [113,114].

In another study, Fountaine et al. (2010) showed in healthy volunteers how olanzapine
treatment increased the calories intake of 345 kcal per day and the resulting weight gain
of 2.6 kg after 2 weeks. A similar pattern was found in olanzapine-treated schizophrenic
adolescents for 4 weeks, confirming the AAP-induced increase of appetite and excess
caloric intake coupled with increased water retention [115].

Besides causing weight gain, another undesired effect caused by AAPs treatment is
fasting hyperglycemia, which can develop in T2D. Most importantly, this side effect is not
strictly dependent on weight gain, and 25% of the cases of T2D involve people that are not
obese [116]. In fact, the development of hyperglycemia and insulin resistance can happen
in the early period of AAPs treatments (within 6 months) and precede weight gain. Besides,
in the long-term, weight gain undoubtedly becomes an aggravating factor for T2D.

A meta-analysis on 270,000 subjects found that clozapine and olanzapine are associated
with an increased risk of T2D, while risperidone or quetiapine show a moderate risk.
T2D prevalence with the use of AAPs has been shown to range from 3% to 28% [117].

Seven out of nine studies showed a significant association between olanzapine and
T2D, whereas three out of four studies found the same evidence for clozapine [118,119].
Risperidone (five out of nine) and quetiapine (three out of six) also showed a positive
association with T2D, but to a less degree. Evidence for aripiprazole was discordant
probably indicating a lack of clear association [119]. Other AAPs such as ziprasidone,
lurasidone, and asenapine are associated with low risk of T2D. Another study indicated
that the risk of olanzapine-induced T2D was dose-related, while quetiapine and risperidone
showed increased risk only at high doses [120]. Although T2D seems rare in AAP-treated
adolescences, there is evidence of a potential risk based on the duration of the treatment
and on the use of polytherapy [121].

When obesity develops during AAPs use, insulin sensitive tissues become more
resistant to insulin and β-cells increase insulin secretion in order to compensate, which in
the long term can determine β-cells deterioration thus increasing the risk of T2D.

AAPs treatment is also associated with dyslipidemia with rates between 15–50%.
Saari et al. studied a cohort of 5654 patients in Northern Finland and found that the
risk of dyslipidemia in individuals treated with AAPs was increased by 2.8 times for
hypercholesterolemia, 2.3 times for hypertriglyceridemia and 1.6 times for high LDL
cholesterol, and this increase was associated with weight gain [122]. A systematic review
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comparing metabolic effects in different AAPs found that olanzapine and clozapine have
the highest risks for increased cholesterol in addition to weight gain [119]. Another
study found that olanzapine caused the highest cholesterol elevation and increased waist
circumference among different AAPs [109]. Despite the relevance of dyslipidemia and
hyperglycemia in schizophrenic patients, most of them are not treated pharmacologically.
For example, Mackin et al. found that only 7% of patients were receiving lipid-lowering
therapy [123]. In addition, a high percentage of schizophrenic patients had cardiovascular
problems [124].

When any of the above-mentioned metabolic abnormality occurs in patients, evidence
from clinical trials suggests that switching AAP medication from one with high risk of
MetS to another with lesser risk potential could be a potential way to manage these side
effects, but the data are still limited so further examinations are required [125].

Though we focused our analysis on the most used AAPs, one should note that the
more recent ones, such as cariprazine, brexpiprazole, and lumateperone [126], have shown
a lower impact on metabolic parameters (BMI, weight change, LDL levels) when compared
to clozapine or olanzapine [98]. Regarding the mechanism of action of these new AAPs,
we suggest to refer recent reviews by Torrisi et al. and Caraci et al. [127,128].

6. Treatments for AAPs-Induced MetS: Pharmacological and
Non-Pharmacological Interventions
6.1. Non-Pharmacological Interventions

The importance of an intervention aimed at decreasing the risk of AAPs-induced MetS
is crucial considering how it can have a significant impact on patient’s health conditions
and compliance, especially in the long term. In fact, sedentary lifestyle and high-caloric
diet, in association with the use of AAPs, can be detrimental for weight gain, T2D and
dyslipidemia. In addition, weight gain increases the social stigma associated with mental
illness, and it often pushes the patients to abandon their pharmacological therapy.

The first-line treatment for AAPs-induced MetS is based on psychoeducation, physical
exercise and diet. Many studies have underlined how different strategies based on psychoe-
ducation, psychotherapy and health programs can succeed in preventing and/or reducing
the onset of AAPs-induced MetS [129].

A meta-analysis of 17 trials related to psychoeducational, cognitive-behavioral, nutri-
tional and physical activity interventions collected evidence on the effectiveness of health
promotion programs for weight loss and prevention of weight gain in psychotic patients.
The analysis found a substantial and relevant decrease of more than 3% of the initial weight;
besides, the guidelines of the Occupational Medical Service (OMS) and National Institute
of Health (NIH) indicate a weight loss of 5–10% as the optimal criterion for success [130].
On this topic, as a “lifestyle therapy,” the NIH has provided a practical guidance based
on correct diet, increased physical activity and behavioral therapy. The behavioral strate-
gies are focused on improvement of the executive functions, problem-solving skills and
anti-stress techniques to be carried out for at least 6 months.

Scientific literature shows various intervention programs starting from simple com-
mercial manuals to structured psychological therapies, differing in terms of modality,
duration and number of sessions [129].

For example, a study based on the Weight Watchers program, which combines a
regulated diet and motivational psychology, demonstrated weight reduction by 2.3 kg in
patients taking olanzapine compared to 0.2 kg in control group [131].

Furthermore, Barton et al. have pointed out that each therapy should be tailored
to patient-specific characteristics, particularly considering the severity of the symptoms,
and adopt an approach that encourages small and feasible daily changes such as eliminating
sugary drinks and adding 2000 steps each day [129,132]. Similar evidence emerges from a
case-controlled study conducted on 70 patients treated with olanzapine, where a healthy
intervention program seems to be effective in maintaining body weight up to 4 months [133].
Other educational strategies that were successful in preventing or reducing weight gain
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include a multidisciplinary approach based on strong motivational support (e.g., to have a
diary to record food intake and exercise) and changing incorrect food habits [134,135].

In addition, besides weight control, psychoeducation can be important for trying to
make patients aware of their conditions and on the side effects of the pharmacological treat-
ments to help improve patient’s adherence. On this topic, there are also even more struc-
tured treatments such as cognitive behavioral therapy (CBT) techniques. Weber et al. (2006)
examined the positive results achieved through a group cognitive-behavioral interven-
tion (1 h per week for sixteen weeks) in a diabetes prevention project on patients tak-
ing AAPs [136].

Most psychological interventions focus on change of dysfunctional beliefs and cog-
nitive bias towards unhealthy food habits, and on improvement of emotional states and
sensations related to hunger and satiety, thus promoting healthy behaviors in relation
to food. In addition, other approaches such as role-playing, problem-solving exercises,
motivational encouragement, and the use of diary to record food activities and exercise,
all might contribute to control weight gain and MetS.

6.2. Pharmacological Interventions

When diet or any non-pharmacological intervention tried as first-line treatment is
unable to reduce the AAP-induced MetS, it often becomes necessary to introduce an
appropriate pharmacological therapy. It is quite surprising to notice that a large num-
bers of patients with psychotic disorders having MetS are not pharmacologically treated
with AAPs [137].

In this direction, metformin appears to be one of the most effective drugs to counter
weight gain and T2D induced by AAPs (Table 2). Metformin belongs to the biguanide
family, and it is the main drug used for treating T2D and MetS. By activating AMPK in
the liver and other tissues, metformin reduces hepatic glucose production and lipogen-
esis, stimulates fatty acid oxidation, and facilitates glucose uptake from the blood [138].
Jesus et al. have showed that metformin reduces weight gain and improves insulin sensi-
tivity as well [139]. In a recent review, metformin was shown to be effective on weight gain
and insulin resistance in four out of five studies performed in patients taking AAPs with
metabolic adverse reactions [95].

Table 2. Clinical studies evaluating pharmacological interventions against AAPs-induced MetS.

Added Treatment AAP Study Pharmacological Response Reference

Metformin

Olanzapine

Double-blind study: 25 patients randomly
assigned to olanzapine plus metformin or

olanzapine plus placebo for 24 weeks.

Metformin-group gained 3% of body weight
compared to 7% for placebo group. BMI change was
0.85 in metformin-group vs. 2.02 in placebo-group.

[140]

40 patients randomly assigned treatment
with olanzapine plus metformin or

olanzapine plus placebo for 12 weeks.

Metformin-group vs. placebo group resulted in
lower increase in body weight (1.90 vs. 6.87), fasting

insulin level (0.81 vs. 6.78) and insulin resistance
index (0.22 vs. 1.49).

[141]

80 patients taking olanzapine were
randomized metformin or placebo

comedication treatment for 12 weeks.

Body weight change was −1.4 in metformin-group
and non-significant in placebo. Insulin resistance
increased after placebo and not after metformin.

[142]

40 patients taking olanzapine were assigned
to metformin or placebo for 14 weeks.

No significant improvements for
treated vs. placebo group. [143]

Clozapine

55 subjects taking clozapine for at least
3 months, were assigned to metformin or

placebo for 24 weeks.

Body weight, BMI, fasting plasma glucose, HDL,
insulin level had significant changes in the

metformin-group.
[144]

61 patients treated with clozapine were
randomly assigned to metformin extended

release or placebo for 14 weeks.

Mean change in body weight was −1.87 kg for
metformin-group and 0.16 kg for placebo-group

Insulin and the triglyceride/HDL ratio significantly
decreased after metformin.

[145]

Rosiglitazione

Olanzapine
12-week double blind study on 30 patients
treated with olanzapine were allocated to

rosiglitazione or placebo.

Insulin and the insulin resistance significantly
decreased after rosiglitazone, while no effect was

seen on weight gain and lipid profile.
[146]

Clozapine

8-week double blind, placebo-controlled
trial of rosiglitazone 4 mg/day in

18 clozapine-treated schizophrenia subjects
with insulin resistance.

Non-significant improvement on glucose utilization
and insulin sensitivity index; significant reduction in

LDL level in rosiglitazone group.
[147]
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Table 2. Cont.

Added Treatment AAP Study Pharmacological Response Reference

Liraglutide Olanzapine or
clozapine

103 patients with a BMI > 27 and
prediabetes randomly assigned to

liraglutide or placebo for 16 weeks.

Liraglutide-group (63.8%) developed normal glucose
tolerance compared with placebo-group (16%).
Liraglutide induced a placebo-subtracted body

weight loss of 5.3 kg.

[148]

Exenatide Clozapine
28 patients treated with clozapine randomly

assigned to exenatide extended release or
standard care for 24 weeks.

6 people on exenatide achieved >5% weight loss vs.
1 usual care. Participants on exenatide had greater
weight loss (−5.29 kg vs. −1.12 kg), BMI reduction

(−1.78 vs. −0.39), reduced fasting glucose
(−0.34 vs. 0.39) and HbA1c (−0.21 vs. 0.03)

compared to control.

[149]

A study on adult rats treated with olanzapine tested the efficacy of different class of
antidiabetic drugs in combination. Co-administration of metformin with glibenclamide,
or with rosiglitazone or with glibenclamide, reduced glucose levels more than the single
treatments, efficiently counteracting the hyperglycemic effect of olanzapine [150].

The addictive effects of the two drugs can be explained by their complementary action,
since glibenclamide acts on the pancreatic β-cells whereas metformin and rosiglitazone
regulate mostly the metabolism in the liver and in the adipose tissues, respectively [91].
According to these authors, the increase in insulin levels alone is not sufficient to cause
a reduction in hyperglycemia caused by AAPs, as the involvement of other mechanisms
seem relevant. In addition, metformin seems to counter some of the AAPs effects in the
hypothalamic centers. In fact, when prolonged treatment with olanzapine results in an
increase in hypothalamic phosphorylation of AMPK, metformin reduces AMPK activity
with consequences in the food intake and glucose homeostasis [151].

Intriguingly, oral administration of metformin also increased postprandial GLP-1
levels in diabetic patients, which seems to contribute to metformin’s glucose-lowering
effect through AMPK-dependent effect on GLP-1–secreting intestine L cells. In addition,
metformin seems to have cytoprotective properties by stimulating proliferation of pancre-
atic β-cells and reducing cellular apoptosis [152]. In 2006, GLP-1 analogues (lixisenatide,
liraglutide and dulaglutide) were approved for T2D and, at higher doses, they also re-
duce weight [153].

Lykkegaard et al. (2008) conducted an experiment on female rats treated with olanzap-
ine for 14 days followed by GLP-1 analogue liraglutide. Liraglutide succeeded in reversing
the weight gain caused by olanzapine, reduced food intake, normalized glucose tolerance
and demolished mesenteric and retroperitoneal fat stores in rats [154]. A case report of a
schizophrenic woman with T2D triggered by clozapine when treated for 3 months with
liraglutide demonstrated a loss of weight of 6 kg and the glycated hemoglobin value was
stabilized at 6.1% [155].

Considering that AAPs increase hunger, a potential pharmacological strategy is to
try drugs that decrease appetite. One option is reboxetine, a selective norepinephrine
reuptake inhibitor. The increase of norepinephrine can be effective in weight reduction
by reducing appetite [156]. A double-blind placebo-controlled study evaluated the ability
of reboxetine to prevent or mitigate weight gain caused by olanzapine. Results showed
that the control group treated with olanzapine and placebo gained an average of 5.5 kg in
6 weeks, while the group treated with olanzapine and reboxetine only gained an average
of 2.5 kg [157].

On this topic, the use of the selective serotonin reuptake inhibitor (SSRI) fluoxetine is
controversial, as clear evidence was not demonstrated, besides small improvements that
appeared were transient [158].

On olanzapine-induced weight gain, amantadine was found to be effective in losing
an average of 3.5 kg in 6 months on a small number of patients [159], an evidence which
was later confirmed in a larger study [160].

Topiramate is another drug that has been studied for reducing weight gain where
weight loss has been reported in 10–20% of patients [161], which depended on several fac-
tors such as initial body-mass index (BMI) and duration of the treatment [162]. The anorex-
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igenic capability of topiramate appears to be linked to the reduction of glutamatergic
activity [163] and to changes in the neuropeptide Y expression in the hypothalamus [164].

Another therapeutic strategy aimed at controlling weight gain is histamine H2 receptor
antagonism. Nizatidine, an H2 antagonist used primarily as an anti-ulcer drug, was able to
lower olanzapine-induced body weight and leptin serum levels [165,166].

For AAP-induced dyslipidemia, one pharmacological strategy is the use of statins,
such as simvastatin, lovastatin, atorvastatin and rosuvastatin, as several studies support
their use in schizophrenic patients [1,157,158]. In a recent in vivo study by Liu et al. (2019),
administration of simvastatin concomitantly with olanzapine reduced plasma lipid levels
and liver fat concentrations in rats. Simvastatin resulted in down-regulation of SREBP-
1, FASN (fatty acid synthase), CLY (ATP citrate lyase), ACC (acetyl-CoA-carboxylase),
and SCD-1 (stearoyl-coa-desaturase-1) genes, whose expression is increased after olanza-
pine treatment. Furthermore, the hepatic expression of mTORc1 decreased after treating
with statins. In the liver, mTORc1 is associated with lipid biosynthesis [167] and it can
be overactivated by AAPs [168]. Statins also reduces many inflammatory indices such as
C-reactive protein, interleukin-1β, and tumor necrosis factor-α [169].

Another drug used for weight control is orlistat, a lipase inhibitor, which should
be combined with a reduced fat diet. The advantage of orlistat is that it does not affect
the CNS, but it can however affect the gastrointestinal system causing diarrhea, bloating,
and cramps [160].

Nevertheless, orlistat seems more effective in preventing weight regain than in pro-
moting weight loss [170].

7. Towards a Personalized Therapy: AAPs Plasma Concentration Monitoring
and Pharmacogenetics

Despite APs treatments, more than 1/3 of patients do not benefit from the pharmaco-
logical therapy. Among the factors responsible for the inadequacy of the pharmacologic
treatments, besides using standard dose, suboptimal plasma drug concentration (Cp)
is one of them. In addition, unexpected high Cp can be responsible for severe side effects.
Both these conditions can have a negative impact on patient adherence and compliance to
the treatment. The pharmacokinetic unique characteristics of each individual, especially in
terms of metabolism, and/or drug-drug interactions can be responsible for the unexpected
results mentioned above [171].

For these issues, TDM is an effective tool to improve adherence to pharmacological
treatments in clinical practice by measuring Cp, towards a personalized medicine by
identifying each individual patient’s best therapeutic concentration [172]. For AAPs and
TAPs, the use of TDM is strongly recommended (Level I recommendation) based on the
evidence of a good correlation between Cp, clinical response and the onset of APs-induced
severe side effects [171,172].

Neuroimaging studies have demonstrated that motor-related side effects may occur
when more than 80% of D2 receptors in the striatum are blocked by APs. Importantly, a cor-
relation was found between the D2 receptor occupancy and the Cp of some APs, while such
a relationship with dose was less clear [173]. One reason for such a discrepancy is related
to the APs metabolism that involves different cytochromes such as CYP1A2, CYP2D6,
and CYP3A4 that are known to be genetically polymorphic among the general population.

These analyses have also found that the relationship between Cp and D2 receptor occu-
pancy is fit by a hyperbolic saturation curve, where risperidone and olanzapine, at higher
concentration, may exceed 80% of receptor occupancy [174]. On the contrary, even at high
concentrations clozapine never reaches this level of D2 receptor occupancy. These satura-
tion curves allow predicting D2 receptor occupancy by measuring Cp, a correlation that
is especially valid for olanzapine. For risperidone, the analysis becomes more complex
because the efflux transporter P-glycoprotein (P-gp) may be responsible for lowering its
concentration in the brain, thereby making the relationship between Cp and D2 receptor
occupancy less predictable. Therefore, possible correlation between Cp and other targets
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are also being analyzed, such as the 5-HT2A and GlyT1 transporters; however, the results
are still preliminary [175].

With reference to clozapine, many TDM studies have been carried out mainly due to
its Cp, large variability at standard dose and relevant side effects. Sex, age, smoking and
concomitant use of other medications, such as antiepileptics (e.g., carbamazepine) and SSRI
(e.g., fluvoxamine), may influence clozapine Cp up to ten times. Similar interactions
were also found for other AAPs such as olanzapine and risperidone in association with
carbamazepine or SSRIs [176].

A correlation was found between Cp of clozapine and increased risk of epileptic
seizures; hence the strong suggestion to use TDM during its usage [177]. Moreover,
a fluctuation of Cp during AAPs usage can have a negative effect on relapses and re-
hospitalization in psychotic patients, where TDM might help reduce such a risk. Finally,
higher Cp of AAPs can be associated with an increased risk of metabolic alterations in
schizophrenic patients [178].

Taken together, these data clearly show the utility of TDM in patients undergoing
AAP treatment. However, in order to obtain relevant benefits, TDM should be properly
integrated in the daily clinical practice where a multidisciplinary approach is applied to
take advantage of the expertise of each specialist, i.e., pharmacologists and clinician doctors.

When moving towards a tailored therapy, pharmacogenetics could be relevant for char-
acterizing predictive genetic variants affecting Cp, drug response, and adverse reactions.

Isoforms of CYP enzymes are known to influence the pharmacokinetics of many drugs,
and single nucleotide polymorphisms (SNPs) have been reported for AAPs on CYP2D6,
CYP1A2, CYP3A4, CYP2C9, and CYP2C19 that are responsible for interindividual variabil-
ity in Cp, and to some extent drug efficacy. For instance, the CYP2D6 poor metabolizers
showed higher plasma levels of haloperidol, aripiprazole, risperidone and other com-
monly used APs [179]. The genetic variability of CYP1A2, the main metabolic enzyme for
clozapine and olanzapine, partially explains the variability of their plasma levels [180].
With reference to efficacy, given the importance of dopaminergic and serotoninergic sys-
tems, polymorphisms on the DRD2, DRD3, 5HTR1A, and 5HTR2A receptor genes showed
some influence in AAPs response, although the association was modest [179,181]. A recent
review and meta-analysis on genetic polymorphisms affecting clozapine efficacy [182] re-
ported only three polymorphisms in serotonin receptor genes related to clozapine efficacy,
rs6313 and rs6314 within the HTR2A gene, rs1062613 within the HT3A gene, but no link
with induced weight gain. Serotoninergic genes are also involved in metabolic adverse
reactions, where polymorphisms on 5HTR2A and 5HTR2C were associated to weight gain,
greater waist circumference, increase in BMI and MetS [10,183]. Besides preliminary data,
we believe that currently there is no clear correlation between genetic polymorphisms
and the risk of MetS during AAP use, demonstrating how several factors (genetic and not
genetic) are probably involved for determining this complex phenotype.

8. Conclusions

The use of AAPs in clinical practice as first choice for treating psychotic disorders is
based on their higher efficacy on the cognitive symptoms and reduced motor side effects
compared to TAPs. However, the frequent occurrence of MetS, especially in the terms of
T2D and obesity, with AAPs has seriously questioned their overall superiority over the
other drugs.

It is surprising how these relevant side effects have not been properly considered
in the past, but now finally clinicians are aware of their importance and they are firmly
addressing these issues. The need of a prompt intervention to prevent or reduce AAPs-
induced MetS is mandatory, and treatments based on psychoeducation, physical exercise
and diet have proven to be successful through programs that are feasible and affordable.
When these schemes fail, fortunately, there are several pharmacological options available
to treat MetS, which have been underused in schizophrenic patients so far.
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One should know that the presence of T2D or obesity could negatively affect patient
compliance and lead to drug suspension, resulting in relapse and poor clinical outcomes.
In addition, weight gain increases the social stigma associated with mental illness, and it
often pushes the patients to abandon their treatments.

Olanzapine and clozapine are associated with the greatest risk of MetS; however,
these aspects must be considered together with their higher efficacy, where clozapine still
remains the most effective AAP. The newer AAPs such as ziprasidone, lurasidone are
more tolerable on the metabolic profile, but their overall clinical efficacy is less compared
with clozapine.

We might conclude that there is a correlation between AAP’s clinical efficacy and
likelihood of metabolic alterations, whereas drugs with the highest activity in terms of
number of receptor targets (e.g., clozapine) are the ones with the major risk of MetS.

Indeed, the AAPs-induced MetS is the consequence of a broad activity on the CNS
(mostly the hypothalamus) and peripheral organs, especially by interfering with the activity
of various GPCRs expressed in these tissues. Finally, it is imperative to have a better
understanding of the molecular mechanisms responsible of the clinical differences among
the AAPs in order to find new and better drugs.

Author Contributions: Conceptualization, M.C. and M.S.; software, S.K., M.C., S.A. and M.S.;
validation, M.C., S.K. and M.S.; writing—original draft preparation, M.C., S.K. and M.S.; writing—
review and editing I.F., M.C., S.K., B.L., A.P., M.B., P.A., R.M. and M.S. All authors have read and
agreed to the published version of the manuscript.

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

References
1. De Hert, M.A.; Van Winkel, R.; Van Eyck, D.; Hanssens, L.; Wampers, M.; Scheen, A.; Peuskens, J. Prevalence of the metabolic

syndrome in patients with schizophrenia treated with antipsychotic medication. Schizophr. Res. 2006, 83, 87–93. [CrossRef]
2. Yevtushenko, O.O.; Cooper, S.J.; O’Neill, R.; Doherty, J.K.; Woodside, J.V.; Reynolds, G.P. Influence of 5-HT2C receptor and leptin

gene polymorphisms, smoking and drug treatment on metabolic disturbances in patients with schizophrenia. Br. J. Psychiatry
2008, 192, 424–428. [CrossRef] [PubMed]

3. Laursen, T.M. Life expectancy among persons with schizophrenia or bipolar affective disorder. Schizophr. Res. 2011, 131,
101–104. [CrossRef]

4. Taipale, H.; Tanskanen, A.; Mehtälä, J.; Vattulainen, P.; Correll, C.U.; Tiihonen, J. 20-year follow-up study of physical morbidity
and mortality in relationship to antipsychotic treatment in a nationwide cohort of 62,250 patients with schizophrenia (FIN20).
World Psychiatry 2020, 19, 61–68. [CrossRef] [PubMed]

5. Tiihonen, J.; Wahlbeck, K.; Lönnqvist, J.; Klaukka, T.; Ioannidis, J.P.A.; Volavka, J.; Haukka, J. Effectiveness of antipsychotic
treatments in a nationwide cohort of patients in community care after first hospitalisation due to schizophrenia and schizoaffective
disorder: Observational follow-up study. Br. Med. J. 2006, 333, 224–227. [CrossRef] [PubMed]

6. Dickerson, F.B.; Brown, C.H.; Daumit, G.L.; Lijuan, F.; Goldberg, R.W.; Wohlheiter, K.; Dixon, L.B. Health status of individuals
with serious mental illness. Schizophr. Bull. 2006, 32, 584–589. [CrossRef]

7. Aringhieri, S.; Carli, M.; Kolachalam, S.; Verdesca, V.; Cini, E.; Rossi, M.; McCormick, P.J.; Corsini, G.U.; Maggio, R.; Scarselli, M.
Molecular targets of atypical antipsychotics: From mechanism of action to clinical differences. Pharmacol. Ther. 2018, 192,
20–41. [CrossRef]

8. Huhn, M.; Nikolakopoulou, A.; Schneider-Thoma, J.; Krause, M.; Samara, M.; Peter, N.; Arndt, T.; Bäckers, L.; Rothe, P.;
Cipriani, A.; et al. Comparative efficacy and tolerability of 32 oral antipsychotics for the acute treatment of adults with multi-
episode schizophrenia: A systematic review and network meta-analysis. Lancet 2019, 394, 939–951. [CrossRef]

9. Kowalchuk, C.; Castellani, L.N.; Chintoh, A.; Remington, G.; Giacca, A.; Hahn, M.K. Antipsychotics and glucose metabolism:
How brain and body collide. Am. J. Physiol. Endocrinol. Metab. 2019, 316, E1–E15. [CrossRef] [PubMed]

10. Ballon, J.S.; Pajvani, U.; Freyberg, Z.; Leibel, R.L.; Lieberman, J.A. Molecular pathophysiology of metabolic effects of antipsychotic
medications. Trends Endocrinol. Metab. 2014, 25, 593–600. [CrossRef] [PubMed]

11. Gründer, G.; Hippius, H.; Carlsson, A. The “atypicality” of antipsychotics: A concept re-examined and re-defined. Nat. Rev.
Drug Discov. 2009, 8, 197–202. [CrossRef] [PubMed]

12. Gillespie, A.L.; Samanaite, R.; Mill, J.; Egerton, A.; MacCabe, J.H. Is treatment-resistant schizophrenia categorically distinct from
treatment-responsive schizophrenia? A systematic review. BMC Psychiatry 2017, 17, 1–14. [CrossRef] [PubMed]

13. Scarselli, M.; Armogida, M.; Chiacchio, S.; DeMontis, M.G.; Colzi, A.; Corsini, G.U.; Maggio, R. Reconstitution of functional
dopamine D(2s) receptor by co-expression of amino- and carboxyl-terminal receptor fragments. Eur. J. Pharmacol. 2000, 397,
291–296. [CrossRef]

http://doi.org/10.1016/j.schres.2005.12.855
http://doi.org/10.1192/bjp.bp.107.041723
http://www.ncbi.nlm.nih.gov/pubmed/18515891
http://doi.org/10.1016/j.schres.2011.06.008
http://doi.org/10.1002/wps.20699
http://www.ncbi.nlm.nih.gov/pubmed/31922669
http://doi.org/10.1136/bmj.38881.382755.2F
http://www.ncbi.nlm.nih.gov/pubmed/16825203
http://doi.org/10.1093/schbul/sbj048
http://doi.org/10.1016/j.pharmthera.2018.06.012
http://doi.org/10.1016/S0140-6736(19)31135-3
http://doi.org/10.1152/ajpendo.00164.2018
http://www.ncbi.nlm.nih.gov/pubmed/29969315
http://doi.org/10.1016/j.tem.2014.07.004
http://www.ncbi.nlm.nih.gov/pubmed/25190097
http://doi.org/10.1038/nrd2806
http://www.ncbi.nlm.nih.gov/pubmed/19214197
http://doi.org/10.1186/s12888-016-1177-y
http://www.ncbi.nlm.nih.gov/pubmed/28086761
http://doi.org/10.1016/S0014-2999(00)00272-7


Pharmaceuticals 2021, 14, 238 20 of 26

14. Rossi, M.; Fasciani, I.; Marampon, F.; Maggio, R.; Scarselli, M. The first negative allosteric modulator for dopamine D2 and D3
receptors, SB269652 may lead to a new generation of antipsychotic drugs. Mol. Pharmacol. 2017, 91, 586–594. [CrossRef] [PubMed]

15. Maggio, R.; Scarselli, M.; Capannolo, M.; Millan, M.J. Novel dimensions of D3 receptor function: Focus on heterodimerisation,
transactivation and allosteric modulation. Eur. Neuropsychopharmacol. 2015, 25, 1470–1479. [CrossRef]

16. Fasciani, I.; Petragnano, F.; Aloisi, G.; Marampon, F.; Carli, M.; Scarselli, M.; Maggio, R.; Rossi, M. Allosteric modulators
of g protein-coupled dopamine and serotonin receptors: A new class of atypical antipsychotics. Pharmaceuticals 2020, 13,
388. [CrossRef]

17. Meltzer, H.Y. Update on typical and atypical antipsychotic drugs. Annu. Rev. Med. 2013, 64, 393–406. [CrossRef]
18. Seeman, P. Targeting the dopamine D2 receptor in schizophrenia. Expert Opin. Ther. Targets 2006, 10, 515–531. [CrossRef]
19. Schmid, C.L.; Streicher, J.M.; Meltzer, H.Y.; Bohn, L.M. Clozapine acts as an agonist at serotonin 2A receptors to counter MK-801-

induced behaviors through a βarrestin2-independent activation of akt. Neuropsychopharmacology 2014, 39, 1902–1913. [CrossRef]
20. Fasciani, I.; Pietrantoni, I.; Rossi, M.; Mannoury la Cour, C.; Aloisi, G.; Marampon, F.; Scarselli, M.; Millan, M.J.; Maggio, R.

Distinctive binding properties of the negative allosteric modulator, [3H]SB269,652, at recombinant dopamine D3 receptors.
Eur. J. Pharmacol. 2018, 819, 181–189. [CrossRef]

21. Carli, M.; Kolachalam, S.; Aringhieri, S.; Rossi, M.; Giovannini, L.; Maggio, R.; Scarselli, M. Dopamine D2 Receptors Dimers:
How can we Pharmacologically Target Them? Curr. Neuropharmacol. 2017, 16, 222–230. [CrossRef]

22. Aringhieri, S.; Kolachalam, S.; Gerace, C.; Carli, M.; Verdesca, V.; Brunacci, M.G.; Rossi, C.; Ippolito, C.; Solini, A.;
Corsini, G.U.; et al. Clozapine as the most efficacious antipsychotic for activating ERK 1/2 kinases: Role of 5-HT2A receptor
agonism. Eur. Neuropsychopharmacol. 2017, 27, 383–398. [CrossRef] [PubMed]

23. Ahren, B. (GLP-1): A gut hormone of potential interest in the treatment of diabetes. BioEssays 1998, 1, 642–651. [CrossRef]
24. Ahrén, B. Islet G protein-coupled receptors as potential targets for treatment of type 2 diabetes. Nat. Rev. Drug Discov. 2009, 8,

369–385. [CrossRef]
25. Sørensen, H.; Winzell, M.S.; Brand, C.L.; Fosgerau, K.; Gelling, R.W.; Nishimura, E.; Ahren, B. Glucagon receptor knockout mice

display increased insulin sensitivity and impaired β-cell function. Diabetes 2006, 55, 3463–3469. [CrossRef] [PubMed]
26. Gautam, D.; Gavrilova, O.; Jeon, J.; Pack, S.; Jou, W.; Cui, Y.; Li, J.H.; Wess, J. Beneficial metabolic effects of M3 muscarinic

acetylcholine receptor deficiency. Cell Metab. 2006, 4, 363–375. [CrossRef]
27. de Azua, I.R.; Gautam, D.; Guettier, J.M.; Wess, J. Novel insights into the function of β-cell M3 muscarinic acetylcholine receptors:

Therapeutic implications. Trends Endocrinol. Metab. 2011, 22, 74–80. [CrossRef]
28. Gromada, J. The free fatty acid receptor GPR40 generates excitement in pancreatic β-cells. Endocrinology 2006, 147,

672–673. [CrossRef]
29. 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]

30. 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] [PubMed]

31. Simpson, N.; Maffei, A.; Freeby, M.; Burroughs, S.; Freyberg, Z.; Javitch, J.; Leibel, R.L.; Harris, P.E. Dopamine-mediated autocrine
inhibitory circuit regulating human insulin secretion in vitro. Mol. Endocrinol. 2012, 26, 1757–1772. [CrossRef] [PubMed]

32. Wu, W.; Shang, J.; Feng, Y.; Thompson, C.M.; Horwitz, S.; Thompson, J.R.; MacIntyre, E.D.; Thornberry, N.A.; Chapman,
K.; Zhou, Y.P.; et al. Identification of glucose-dependant insulin secretion targets in pancreatic β cells by combining defined-
mechanism compound library screening and siRNA gene silencing. J. Biomol. Screen. 2008, 13, 128–134. [CrossRef] [PubMed]

33. Ustione, A.; Piston, D.W.; Harris, P.E. Minireview: Dopaminergic regulation of insulin secretion from the pancreatic islet.
Mol. Endocrinol. 2013, 27, 1198–1207. [CrossRef] [PubMed]

34. Farino, Z.J.; Morgenstern, T.J.; Maffei, A.; Quick, M.; De Solis, A.J.; 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
2019. [CrossRef]

35. Bennet, H.; Balhuizen, A.; Medina, A.; Dekker Nitert, M.; Ottosson Laakso, E.; Essén, S.; Spégel, P.; Storm, P.; Krus, U.;
Wierup, N.; et al. Altered serotonin (5-HT) 1D and 2A receptor expression may contribute to defective insulin and glucagon
secretion in human type 2 diabetes. Peptides 2015, 71, 113–120. [CrossRef]

36. Zhang, Q.; Zhu, Y.; Zhou, W.; Gao, L.; Yuan, L.; Han, X. Serotonin Receptor 2C and Insulin Secretion. PLoS ONE 2013, 8. [CrossRef]
37. Cataldo Bascuñan, L.R.; Lyons, C.; Bennet, H.; Artner, I.; Fex, M. Serotonergic regulation of insulin secretion. Acta Physiol. 2019,

225, 1–10. [CrossRef]
38. 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 β-cell. Diabetes 2011, 60, 3208–3216. [CrossRef]
39. Cataldo, L.R.; Mizgier, M.L.; Sagua, R.B.; Jaña, F.; Cárdenas, C.; Llanos, P.; Busso, D.; Olmos, P.; Galgani, J.E.; Santos, J.L.; et al.

Prolonged Activation of the Htr2b Serotonin Receptor Impairs Glucose Stimulated Insulin Secretion and Mitochondrial Function
in MIN6 Cells. PLoS ONE 2017, 12, 1–16. [CrossRef]

40. Janah, L.; Kjeldsen, S.; Galsgaard, K.D.; Winther-Sørensen, M.; Stojanovska, E.; Pedersen, J.; Knop, F.K.; Holst, J.J.; Albrechtsen,
N.J.W. Glucagon receptor signaling and glucagon resistance. Int. J. Mol. Sci. 2019, 20, 3314. [CrossRef]

http://doi.org/10.1124/mol.116.107607
http://www.ncbi.nlm.nih.gov/pubmed/28265019
http://doi.org/10.1016/j.euroneuro.2014.09.016
http://doi.org/10.3390/ph13110388
http://doi.org/10.1146/annurev-med-050911-161504
http://doi.org/10.1517/14728222.10.4.515
http://doi.org/10.1038/npp.2014.38
http://doi.org/10.1016/j.ejphar.2017.12.002
http://doi.org/10.2174/1570159X15666170518151127
http://doi.org/10.1016/j.euroneuro.2017.02.005
http://www.ncbi.nlm.nih.gov/pubmed/28283227
http://doi.org/10.1002/(SICI)1521-1878(199808)20:8&lt;642::AID-BIES7&gt;3.0.CO;2-K
http://doi.org/10.1038/nrd2782
http://doi.org/10.2337/db06-0307
http://www.ncbi.nlm.nih.gov/pubmed/17130493
http://doi.org/10.1016/j.cmet.2006.09.008
http://doi.org/10.1016/j.tem.2010.10.004
http://doi.org/10.1210/en.2005-1388
http://doi.org/10.1002/jcp.25176
http://doi.org/10.1074/jbc.M505560200
http://www.ncbi.nlm.nih.gov/pubmed/16129680
http://doi.org/10.1210/me.2012-1101
http://www.ncbi.nlm.nih.gov/pubmed/22915827
http://doi.org/10.1177/1087057107313763
http://www.ncbi.nlm.nih.gov/pubmed/18216393
http://doi.org/10.1210/me.2013-1083
http://www.ncbi.nlm.nih.gov/pubmed/23744894
http://doi.org/10.1038/s41380-018-0344-6
http://doi.org/10.1016/j.peptides.2015.07.008
http://doi.org/10.1371/journal.pone.0054250
http://doi.org/10.1111/apha.13101
http://doi.org/10.2337/db10-1192
http://doi.org/10.1371/journal.pone.0170213
http://doi.org/10.3390/ijms20133314


Pharmaceuticals 2021, 14, 238 21 of 26

41. Lv, Y.; Liang, T.; Wang, G.; Li, Z. Ghrelin, A gastrointestinal hormone, regulates energy balance and lipid metabolism. Biosci. Rep.
2018, 38, 1–13. [CrossRef]

42. Sharara-Chami, R.I.; Zhou, Y.; Ebert, S.; Pacak, K.; Ozcan, U.; Majzoub, J.A. Epinephrine deficiency results in intact glucose
counter-regulation, severe hepatic steatosis and possible defective autophagy in fasting mice. Int. J. Biochem. Cell Biol. 2012, 44,
905–913. [CrossRef]

43. Tao, X.; Hu, Y.; Li, L.; Xu, R.; Fu, J.; Tong, Q.; Fu, Q. Genetic deletion of β 2 adrenergic receptors exacerbates hepatocellular lipid
accumulation in high-fat diet mice. Biochem. Biophys. Res. Commun. 2019, 511, 73–78. [CrossRef]

44. Hampson, L.J.; Agius, L. Acetylcholine exerts additive and permissive but not synergistic effects with insulin on glycogen
synthesis in hepatocytes. FEBS Lett. 2007, 581, 3955–3960. [CrossRef]

45. Jadeja, R.N.; Chu, X.; Wood, C.; Bartoli, M.; Khurana, S. M3 muscarinic receptor activation reduces hepatocyte lipid accumulation
via CaMKKβ/AMPK pathway. Biochem. Pharmacol. 2019, 169, 113613. [CrossRef] [PubMed]

46. Li, J.H.; Gautam, D.; Han, S.J.; Guettier, J.M.; Cui, Y.; Lu, H.; Deng, C.; O’Hare, J.; Jou, W.; Gavrilova, O.; et al. Hepatic
muscarinic acetylcholine receptors are not critically involved in maintaining glucose homeostasis in mice. Diabetes 2009, 58,
2776–2787. [CrossRef]

47. Yabut, J.M.; Crane, J.D.; Green, A.E.; Keating, D.J.; Khan, W.I.; Steinberg, G.R. Emerging Roles for Serotonin in Regulating
Metabolism: New Implications for an Ancient Molecule. Endocr. Rev. 2019, 40, 1092–1107. [CrossRef]

48. Sumara, G.; Formentini, I.; Collins, S.; Sumara, I.; Windak, R.; Bodenmiller, B.; Ramracheya, R.; Caille, D.; Jiang, H.;
Platt, K.A.; et al. Regulation of PKD by the MAPK p38δ in Insulin Secretion and Glucose Homeostasis. Cell 2009, 136,
235–248. [CrossRef]

49. Osawa, Y.; Kanamori, H.; Seki, E.; Hoshi, M.; Ohtaki, H.; Yasuda, Y.; Ito, H.; Suetsugu, A.; Nagaki, M.; Moriwaki, H.; et al.
L-tryptophan-mediated enhancement of susceptibility to nonalcoholic fatty liver disease is dependent on the mammalian target
of rapamycin. J. Biol. Chem. 2011, 286, 34800–34808. [CrossRef]

50. Baldassano, S.; Gasbjerg, L.S.; Kizilkaya, H.S.; Rosenkilde, M.M.; Holst, J.J.; Hartmann, B. Increased body weight and fat mass
after subchronic GIP receptor antagonist, but not GLP-2 receptor antagonist, administration in rats. Front. Endocrinol. 2019, 10,
1–11. [CrossRef] [PubMed]

51. Thondam, S.K.; Cuthbertson, D.J.; Wilding, J.P.H. The influence of Glucose-dependent Insulinotropic Polypeptide (GIP) on
human adipose tissue and fat metabolism: Implications for obesity, type 2 diabetes and Non-Alcoholic Fatty Liver Disease
(NAFLD). Peptides 2020, 125, 170208. [CrossRef]

52. Song, T.; Yang, Y.; Zhou, Y.; Wei, H.; Peng, J. GPR120: A critical role in adipogenesis, inflammation, and energy metabolism in
adipose tissue. Cell. Mol. Life Sci. 2017, 74, 2723–2733. [CrossRef]

53. Jönsson, C.; Batista, A.P.C.; Kjølhede, P.; Strålfors, P. Insulin and β-adrenergic receptors mediate lipolytic and anti-lipolytic
signalling that is not altered by type 2 diabetes in human adipocytes. Biochem. J. 2019, 476, 2883–2908. [CrossRef]

54. Luque, M.A.; González, N.; Márquez, L.; Acitores, A.; Redondo, A.; Morales, M.; Valverde, I.; Villanueva-Peñacarrillo,
M.L. Glucagon-like peptide-1 (GLP-1) and glucose metabolism in human myocytes. J. Endocrinol. 2002, 173, 465–473.
[CrossRef] [PubMed]

55. Chen, D.; Liao, J.; Li, N.; Zhou, C.; Liu, Q.; Wang, G.; Zhang, R.; Zhang, S.; Lin, L.; Chen, K.; et al. A nonpeptidic agonist
of glucagon-like peptide 1 receptors with efficacy in diabetic db/db mice. Proc. Natl. Acad. Sci. USA 2007, 104, 943–948.
[CrossRef] [PubMed]

56. Jocken, J.W.E.; Blaak, E.E. Catecholamine-induced lipolysis in adipose tissue and skeletal muscle in obesity. Physiol. Behav. 2008,
94, 219–230. [CrossRef] [PubMed]

57. Maillet, C.M.; Garber, A.J. Adrenergic and serotonergic regulation of skeletal muscle metabolism in the rat: Specificity of the
serotonin- and isoproterenol-stimulable adenylyl cyclase in sarcolemma. Mol. Cell. Endocrinol. 1986, 48, 179–190. [CrossRef]

58. Wang, K.Y.; Tanimoto, A.; Yamada, S.; Guo, X.; Ding, Y.; Watanabe, T.; Watanabe, T.; Kohno, K.; Hirano, K.I.; Tsukada, H.; et al.
Histamine regulation in glucose and lipid metabolism via histamine receptors: Model for nonalcoholic steatohepatitis in mice.
Am. J. Pathol. 2010, 177, 713–723. [CrossRef]

59. Grajales, D.; Ferreira, V.; Valverde, Á.M. Second-Generation Antipsychotics and Dysregulation of Glucose Metabolism: Beyond
Weight Gain. Cells 2019, 8, 1336. [CrossRef]

60. Fu, Z.; Gilbert, E.R.; Liu, D. Regulation of Insulin Synthesis and Secretion and Pancreatic Beta-Cell Dysfunction in Diabetes.
Curr. Diabetes Rev. 2012, 9, 25–53. [CrossRef]

61. Tabarean, I.V. Histamine receptor signaling in energy homeostasis. Neuropharmacology 2016, 106, 13–19. [CrossRef] [PubMed]
62. Vehof, J.; Risselada, A.J.; Al Hadithy, A.F.Y.; Burger, H.; Snieder, H.; Wilffert, B.; Arends, J.; Wunderink, L.; Knegtering, H.;

Wiersma, D.; et al. Association of genetic variants of the histamine H1 and muscarinic M3 receptors with BMI and HbA1c values
in patients on antipsychotic medication. Psychopharmacology 2011, 216, 257–265. [CrossRef]

63. Reynolds, G.P.; Kirk, S.L. Metabolic side effects of antipsychotic drug treatment—Pharmacological mechanisms. Pharmacol. Ther.
2010, 125, 169–179. [CrossRef]

64. Beaulieu, J.M.; Gainetdinov, R.R. The physiology, signaling, and pharmacology of dopamine receptors. Pharmacol. Rev. 2011, 63,
182–217. [CrossRef]

65. Xu, Y.; Jones, J.E.; Lauzon, D.A.; Anderson, J.G.; Balthasar, N.; Heisler, L.K.; Zinn, A.R.; Lowell, B.B.; Elmquist, J.K. A serotonin
and melanocortin circuit mediates D-fenfluramine anorexia. J. Neurosci. 2010, 30, 14630–14634. [CrossRef]

http://doi.org/10.1042/BSR20181061
http://doi.org/10.1016/j.biocel.2012.02.016
http://doi.org/10.1016/j.bbrc.2019.02.037
http://doi.org/10.1016/j.febslet.2007.07.026
http://doi.org/10.1016/j.bcp.2019.08.015
http://www.ncbi.nlm.nih.gov/pubmed/31445019
http://doi.org/10.2337/db09-0522
http://doi.org/10.1210/er.2018-00283
http://doi.org/10.1016/j.cell.2008.11.018
http://doi.org/10.1074/jbc.M111.235473
http://doi.org/10.3389/fendo.2019.00492
http://www.ncbi.nlm.nih.gov/pubmed/31447774
http://doi.org/10.1016/j.peptides.2019.170208
http://doi.org/10.1007/s00018-017-2492-2
http://doi.org/10.1042/BCJ20190594
http://doi.org/10.1677/joe.0.1730465
http://www.ncbi.nlm.nih.gov/pubmed/12065236
http://doi.org/10.1073/pnas.0610173104
http://www.ncbi.nlm.nih.gov/pubmed/17213311
http://doi.org/10.1016/j.physbeh.2008.01.002
http://www.ncbi.nlm.nih.gov/pubmed/18262211
http://doi.org/10.1016/0303-7207(86)90040-7
http://doi.org/10.2353/ajpath.2010.091198
http://doi.org/10.3390/cells8111336
http://doi.org/10.2174/1573399811309010025
http://doi.org/10.1016/j.neuropharm.2015.04.011
http://www.ncbi.nlm.nih.gov/pubmed/26107117
http://doi.org/10.1007/s00213-011-2211-x
http://doi.org/10.1016/j.pharmthera.2009.10.010
http://doi.org/10.1124/pr.110.002642
http://doi.org/10.1523/JNEUROSCI.5412-09.2010


Pharmaceuticals 2021, 14, 238 22 of 26

66. Lam, D.D.; Garfield, A.S.; Marston, O.J.; Shaw, J.; Heisler, L.K. Brain serotonin system in the coordination of food intake and body
weight. Pharmacol. Biochem. Behav. 2010, 97, 84–91. [CrossRef]

67. Zhou, L.; Sutton, G.M.; Rochford, J.J.; Semple, R.K.; Lam, D.D.; Oksanen, L.J.J.; Thornton-Jones, Z.D.; Clifton, P.G.; Yueh, C.Y.;
Evans, M.L.; et al. Serotonin 2C Receptor Agonists Improve Type 2 Diabetes via Melanocortin-4 Receptor Signaling Pathways.
Cell Metab. 2007, 6, 398–405. [CrossRef] [PubMed]

68. Bickerdike, M. 5-HT2C Receptor Agonists as Potential Drugs for the Treatment of Obesity. Curr. Top. Med. Chem. 2005, 3,
885–897. [CrossRef]

69. Fernø, J.; Varela, L.; Skrede, S.; Vázquez, M.J.; Nogueiras, R.; Diéguez, C.; Vidal-Puig, A.; Steen, V.M.; López, M. Olanzapine-
induced hyperphagia and weight gain associate with orexigenic hypothalamic neuropeptide signaling without concomitant
AMPK phosphorylation. PLoS ONE 2011, 6. [CrossRef] [PubMed]

70. Vatamaniuk, M.Z.; Horyn, O.V.; Vatamaniuk, O.K.; Doliba, N.M. Acetylcholine affects rat liver metabolism via type 3 muscarinic
receptors in hepatocytes. Life Sci. 2003, 72, 1871–1882. [CrossRef]

71. Breier, A.; Wolkowitz, O.M.; Roy, A.; Potter, W.Z.; Pickar, D. Plasma norepinephrine in chronic schizophrenia. Am. J. Psychiatry
1990, 147, 1467–1470. [CrossRef]

72. Savoy, Y.E.; Ashton, M.A.; Miller, M.W.; Nedza, F.M.; Spracklin, D.K.; Hawthorn, M.H.; Rollema, H.; Matos, F.F.; Hajos-Korcsok,
E. Differential effects of various typical and atypical antipsychotics on plasma glucose and insulin levels in the mouse: Evidence
for the involvement of sympathetic regulation. Schizophr. Bull. 2010, 36, 410–418. [CrossRef]

73. Lian, J.; Huang, X.F.; Pai, N.; Deng, C. Betahistine ameliorates olanzapine-induced weight gain through modulation of histamin-
ergic, NPY and AMPK pathways. Psychoneuroendocrinology 2014, 48, 77–86. [CrossRef]

74. Steinberg, G.R.; Kemp, B.E. AMPK in health and disease. Physiol. Rev. 2009, 89, 1025–1078. [CrossRef]
75. Kim, S.F.; Huang, A.S.; Snowman, A.M.; Teuscher, C.; Snyder, S.H. Antipsychotic drug-induced weight gain mediated by

histamine H1 receptor-linked activation of hypothalamic AMP-kinase. Proc. Natl. Acad. Sci. USA 2007, 104, 3456–3459. [CrossRef]
76. Han, H.S.; Kang, G.; Kim, J.S.; Choi, B.H.; Koo, S.H. Regulation of glucose metabolism from a liver-centric perspective.

Exp. Mol. Med. 2016, 48, 1–10. [CrossRef] [PubMed]
77. Smith, G.C.; Chaussade, C.; Vickers, M.; Jensen, J.; Shepherd, P.R. Atypical antipsychotic drugs induce derangements in

glucose homeostasis by acutely increasing glucagon secretion and hepatic glucose output in the rat. Diabetologia 2008, 51,
2309–2317. [CrossRef]

78. Budick-Harmelin, N.; Anavi, S.; Madar, Z.; Tirosh, O. Fatty acids-stress attenuates gluconeogenesis induction and glucose
production in primary hepatocytes. Lipids Health Dis. 2012, 11, 1–11. [CrossRef] [PubMed]

79. BONACCORSI, A.; GARATTINI, S.; JORI, A. Studies on the Hyperglycaemia Induced By Chlorpromazine in Rats. Br. J.
Pharmacol. Chemother. 1964, 23, 93–100. [CrossRef]

80. Manu, P.; Correll, C.U.; Wampers, M.; van Winkel, R.; Yu, W.; Shiffeldrim, D.; Kane, J.M.; De Hert, M. Insulin secretion in patients
receiving clozapine, olanzapine, quetiapine and risperidone. Schizophr. Res. 2013, 143, 358–362. [CrossRef] [PubMed]

81. Houseknecht, K.L.; Robertson, A.S.; Zavadoski, W.; Gibbs, E.M.; Johnson, D.E.; Rollema, H. Acute effects of atypical antipsychotics
on whole-body insulin resistance in rats: Implications for adverse metabolic effects. Neuropsychopharmacology 2007, 32, 289–297.
[CrossRef] [PubMed]

82. Oh, K.J.; Park, J.; Lee, S.Y.; Hwang, I.; Kim, J.B.; Park, T.S.; Lee, H.J.; Koo, S.H. Atypical antipsychotic drugs perturb AMPK-
dependent regulation of hepatic lipid metabolism. Am. J. Physiol. Endocrinol. Metab. 2011, 300, 624–632. [CrossRef] [PubMed]

83. Xu, H.; Zhuang, X. Atypical antipsychotics-induced metabolic syndrome and nonalcoholic fatty liver disease: A critical review.
Neuropsychiatr. Dis. Treat. 2019, 15, 2087–2099. [CrossRef]

84. Cai, H.L.; Tan, Q.Y.; Jiang, P.; Dang, R.L.; Xue, Y.; Tang, M.M.; Xu, P.; Deng, Y.; Li, H.D.; Yao, J.K. A potential mechanism
underlying atypical antipsychotics-induced lipid disturbances. Transl. Psychiatry 2015, 5. [CrossRef]

85. Siafis, S.; Tzachanis, D.; Samara, M.; Papazisis, G. Antipsychotic Drugs: From Receptor-binding Profiles to Metabolic Side Effects.
Curr. Neuropharmacol. 2017, 16, 1210–1223. [CrossRef]

86. Melkersson, K.; Khan, A.; Hilding, A.; Hulting, A.L. Different effects of antipsychotic drugs on insulin release in vitro.
Eur. Neuropsychopharmacol. 2001, 11, 327–332. [CrossRef]

87. Melkersson, K. Clozapine and olanzapine, but not conventional antipsychotics, increase insulin release in vitro.
Eur. Neuropsychopharmacol. 2004, 14, 115–119. [CrossRef]

88. Sussman, K.E.; Pollard, H.B.; Leitner, J.W.; Nesher, R.; Adler, J.; Cerasi, E. Differential control of insulin secretion and somatostatin-
receptor recruitment in isolated pancreatic islets. Biochem. J. 1983, 214, 225–230. [CrossRef]

89. Teff, K.L.; Rickels, M.R.; Grudziak, J.; Fuller, C.; Nguyen, H.L.; Rickels, K. Antipsychotic-induced insulin resistance and
postprandial hormonal dysregulation independent of weight gain or psychiatric disease. Diabetes 2013, 62, 3232–3240. [CrossRef]

90. Rickels, M.R.; Perez, E.M.; Peleckis, A.J.; Alshehabi, E.; Nguyen, H.L.; Stefanovski, D.; Rickels, K.; Teff, K.L. Contribution
of parasympathetic muscarinic augmentation of insulin secretion to olanzapine-induced hyperinsulinemia. Am. J. Physiol.
Endocrinol. Metab. 2018, 315, E250–E257. [CrossRef]

91. Weston-Green, K.; Huang, X.F.; Deng, C. Second generation antipsychotic-induced type 2 diabetes: A role for the muscarinic M3
receptor. CNS Drugs 2013, 27, 1069–1080. [CrossRef]

92. 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 β-cells. Sci. Rep. 2019, 9, 1–10. [CrossRef]

http://doi.org/10.1016/j.pbb.2010.09.003
http://doi.org/10.1016/j.cmet.2007.10.008
http://www.ncbi.nlm.nih.gov/pubmed/17983585
http://doi.org/10.2174/1568026033452249
http://doi.org/10.1371/journal.pone.0020571
http://www.ncbi.nlm.nih.gov/pubmed/21695181
http://doi.org/10.1016/S0024-3205(02)02506-7
http://doi.org/10.1176/ajp.147.11.1467
http://doi.org/10.1093/schbul/sbn104
http://doi.org/10.1016/j.psyneuen.2014.06.010
http://doi.org/10.1152/physrev.00011.2008
http://doi.org/10.1073/pnas.0611417104
http://doi.org/10.1038/emm.2015.122
http://www.ncbi.nlm.nih.gov/pubmed/26964834
http://doi.org/10.1007/s00125-008-1152-3
http://doi.org/10.1186/1476-511X-11-66
http://www.ncbi.nlm.nih.gov/pubmed/22676303
http://doi.org/10.1111/j.1476-5381.1964.tb01570.x
http://doi.org/10.1016/j.schres.2012.11.016
http://www.ncbi.nlm.nih.gov/pubmed/23231880
http://doi.org/10.1038/sj.npp.1301209
http://www.ncbi.nlm.nih.gov/pubmed/17035934
http://doi.org/10.1152/ajpendo.00502.2010
http://www.ncbi.nlm.nih.gov/pubmed/21224484
http://doi.org/10.2147/NDT.S208061
http://doi.org/10.1038/tp.2015.161
http://doi.org/10.2174/1570159X15666170630163616
http://doi.org/10.1016/S0924-977X(01)00108-0
http://doi.org/10.1016/S0924-977X(03)00072-5
http://doi.org/10.1042/bj2140225
http://doi.org/10.2337/db13-0430
http://doi.org/10.1152/ajpendo.00315.2017
http://doi.org/10.1007/s40263-013-0115-5
http://doi.org/10.1038/s41598-019-52590-y


Pharmaceuticals 2021, 14, 238 23 of 26

93. Gonçalves, P.; Araújo, J.R.; Martel, F. Antipsychotics-induced metabolic alterations: Focus on adipose tissue and molecular
mechanisms. Eur. Neuropsychopharmacol. 2015, 25, 1–16. [CrossRef] [PubMed]

94. Vestri, H.S.; Maianu, L.; Moellering, D.R.; Garvey, W.T. Atypical antipsychotic drugs directly impair insulin action in adipocytes:
Effects on glucose transport, lipogenesis, and antilipolysis. Neuropsychopharmacology 2007, 32, 765–772. [CrossRef] [PubMed]

95. Rojo, L.E.; Gaspar, P.A.; Silva, H.; Risco, L.; Arena, P.; Cubillos-Robles, K.; Jara, B. Metabolic syndrome and obesity among users
of second generation antipsychotics: A global challenge for modern psychopharmacology. Pharmacol. Res. 2015, 101, 74–85.
[CrossRef] [PubMed]

96. Albaugh, V.L.; Singareddy, R.; Mauger, D.; Lynch, C.J. A double blind, placebo-controlled, randomized crossover study of the
acute metabolic effects of olanzapine in healthy volunteers. PLoS ONE 2011, 6. [CrossRef] [PubMed]

97. Nicol, G.E.; Yingling, M.D.; Flavin, K.S.; Schweiger, J.A.; Patterson, B.W.; Schechtman, K.B.; Newcomer, J.W. Metabolic ef-
fects of antipsychotics on adiposity and insulin sensitivity in youths a randomized clinical trial. JAMA Psychiatry 2018, 75,
788–796. [CrossRef]

98. Pillinger, T.; McCutcheon, R.A.; Vano, L.; Mizuno, Y.; Arumuham, A.; Hindley, G.; Beck, K.; Natesan, S.; Efthimiou, O.; Cipriani,
A.; et al. Comparative effects of 18 antipsychotics on metabolic function in patients with schizophrenia, predictors of metabolic
dysregulation, and association with psychopathology: A systematic review and network meta-analysis. Lancet Psychiatry 2020, 7,
64–77. [CrossRef]

99. Jassim, G.; Skrede, S.; Vázquez, M.J.; Wergedal, H.; Vik-Mo, A.O.; Lunder, N.; Diéguez, C.; Vidal-Puig, A.; Berge, R.K.; López, M.;
et al. Acute effects of orexigenic antipsychotic drugs on lipid and carbohydrate metabolism in rat. Psychopharmacology 2012, 219,
783–794. [CrossRef]

100. Gao, Z.; Zhang, X.; Zuberi, A.; Hwang, D.; Quon, M.J.; Lefevre, M.; Ye, J. Inhibition of insulin sensitivity by free fatty acids
requires activation of multiple serine kinases in 3T3-L1 adipocytes. Mol. Endocrinol. 2004, 18, 2024–2034. [CrossRef] [PubMed]

101. Schenk, S.; Saberi, M.; Olefsky, J.M. Insulin sensitivity: Modulation by nutrients and inflammation. J. Clin. Investig. 2008, 118,
2992–3002. [CrossRef]

102. Hemmrich, K.; Gummersbach, C.; Pallua, N.; Luckhaus, C.; Fehsel, K. Clozapine enhances differentiation of adipocyte progenitor
cells. Mol. Psychiatry 2006, 11, 980–981. [CrossRef]

103. Barateiro, A.; Mahú, I.; Domingos, A.I. Leptin resistance and the neuro-adipose connection. Front. Endocrinol. 2017, 8,
8–11. [CrossRef]

104. Frühbeck, G.; Catalán, V.; Rodríguez, A.; Ramírez, B.; Becerril, S.; Salvador, J.; Portincasa, P.; Colina, I.; Gómez-Ambrosi, J.
Involvement of the leptin-adiponectin axis in inflammation and oxidative stress in the metabolic syndrome. Sci. Rep. 2017, 7, 1–8.
[CrossRef] [PubMed]

105. Ren, L.; Zhou, X.; Huang, X.; Wang, C.; Li, Y. The IRS/PI3K/Akt signaling pathway mediates olanzapine-induced hepatic insulin
resistance in male rats. Life Sci. 2019, 217, 229–236. [CrossRef] [PubMed]

106. Burghardt, K.J.; Ward, K.M.; Sanders, E.J.; Howlett, B.H.; Seyoum, B.; Yi, Z. Atypical antipsychotics and the human skeletal
muscle lipidome. Metabolites 2018, 8, 64. [CrossRef] [PubMed]

107. Leucht, S.; Cipriani, A.; Spineli, L.; Mavridis, D.; Örey, D.; Richter, F.; Samara, M.; Barbui, C.; Engel, R.R.; Geddes, J.R.; et al.
Comparative efficacy and tolerability of 15 antipsychotic drugs in schizophrenia: A multiple-treatments meta-analysis. Lancet
2013, 382, 951–962. [CrossRef]

108. Bai, Y.M.; Chen, J.Y.; Chen, T.T.; Lin, C.Y.; Chou, P.; Su, T.P.; Lin, C.C. Weight gain with clozapine: 8-year cohort naturalistic study
among hospitalized Chinese schizophrenia patients. Schizophr. Res. 2009, 108, 122–126. [CrossRef] [PubMed]

109. Rummel-Kluge, C.; Komossa, K.; Schwarz, S.; Hunger, H.; Schmid, F.; Lobos, C.A.; Kissling, W.; Davis, J.M.; Leucht, S. Head-to-
head comparisons of metabolic side effects of second generation antipsychotics in the treatment of schizophrenia: A systematic
review and meta-analysis. Schizophr. Res. 2010, 123, 225–233. [CrossRef]

110. Bai, Y.M.; Lin, C.-C.; Chen, J.-Y.; Chen, T.T.; Su, T.-P.; Chou, P. Association of weight gain and metabolic syndrome in patients
taking clozapine: An 8-year cohort study. J. Clin. Psychiatry 2011, 72, 751–756. [CrossRef]

111. Maayan, L.; Correll, C.U. Management of antipsychotic-related weight gain. Expert Rev. Neurother. 2010, 10, 1175–1200.
[CrossRef] [PubMed]

112. Lieberman, J.A.; Stroup, T.S.; McEvoy, J.P.; Swartz, M.S.; Rosenheck, R.A.; Perkins, D.O.; Keefe, R.S.E.; Davis, S.M.; Davis, C.E.;
Lebowitz, B.D.; et al. Effectiveness of antipsychotic drugs in patients with chronic schizophrenia. N. Engl. J. Med. 2005, 353,
1209–1223. [CrossRef] [PubMed]

113. Potkin, S.G.; Cohen, M.; Panagides, J. Efficacy and tolerability of asenapine in acute schizophrenia: A placebo- and risperidone-
controlled trial. J. Clin. Psychiatry 2007, 68, 1492–1500. [CrossRef]

114. Nasrallah, H.A. Atypical antipsychotic-induced metabolic side effects: Insights from receptor-binding profiles. Mol. Psychiatry
2008, 13, 27–35. [CrossRef] [PubMed]

115. Fountaine, R.J.; Taylor, A.E.; Mancuso, J.P.; Greenway, F.L.; Byerley, L.O.; Smith, S.R.; Most, M.M.; Fryburg, D.A. Increased
food intake and energy expenditure following administration of olanzapine to healthy men. Obesity (Silver Spring) 2010, 18,
1646–1651. [CrossRef]

116. Kang, S.H.; Lee, J. Il Metabolic disturbances independent of body mass in patients with schizophrenia taking atypical antipsy-
chotics. Psychiatry Investig. 2015, 12, 242–248. [CrossRef]

http://doi.org/10.1016/j.euroneuro.2014.11.008
http://www.ncbi.nlm.nih.gov/pubmed/25523882
http://doi.org/10.1038/sj.npp.1301142
http://www.ncbi.nlm.nih.gov/pubmed/16823387
http://doi.org/10.1016/j.phrs.2015.07.022
http://www.ncbi.nlm.nih.gov/pubmed/26218604
http://doi.org/10.1371/journal.pone.0022662
http://www.ncbi.nlm.nih.gov/pubmed/21857944
http://doi.org/10.1001/jamapsychiatry.2018.1088
http://doi.org/10.1016/S2215-0366(19)30416-X
http://doi.org/10.1007/s00213-011-2397-y
http://doi.org/10.1210/me.2003-0383
http://www.ncbi.nlm.nih.gov/pubmed/15143153
http://doi.org/10.1172/JCI34260
http://doi.org/10.1038/sj.mp.4001892
http://doi.org/10.3389/fendo.2017.00045
http://doi.org/10.1038/s41598-017-06997-0
http://www.ncbi.nlm.nih.gov/pubmed/28747790
http://doi.org/10.1016/j.lfs.2018.12.015
http://www.ncbi.nlm.nih.gov/pubmed/30550886
http://doi.org/10.3390/metabo8040064
http://www.ncbi.nlm.nih.gov/pubmed/30322152
http://doi.org/10.1016/S0140-6736(13)60733-3
http://doi.org/10.1016/j.schres.2008.10.023
http://www.ncbi.nlm.nih.gov/pubmed/19150220
http://doi.org/10.1016/j.schres.2010.07.012
http://doi.org/10.4088/JCP.09m05402yel
http://doi.org/10.1586/ern.10.85
http://www.ncbi.nlm.nih.gov/pubmed/20586697
http://doi.org/10.1056/NEJMoa051688
http://www.ncbi.nlm.nih.gov/pubmed/16172203
http://doi.org/10.4088/JCP.v68n1004
http://doi.org/10.1038/sj.mp.4002066
http://www.ncbi.nlm.nih.gov/pubmed/17848919
http://doi.org/10.1038/oby.2010.6
http://doi.org/10.4306/pi.2015.12.2.242


Pharmaceuticals 2021, 14, 238 24 of 26

117. Newcomer, J.W. Metabolic considerations in the use of antipsychotic medications: A review of recent evidence. J. Clin. Psychiatry
2007, 68 (Suppl. 1), 20–27.

118. Kessing, L.V.; Thomsen, A.F.; Mogensen, U.B.; Andersen, P.K. Treatment with antipsychotics and the risk of diabetes in clinical
practice. Br. J. Psychiatry 2010, 197, 266–271. [CrossRef]

119. Hirsch, L.; Yang, J.; Bresee, L.; Jette, N.; Patten, S.; Pringsheim, T. Second-Generation Antipsychotics and Metabolic Side Effects:
A Systematic Review of Population-Based Studies. Drug Saf. 2017, 40, 771–781. [CrossRef] [PubMed]

120. Ulcickas Yood, M.; DeLorenze, G.N.; Quesenberry, C.P.; Oliveria, S.A.; Tsai, A.L.; Kim, E.; Cziraky, M.J.; McQuade, R.D.;
Newcomer, J.W.; L’Italien, G.J. Association between second-generation antipsychotics and newly diagnosed treated diabetes
mellitus: Does the effect differ by dose? BMC Psychiatry 2011, 11, 197. [CrossRef]

121. Young, S.L.; Taylor, M.; Lawrie, S.M. “first do no harm.” A systematic review of the prevalence and management of antipsychotic
adverse effects. J. Psychopharmacol. 2015, 29, 353–362. [CrossRef]

122. Saari, K.; Jokelainen, J.; Veijola, J.; Koponen, H.; Jones, P.B.; Savolainen, M.; Järvelin, M.-R.; Lauren, L.; Isohanni, M.; Lindeman, S.
Serum lipids in schizophrenia and other functional psychoses: A general population northern Finland 1966 birth cohort survey.
Acta Psychiatr. Scand. 2004, 110, 279–285. [CrossRef]

123. Mackin, P.; Bishop, D.R.; Watkinson, H.M.O. A prospective study of monitoring practices for metabolic disease in antipsychotic-
treated community psychiatric patients. BMC Psychiatry 2007, 7, 1–6. [CrossRef]

124. Tsan, J.Y.; Stock, E.M.; Gonzalez, J.M.; Greenawalt, D.S.; Zeber, J.E.; Rouf, E.; Copeland, L.A. Mortality and guideline-concordant
care for older patients with schizophrenia: A retrospective longitudinal study. BMC Med. 2012, 10. [CrossRef] [PubMed]

125. Mukundan, A.; Faulkner, G.; Cohn, T.; Remington, G. Antipsychotic switching for people with schizophrenia who have
neuroleptic-induced weight or metabolic problems. Cochrane Database Syst. Rev. 2010, CD006629. [CrossRef] [PubMed]

126. Corponi, F.; Fabbri, C.; Bitter, I.; Montgomery, S.; Vieta, E.; Kasper, S.; Pallanti, S.; Serretti, A. Novel antipsychotics specificity
profile: A clinically oriented review of lurasidone, brexpiprazole, cariprazine and lumateperone. Eur. Neuropsychopharmacol. 2019,
29, 971–985. [CrossRef] [PubMed]

127. Torrisi, S.A.; Laudani, S.; Contarini, G.; De Luca, A.; Geraci, F.; Managò, F.; Papaleo, F.; Salomone, S.; Drago, F.; Leggio, G.M.
Dopamine, cognitive impairments and second-generation antipsychotics: From mechanistic advances to more personalized
treatments. Pharmaceuticals 2020, 13, 365. [CrossRef]

128. Caraci, F.; Santagati, M.; Caruso, G.; Cannavò, D.; Leggio, G.M.; Salomone, S.; Drago, F. New antipsychotic drugs for the treatment
of agitation and psychosis in Alzheimer’s disease: Focus on brexpiprazole and pimavanserin. F1000Research 2020, 9. [CrossRef]

129. Citrome, L.; Vreeland, B. Schizophrenia, obesity, and antipsychotic medications: What can we do? Postgrad. Med. 2008, 120,
18–33. [CrossRef]

130. Bonfioli, E.; Berti, L.; Goss, C.; Muraro, F.; Burti, L. Health promotion lifestyle interventions for weight management in psychosis:
A systematic review and meta-analysis of randomised controlled trials. BMC Psychiatry 2012, 12. [CrossRef]

131. Ball, M.P.; Coons, V.B.; Buchanan, R.W. A program for treating olanzapine-related weight gain. Psychiatr. Serv. 2001, 52, 967–969.
[CrossRef] [PubMed]

132. Morrison, J.A.; Cottingham, E.M.; Barton, B.A. Metformin for weight loss in pediatric patients taking psychotropic drugs.
Am. J. Psychiatry 2002, 159, 655–657. [CrossRef] [PubMed]

133. Littrell, K.H.; Hilligoss, N.M.; Kirshner, C.D.; Petty, R.G.; Johnson, C.G. The effects of an educational intervention on antipsychotic-
induced weight gain. J. Nurs. Scholarsh. Off. Publ. Sigma Theta Tau Int. Honor Soc. Nurs. 2003, 35, 237–241. [CrossRef] [PubMed]

134. Mauri, M.; Castrogiovanni, S.; Simoncini, M.; Iovieno, N.; Miniati, M.; Rossi, A.; Dell’Agnello, G.; Fagiolini, A.; Donda, P.; Cassano,
G.B. Effects of an educational intervention on weight gain in patients treated with antipsychotics. J. Clin. Psychopharmacol. 2006,
26, 462–466. [CrossRef]

135. Curtis, J.; Watkins, A.; Rosenbaum, S.; Teasdale, S.; Kalucy, M.; Samaras, K.; Ward, P.B. Evaluating an individualized lifestyle and
life skills intervention to prevent antipsychotic-induced weight gain in first-episode psychosis. Early Interv. Psychiatry 2016, 10,
267–276. [CrossRef]

136. Weber, M.; Wyne, K. A cognitive/behavioral group intervention for weight loss in patients treated with atypical antipsychotics.
Schizophr. Res. 2006, 83, 95–101. [CrossRef] [PubMed]

137. Lieberman, J.A. Metabolic changes associated with antipsychotic use. Prim. Care Companion J. Clin. Psychiatry 2002, 4, 239.
138. Boyle, J.G.; Logan, P.J.; Jones, G.C.; Small, M.; Sattar, N.; Connell, J.M.C.; Cleland, S.J.; Salt, I.P. AMP-activated protein kinase

is activated in adipose tissue of individuals with type 2 diabetes treated with metformin: A randomised glycaemia-controlled
crossover study. Diabetologia 2011, 54, 1799–1809. [CrossRef] [PubMed]

139. Jesus, C.; Jesus, I.; Agius, M. A review of the evidence for the use of metformin in the treatment of metabolic syndrome caused by
antipsychotics. Psychiatr. Danub. 2015, 27 (Suppl. 1), S489–S491.

140. Rado, J.; Von Ammon Cavanaugh, S. A naturalistic randomized placebo-controlled trial of extended-release metformin to
prevent weight gain associated with olanzapine in a US community-dwelling population. J. Clin. Psychopharmacol. 2016, 36,
163–168. [CrossRef]

141. Wu, R.R.; Zhao, J.P.; Guo, X.F.; He, Y.Q.; Fang, M.S.; Guo, W.B.; Chen, J.D.; Li, L.H. Metformin addition attenuates
olanzapine-induced weight gain in drug-naive first-episode schizophrenia patients: A double-blind, placebo-controlled study.
Am. J. Psychiatry 2008, 165, 352–358. [CrossRef]

http://doi.org/10.1192/bjp.bp.109.076935
http://doi.org/10.1007/s40264-017-0543-0
http://www.ncbi.nlm.nih.gov/pubmed/28585153
http://doi.org/10.1186/1471-244X-11-197
http://doi.org/10.1177/0269881114562090
http://doi.org/10.1111/j.1600-0447.2004.00358.x
http://doi.org/10.1186/1471-244X-7-28
http://doi.org/10.1186/1741-7015-10-147
http://www.ncbi.nlm.nih.gov/pubmed/23181341
http://doi.org/10.1002/14651858.CD006629.pub2
http://www.ncbi.nlm.nih.gov/pubmed/21154372
http://doi.org/10.1016/j.euroneuro.2019.06.008
http://www.ncbi.nlm.nih.gov/pubmed/31255396
http://doi.org/10.3390/ph13110365
http://doi.org/10.12688/f1000research.22662.1
http://doi.org/10.3810/pgm.2008.07.1786
http://doi.org/10.1186/1471-244X-12-78
http://doi.org/10.1176/appi.ps.52.7.967
http://www.ncbi.nlm.nih.gov/pubmed/11433117
http://doi.org/10.1176/appi.ajp.159.4.655
http://www.ncbi.nlm.nih.gov/pubmed/11925306
http://doi.org/10.1111/j.1547-5069.2003.00237.x
http://www.ncbi.nlm.nih.gov/pubmed/14562491
http://doi.org/10.1097/01.jcp.0000237943.57893.e6
http://doi.org/10.1111/eip.12230
http://doi.org/10.1016/j.schres.2006.01.008
http://www.ncbi.nlm.nih.gov/pubmed/16507343
http://doi.org/10.1007/s00125-011-2126-4
http://www.ncbi.nlm.nih.gov/pubmed/21455728
http://doi.org/10.1097/JCP.0000000000000469
http://doi.org/10.1176/appi.ajp.2007.07010079


Pharmaceuticals 2021, 14, 238 25 of 26

142. Baptista, T.; Rangel, N.; Fernández, V.; Carrizo, E.; El Fakih, Y.; Uzcátegui, E.; Galeazzi, T.; Gutiérrez, M.A.; Servigna, M.;
Dávila, A.; et al. Metformin as an adjunctive treatment to control body weight and metabolic dysfunction during olanzapine
administration: A multicentric, double-blind, placebo-controlled trial. Schizophr. Res. 2007, 93, 99–108. [CrossRef]

143. Baptista, T.; Martínez, J.; Lacruz, A.; Rangel, N.; Beaulieu, S.; Serrano, A.; Arapé, Y.; Martinez, M.; De Mendoza, S.; Teneud, L.;
et al. Metformin for prevention of weight gain and insulin resistance with olanzapine: A double-blind placebo-controlled trial.
Can. J. Psychiatry 2006, 51, 192–196. [CrossRef] [PubMed]

144. Chen, C.-H.; Huang, M.-C.; Kao, C.-F.; Lin, S.-K.; Kuo, P.-H.; Chiu, C.-C.; Lu, M.-L. Effects of adjunctive metformin on metabolic
traits in nondiabetic clozapine-treated patients with schizophrenia and the effect of metformin discontinuation on body weight:
A 24-week, randomized, double-blind, placebo-controlled study. J. Clin. Psychiatry 2013, 74, e424–e430. [CrossRef]

145. Carrizo, E.; Fernández, V.; Connell, L.; Sandia, I.; Prieto, D.; Mogollón, J.; Valbuena, D.; Fernández, I.; Araujo de Baptista, E.;
Baptista, T. Extended release metformin for metabolic control assistance during prolonged clozapine administration: A 14 week,
double-blind, parallel group, placebo-controlled study. Schizophr. Res. 2009, 113, 19–26. [CrossRef]

146. Baptista, T.; Rangel, N.; El Fakih, Y.; Uzcátegui, E.; Galeazzi, T.; Beaulieu, S.; Araujo De Baptista, E. Rosiglitazone in the assistance
of metabolic control during olanzapine administration in schizophrenia: A pilot double-blind, placebo-controlled, 12-week trial.
Pharmacopsychiatry 2009, 42, 14–19. [CrossRef] [PubMed]

147. Henderson, D.C.; Fan, X.; Sharma, B.; Copeland, P.M.; Borba, C.P.; Boxill, R.; Freudenreich, O.; Cather, C.; Eden Evins, A.; Goff,
D.C. A double-blind, placebo-controlled trial of rosiglitazone for clozapine-induced glucose metabolism impairment in patients
with schizophrenia. Acta Psychiatr. Scand. 2009, 119, 457–465. [CrossRef] [PubMed]

148. Larsen, J.R.; Vedtofte, L.; Jakobsen, M.S.L.; Jespersen, H.R.; Jakobsen, M.I.; Svensson, C.K.; Koyuncu, K.; Schjerning, O.; Oturai, P.S.;
Kjaer, A.; et al. Effect of liraglutide treatment on prediabetes and overweight or obesity in clozapine- or olanzapine-treated patients
with schizophrenia spectrum disorder: A randomized clinical trial. JAMA Psychiatry 2017, 74, 719–728. [CrossRef] [PubMed]

149. Mayfield, K.; Siskind, D.; Winckel, K.; Russell, A.W.; Kisely, S.; Smith, G.; Hollingworth, S. Glucagon-like peptide-1 agonists
combating clozapine-associated obesity and diabetes. J. Psychopharmacol. 2016, 30, 227–236. [CrossRef]

150. Boyda, H.N.; Procyshyn, R.M.; Pang, C.C.Y.; Hawkes, E.; Wong, D.; Jin, C.H.; Honer, W.G.; Barr, A.M. Metabolic Side-Effects of
the Novel Second-Generation Antipsychotic Drugs Asenapine and Iloperidone: A Comparison with Olanzapine. PLoS ONE 2013,
8, 1–11. [CrossRef] [PubMed]

151. Stephenne, X.; Foretz, M.; Taleux, N.; van der Zon, G.C.; Sokal, E.; Hue, L.; Viollet, B.; Guigas, B. Metformin activates
AMP-activated protein kinase in primary human hepatocytes by decreasing cellular energy status. Diabetologia 2011, 54,
3101–3110. [CrossRef]

152. Farilla, L.; Hui, H.; Bertolotto, C.; Kang, E.; Bulotta, A.; Di Mario, U.; Perfetti, R. Glucagon-like peptide-1 promotes islet cell
growth and inhibits apoptosis in Zucker diabetic rats. Endocrinology 2002, 143, 4397–4408. [CrossRef] [PubMed]

153. Drucker, D.J.; Nauck, M.A. The incretin system: Glucagon-like peptide-1 receptor agonists and dipeptidyl peptidase-4 inhibitors
in type 2 diabetes. Lancet 2006, 368, 1696–1705. [CrossRef]

154. Lykkegaard, K.; Larsen, P.J.; Vrang, N.; Bock, C.; Bock, T.; Knudsen, L.B. The once-daily human GLP-1 analog, liraglutide, reduces
olanzapine-induced weight gain and glucose intolerance. Schizophr. Res. 2008, 103, 94–103. [CrossRef] [PubMed]

155. Ishøy, P.L.; Knop, F.K.; Vilsbøll, T.; Glenthøj, B.Y.; Ebdrup, B.H. Sustained weight loss after treatment with a glucagon-like peptide-
1 receptor agonist in an obese patient with schizophrenia and type 2 diabetes. Am. J. Psychiatry 2013, 170, 681–682. [CrossRef]

156. Jackson, H.C.; Bearham, M.C.; Hutchins, L.J.; Mazurkiewicz, S.E.; Needham, A.M.; Heal, D.J. Investigation of the mechanisms
underlying the hypophagic effects of the 5-HT and noradrenaline reuptake inhibitor, sibutramine, in the rat. Br. J. Pharmacol.
1997, 121, 1613–1618. [CrossRef] [PubMed]

157. Poyurovsky, M.; Isaacs, I.; Fuchs, C.; Schneidman, M.; Faragian, S.; Weizman, R.; Weizman, A. Attenuation of olanzapine-induced
weight gain with reboxetine in patients with schizophrenia: A double-blind, placebo-controlled study. Am. J. Psychiatry 2003, 160,
297–302. [CrossRef] [PubMed]

158. O’Kane, M.; Wiles, P.G.; Wales, J.K. Fluoxetine in the Treatment of Obese Type 2 Diabetic Patients. Diabet. Med. 1994, 11,
105–110. [CrossRef]

159. Floris, M.; Lejeune, J.; Deberdt, W. Effect of amantadine on weight gain during olanzapine treatment. Eur. Neuropsychopharmacol.
2001, 11, 181–182. [CrossRef]

160. Deberdt, W.; Winokur, A.; Cavazzoni, P.A.; Trzaskoma, Q.N.; Carlson, C.D.; Bymaster, F.P.; Wiener, K.; Floris, M.; Breier, A.
Amantadine for weight gain associated with olanzapine treatment. Eur. Neuropsychopharmacol. 2005, 15, 13–21. [CrossRef]

161. Ben-Menachem, E.; Axelsen, M.; Johanson, E.H.; Stagge, A.; Smith, U. Predictors of weight loss in adults with topiramate-treated
epilepsy. Obes. Res. 2003, 11, 556–562. [CrossRef] [PubMed]

162. Verrotti, A.; Scaparrotta, A.; Agostinelli, S.; Di Pillo, S.; Chiarelli, F.; Grosso, S. Topiramate-induced weight loss: A review.
Epilepsy Res. 2011, 95, 189–199. [CrossRef]

163. McElroy, S.L.; Hudson, J.I.; Capece, J.A.; Beyers, K.; Fisher, A.C.; Rosenthal, N.R. Topiramate for the treatment of binge eating
disorder associated with obesity: A placebo-controlled study. Biol. Psychiatry 2007, 61, 1039–1048. [CrossRef] [PubMed]

164. Reiter, E.; Feucht, M.; Hauser, E.; Freilinger, M.; Seidl, R. Changes in body mass index during long-term topiramate therapy in
paediatric epilepsy patients—A retrospective analysis. Seizure 2004, 13, 491–493. [CrossRef] [PubMed]

165. Atmaca, M.; Kuloglu, M.; Tezcan, E.; Ustundag, B. Nizatidine treatment and its relationship with leptin levels in patients with
olanzapine-induced weight gain. Hum. Psychopharmacol. 2003, 18, 457–461. [CrossRef]

http://doi.org/10.1016/j.schres.2007.03.029
http://doi.org/10.1177/070674370605100310
http://www.ncbi.nlm.nih.gov/pubmed/16618011
http://doi.org/10.4088/JCP.12m08186
http://doi.org/10.1016/j.schres.2009.05.007
http://doi.org/10.1055/s-0028-1085438
http://www.ncbi.nlm.nih.gov/pubmed/19153941
http://doi.org/10.1111/j.1600-0447.2008.01325.x
http://www.ncbi.nlm.nih.gov/pubmed/19183127
http://doi.org/10.1001/jamapsychiatry.2017.1220
http://www.ncbi.nlm.nih.gov/pubmed/28601891
http://doi.org/10.1177/0269881115625496
http://doi.org/10.1371/journal.pone.0053459
http://www.ncbi.nlm.nih.gov/pubmed/23326434
http://doi.org/10.1007/s00125-011-2311-5
http://doi.org/10.1210/en.2002-220405
http://www.ncbi.nlm.nih.gov/pubmed/12399437
http://doi.org/10.1016/S0140-6736(06)69705-5
http://doi.org/10.1016/j.schres.2008.05.011
http://www.ncbi.nlm.nih.gov/pubmed/18579346
http://doi.org/10.1176/appi.ajp.2013.12101344
http://doi.org/10.1038/sj.bjp.0701311
http://www.ncbi.nlm.nih.gov/pubmed/9283694
http://doi.org/10.1176/appi.ajp.160.2.297
http://www.ncbi.nlm.nih.gov/pubmed/12562576
http://doi.org/10.1111/j.1464-5491.1994.tb00238.x
http://doi.org/10.1016/S0924-977X(01)00072-4
http://doi.org/10.1016/j.euroneuro.2004.03.005
http://doi.org/10.1038/oby.2003.78
http://www.ncbi.nlm.nih.gov/pubmed/12690085
http://doi.org/10.1016/j.eplepsyres.2011.05.014
http://doi.org/10.1016/j.biopsych.2006.08.008
http://www.ncbi.nlm.nih.gov/pubmed/17258690
http://doi.org/10.1016/j.seizure.2003.12.001
http://www.ncbi.nlm.nih.gov/pubmed/15324828
http://doi.org/10.1002/hup.514


Pharmaceuticals 2021, 14, 238 26 of 26

166. Melkersson, K.I.; Hulting, A.L.; Brismar, K.E. Elevated levels of insulin, leptin, and blood lipids in olanzapine-treated patients
with schizophrenia or related psychoses. J. Clin. Psychiatry 2000, 61, 742–749. [CrossRef] [PubMed]

167. Liu, X.-M.; Zhao, X.-M.; Deng, C.; Zeng, Y.-P.; Hu, C.-H. Simvastatin improves olanzapine-induced dyslipidemia in rats through
inhibiting hepatic mTOR signaling pathway. Acta Pharmacol. Sin. 2019, 40, 1049–1057. [CrossRef]

168. Laplante, M.; Sabatini, D.M. mTOR signaling in growth control and disease. Cell 2012, 149, 274–293. [CrossRef] [PubMed]
169. Rosendo, A.B.; Lima, L.O.; Dal-Pizzol, F.; Almeida, S. Lipid and C-reactive protein levels, cardiovascular disease risk factors and

simvastatin treatment in brazilian individuals. Inflammation 2010, 33, 244–250. [CrossRef]
170. Werneke, U.; Taylor, D.; Sanders, T.A.B. Options for pharmacological management of obesity in patients treated with atypical

antipsychotics. Int. Clin. Psychopharmacol. 2002, 17, 145–160. [CrossRef]
171. Kolachalam, S.; Aringhieri, S.; Scarselli, M. Therapeutic Drug Monitoring in Neuropsychiatric Disorders. In Brain and Heart

Dynamics; Govoni, S., Politi, P., Vanoli, E., Eds.; Springer: Cham, Switzerland, 2020; pp. 1–11. [CrossRef]
172. Hiemke, C.; Bergemann, N.; Clement, H.W.; Conca, A.; Deckert, J.; Domschke, K.; Eckermann, G.; Egberts, K.; Gerlach, M.; Greiner,

C.; et al. Consensus Guidelines for Therapeutic Drug Monitoring in Neuropsychopharmacology: Update 2017. Pharmacopsychiatry
2018, 51, 9–62. [CrossRef] [PubMed]

173. Grundmann, M.; Kacirova, I.; Urinovska, R. Therapeutic drug monitoring of atypical antipsychotic drugs. Acta Pharm. 2014, 64,
387–401. [CrossRef] [PubMed]

174. Lako, I.M.; Van Den Heuvel, E.R.; Knegtering, H.; Bruggeman, R.; Taxis, K. Estimating dopamine d2 receptor occupancy for
doses of 8 antipsychotics: A meta-analysis. J. Clin. Psychopharmacol. 2013, 33, 675–681. [CrossRef] [PubMed]

175. Alberati, D.; Moreau, J.L.; Lengyel, J.; Hauser, N.; Mory, R.; Borroni, E.; Pinard, E.; Knoflach, F.; Schlotterbeck, G.; Hainzl, D.;
et al. Glycine reuptake inhibitor RG1678: A pharmacologic characterization of an investigational agent for the treatment of
schizophrenia. Neuropharmacology 2012, 62, 1152–1161. [CrossRef]

176. Spina, E.; de Leon, J. Metabolic drug interactions with newer antipsychotics: A comparative review. Basic Clin. Pharmacol. Toxicol.
2007, 100, 4–22. [CrossRef] [PubMed]

177. Mauri, M.C.; Volonteri, L.S.; Colasanti, A.; Fiorentini, A.; De Gaspari, I.F.; Bareggi, S.R. Clinical pharmacokinetics of atypical
antipsychotics: A critical review of the relationship between plasma concentrations and clinical response. Clin. Pharmacokinet.
2007, 46, 359–388. [CrossRef]

178. Mandrioli, R.; Protti, M.; Mercolini, L. Metabolic Syndrome in Schizophrenia: Focus on the Role of Antipsychotic Medications
and Indications for Therapeutic Drug Monitoring (TDM) Methods. In Frontiers in Clinical Drug Research—Diabetes and Obesity;
Bentham Science: Sharjah, UAE, 2020; pp. 1–65, ISBN 9781681087535.

179. Pouget, J.G.; Shams, T.A.; Tiwari, A.K.; Müller, D.J. Pharmacogenetics and outcome with antipsychotic drugs. Dialogues Clin. Neurosci.
2014, 16, 555–566. [CrossRef]

180. Thorn, C.F.; Aklillu, E.; Klein, T.E.; Altman, R.B. PharmGKB summary: Very important pharmacogene information for CYP1A2.
Pharmacogenet. Genomics 2012, 22, 73–77. [CrossRef]

181. Leggio, G.M.; Torrisi, S.A.; Mastrogiacomo, R.; Mauro, D.; Chisari, M.; Devroye, C.; Scheggia, D.; Nigro, M.; Geraci, F.;
Pintori, N.; et al. The epistatic interaction between the dopamine D3 receptor and dysbindin-1 modulates higher-order cognitive
functions in mice and humans. Mol. Psychiatry 2019. [CrossRef]

182. Gressier, F.; Porcelli, S.; Calati, R.; Serretti, A. Pharmacogenetics of clozapine response and induced weight gain: A comprehensive
review and meta-analysis. Eur. Neuropsychopharmacol. 2016, 26, 163–185. [CrossRef]

183. de Leon, J.; Spina, E. Possible Pharmacodynamic and Pharmacokinetic Drug-Drug Interactions That Are Likely to Be Clinically
Relevant and/or Frequent in Bipolar Disorder. Curr. Psychiatry Rep. 2018, 20, 17. [CrossRef] [PubMed]

http://doi.org/10.4088/JCP.v61n1006
http://www.ncbi.nlm.nih.gov/pubmed/11078035
http://doi.org/10.1038/s41401-019-0212-1
http://doi.org/10.1016/j.cell.2012.03.017
http://www.ncbi.nlm.nih.gov/pubmed/22500797
http://doi.org/10.1007/s10753-009-9178-3
http://doi.org/10.1097/00004850-200207000-00001
http://doi.org/10.1007/978-3-319-90305-7_48-1
http://doi.org/10.1055/s-0043-116492
http://www.ncbi.nlm.nih.gov/pubmed/28910830
http://doi.org/10.2478/acph-2014-0036
http://www.ncbi.nlm.nih.gov/pubmed/25531781
http://doi.org/10.1097/JCP.0b013e3182983ffa
http://www.ncbi.nlm.nih.gov/pubmed/23948784
http://doi.org/10.1016/j.neuropharm.2011.11.008
http://doi.org/10.1111/j.1742-7843.2007.00017.x
http://www.ncbi.nlm.nih.gov/pubmed/17214606
http://doi.org/10.2165/00003088-200746050-00001
http://doi.org/10.31887/dcns.2014.16.4/jpouget
http://doi.org/10.1097/FPC.0b013e32834c6efd
http://doi.org/10.1038/s41380-019-0511-4
http://doi.org/10.1016/j.euroneuro.2015.12.035
http://doi.org/10.1007/s11920-018-0881-3
http://www.ncbi.nlm.nih.gov/pubmed/29527636

	Introduction 
	A New Classification for AAPs: The Spectrum of Atypia 
	Role of GPCRs in the Metabolism of Peripheral Tissues 
	GPCRs and Pancreatic -Cells 
	GPCRs and Liver 
	GPCRs and Adipose Tissues 
	GPCRs and Skeletal Muscle 

	Effects of AAPs on Hypothalamus and Peripheral Tissues 
	AAPs and Hypothalamus 
	AAPs and Liver 
	AAPs and Pancreatic -Cells 
	AAPs and Adipose Tissue 
	AAPs and Skeletal Muscle 

	AAPs and MetS in Clinical Practice 
	Treatments for AAPs-Induced MetS: Pharmacological and Non-Pharmacological Interventions 
	Non-Pharmacological Interventions 
	Pharmacological Interventions 

	Towards a Personalized Therapy: AAPs Plasma Concentration Monitoring and Pharmacogenetics 
	Conclusions 
	References

