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Catechol-O-Methyltransferase (COMT):
An Update on Its Role in Cancer, Neurological
and Cardiovascular Diseases

Pedro Bastos, Tiago Gomes, and Laura Ribeiro

Abstract Catechol-O-methyltransferase (COMT) is an enzyme that catalyses the
methylation of catechol substrates, classically in catecholamine metabolism, but
also acting upon other substrates such as oestrogen and polyphenols. Although its
classical function has been established for more than five decades, an ever
expanding COMT role in other pathways and diseases has become a subject of
active study in recent years. The most highlighted domains are related with COMT
involvement in neuropsychiatric disorders and its role in the neurobiology of
cognition, behaviour, emotions, pain processing and perception, sleep regulation,
addictive behaviour and neurodegeneration. Nonetheless, great attention is also
being devoted to a possible COMT contribution to the development of cardiovas-
cular disorders and hormonally influenced diseases, including cancer. This review
aims to update the role of COMT function and its involvement in cardiovascular
and neurological disorders.
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1 Introduction

It was in 1958 that Axelrod et al. first identified and described the properties of the
enzyme responsible for the O-methylation of catecholamines (CA) (Axelrod and
Tomchick 1958). They were prompted by findings of O-methylated catechols in the
urine of pheochromocytoma patients (Axelrod et al. 1958) and of exogenously
administered CA (Axelrod and Tomchick 1958), suggesting another pathway for
CA inactivation besides deamination.

Catechol-O-methyltransferase (COMT: EC 2.1.1.6) is an enzyme that in the
presence of magnesium (Mg>") catalyses the transference of a methyl group from S-
adenosyl-L-methionine (SAM) to a catechol substrate with O-methylated catechol
and S-adenosyl-L-homocysteine (SAH) as reaction products (Méinnisto and
Kaakkola 1999).

As a ubiquitous enzyme COMT has been found in most studied organisms across
phylogenetic levels, including yeasts, plants, insects, fish, amphibians, birds and all
studied mammals (Bonifacio et al. 2007; Lundstrom et al. 1995), stating its evolu-
tionary and physiological relevance.

In humans, besides its role in CA catabolism COMT has been implicated in the
inactivation of catecholoestrogen (CE) (Worda et al. 2003), catechol-containing
xenobiotics, such as catechins and bioflavonoids (Zhu et al. 2000, 2001), and indole
intermediates from melanin metabolism (Smit and Pavel 1995). COMT tissue
distribution and substrate specificity support a putative protective role as an enzy-
matic barrier against exogenous catechols by preventing their oxidation to o-
quinones and the formation of electrophiles (Smit and Pavel 1995; Weisz et al.
2000; Zahid et al. 2007). The catechol O-methylation seems to decrease the
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tendency for redox cycling (Zhu et al. 1994) and to increase lipophilicity facilitating
the transmembrane transport out of the cell (Smit and Pavel 1995). In addition,
COMT is of great pharmacological significance, being involved in the metabolism
of catechol-containing drugs such as L-DOPA, dobutamine, carbidopa, isoprenaline,
benserazide, rimiterol, a-methyldopa and apomorphine, used in the treatment of
asthma, hypertension and Parkinson’s disease (@verbye and Seglen 2009; Minnisto
and Kaakkola 1999).

COMT is strictly intracellular with two known isoforms, one soluble in the
cytoplasm (soluble COMT: S-COMT) and one associated to membranes (mem-
brane bound COMT: MB-COMT) (Huh and Friedhoff 1979; Ulmanen et al. 1997).
Although these isoforms share several biochemical properties, differences are
observed regarding molecular weight, cellular location, substrate specificity, kinet-
ics and preferential position of methylation (Lundstrom et al. 1995). An alternative
nomenclature based on the size of the isoforms has been proposed, designating
S-COMT as small (S) and MB-COMT as large (L) (@verbye and Seglen 2009).

In mammals, COMT is coded by a single gene, which in the human species is
located in the band q11.21 of chromosome 22 (Tenhunen et al. 1994). The human
gene has 6 exons (Fig. 1), being the first two non-coding, and presents two partially
overlapping open reading frames of 663 bp and 813 bp for S- and MB-COMT
(Tenhunen et al. 1994), respectively. The 5" distal promoter (P2) regulates the
synthesis of a 1.5 kb mRNA and the proximal promoter (P1), positioned between
the MB- and S-COMT initiation codons in the third exon, regulates the synthesis of
a 1.3 kb transcript (Lundstrom et al. 1995). Both transcripts share the same
termination codon (TGA) in +814 of the sixth exon (Tenhunen et al. 1994). Due
to a less favourable location of the MB-COMT AUG initiation codon and the
occurrence of a leaky scanning mechanism, the larger mRNA has the ability to
originate both COMT isoforms with translation most frequently commencing in the
S-COMT AUG initiation codon (Tenhunen et al. 1994; Lundstrom et al. 1995).

The variable expression of COMT isoforms across different tissues and cell lines
suggests that tissue specific transcription factors regulate the expression (Tenhunen

+1bp +151bp +814bp
(ATG)  (ATG) rs4680 (TGA)
: : (Val158Met) :
loov ] [eovz] [oovd [Bowid [Bovel [Bowld

P2 Pl T >
H S-COMT 613bp ORF :

MB-COMT 814bp ORF

Fig.1 Scheme of the human COMT gene structure. The human COMT gene has 6 exons, being
the two most 5’ non-coding. The expression is controlled by two promoters, the P2 distal promoter
regulating the synthesis of a 1.5 kb mRNA and the P1 proximal promoter regulating the synthesis
of a 1.3 kb mRNA. The initiation codons for both isoforms are located in the third exon,
MB-COMT (+1 bp) and S-COMT (+150 bp). The gene has a single translation termination
codon (TGA) in the position +814 of the sixth exon. The two open reading frames (ORF’s) of
663 and 813 bp are partially overlapping
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et al. 1994; Minnisto and Kaakkola 1999). Progesterone was shown to induce a
distinct tissue specific effect on COMT expression via activation of one of the two
progesterone receptor isoforms PR-A or PR-B (Salama et al. 2007; Jiang et al. 2003).

Both COMT promoters have oestrogen and glucocorticoid response elements
that intricately regulate expression. Progesterone and dexamethasone are known to
upregulate expression in leiomyoma cells (associated with PR-A) (Salama et al.
2006a) while progesterone and oestrogen downregulate expression in breast cancer
cell lines (associated with PR-B) (Salama et al. 2007).

Several sequences upstream to the MB-COMT initiation codon represent poten-
tial targets for the Sp1 transcription factor and are probably responsible for the basic
activity of the promoter (Tenhunen et al. 1994). In astrocytes, activation of NF-kB
and p65 binding seems to downregulate the P2 promoter (Tchivileva et al. 2009;
Hartung et al. 2015) and 17-B-estradiol shows a similar action in oestrogen
receptor-positive human breast carcinoma (MCF-7) cells, both through the recep-
tor’s CCAAT/enhancer binding protein sites (Xie et al. 1999) and via oestrogen
response elements (Xie et al. 1999; Jiang et al. 2003). No effects on COMT mRNA
levels were observed after treating a glial cell line with 17-p-estradiol, supporting a
tissue specific regulation mechanism (Jiang et al. 2003). In male rats, exogenous
estradiol did not change COMT protein levels in the liver and frontal cortex, but
decreased protein expression in the kidney and prefrontal cortex and increased
COMT protein levels in the hippocampus, cerebellum and prostate (Schendzielorz
etal. 2011). A positive regulation by insulin, dihydrotestosterone and trans retinoic
acid was observed for the P1 promoter (Salih et al. 2008a). Due to the presence of a
CArG box in the promoter, COMT has been identified as a transcriptional target for
myocardin-related transcription factors (MRTFs), with the activation occurring
through histone acetyltransferase p300 recruitment by megakaryoblastic leukemia
1 MKL1) (Liu et al. 2013). Possible targets for p53 and for the transcription factors
AP-2, NF-IL6, HNF-4, Ets-1 and NF-D have also been described (Tchivileva et al.
2009; Wang et al. 2001; Tenhunen et al. 1994). Several CpG islets have been found
in the 5’ upstream region and their methylation was shown to silence MB-COMT
expression (Sasaki et al. 2003). Due to the downregulation exerted by oestrogen,
women have around 30% lower COMT activity than men (Harrison and Tunbridge
2008; Tenorio-Laranga et al. 2009).

1.1 Enzyme Structure and Kinetics

The enzyme consists of a typical methyltransferase topology with 8 o-helixes
surrounding 7 f-sheets with the sixth sheet in antiparallel sense (Tsuji et al.
2009). The active site is located on the enzyme external surface and comprised of
two distinct parts, a deeper region for SAM binding and a catalytic one for substrate
binding where the Mg* ion occupies the central position (Minnistd and Kaakkola
1999). In this SN2 transfer mechanism, SAM binds first, followed by Mg2+ and last
by the catechol substrate. After the reaction the unmethylated product SAH is the last
to dissociate (Ménnisto and Kaakkola 1999). It is proposed that catechol recognition
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depends on coordination of the catechol hydroxyl groups with the Mg>" ion (Lautala
et al. 2001). The catechol moiety has an octahedral coordination and the Mg?* ion
controls its orientation to two aspartic acid and one asparagine residues, a water
molecule and the two catechol hydroxyl groups (Ménnisto and Kaakkola 1999).
Tonization is also facilitated by Mg®* through positioning of one of the hydroxyls in
proximity with both the SAM methyl group and the COMT lysine 144 amine group.
The latter then accepts the hydroxyl proton and enables the methyl transference
(Lautala et al. 2001; Méannisto and Kaakkola 1999). The remaining hydroxyl group
is connected by hydrogen bonds to the carboxylic oxygen of COMT glutamate
199 (Lautala et al. 2001). The catechol ring is maintained in the correct position by
the tryptophan residues 38 and 143 and by the proline residue 174, which form an
hydrophobic barrier and define the enzyme selectivity towards the catechol lateral
chains (Minnisto and Kaakkola 1999).

Despite essential for the catalysis, the Mg?* ion can be exchanged by manganese
(Mn*"), cobalt (Co*"), zinc (Zn**), cadmium (Cd*"), ferrous iron (Fe?"), tin (Sn**)
or nickel (Ni**), although with changes in the enzyme kinetics (Sparta and
Alexandrova 2012). Mn*" and Co>* were found to even increase the enzyme
activity (Axelrod and Tomchick 1958). Calcium (Ca®"), ferric iron (Fe**) and
aluminium (AI**) inhibit the enzyme (Sparta and Alexandrova 2012; Axelrod and
Tomchick 1958), as well as SAH, which has a binding affinity close to SAM
(Pihlavisto and Reenild 2002; Bunker et al. 2008).

The human S-COMT has 221 amino acids and a molecular weight of 24.4 kDa,
while the MB isoform contains 50 more amino acids and 30 kDa (Minnisto and
Kaakkola 1999). Both isoforms have identical active site structures, similar affinity
for SAM and close optimum pH (7.4 for MB- and 7.8 for S-COMT), but differ in
the kinetics (Reenild and Ménnisto 2001; Tsunoda et al. 2002). The MB isoform has
a 10-100 times higher affinity towards CA, relatively to the S isoform (Ellingson
et al. 1999), while S-COMT has a higher affinity for CE and catechol-containing
xenobiotics and methylates these compounds two to three times faster than CA
(Zhu et al. 2000). These differences suggest that MB-COMT acts preferentially at
lower physiologic concentrations (in the pM range), while S-COMT functions
mostly under substrate saturating conditions (Bonifacio et al. 2000; Pihlavisto
and Reenild 2002). Accordingly, MB-COMT seems to have a most relevant role
in the inactivation of the catecholaminergic neurotransmission, playing S-COMT a
higher part in the inactivation of CE and catechol-containing xenobiotics
(Pihlavisto and Reenild 2002). The existence of a second MB-COMT isoform
with 39 kDa was proposed (Tunbridge et al. 2006).

The methylation occurs mostly at the meta (3'-hydroxyl) position of the
catechol ring, but can also take place at the para (4'-hydroxyl) position,
depending on the lateral substrate chains, COMT isoform and experimental
conditions (Ménnisto and Kaakkola 1999). The meta/para ratio is generally higher
with MB-COMT (Pihlavisto and Reenild 2002). In CE’s metabolism the methyl-
ation of the 2’-hydroxyl or 4’-hydroxyl of the catechol ring is favoured (Nissinen
and Mainnisto 2010).
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1.2 Cell Location and Tissue Distribution

COMT is intracellular and prevails in the S isoform (Tenhunen and Ulmanen 1993).
The S isoform is mainly cytoplasmic but has also been detected in the nucleus of
hepatocytes (Ulmanen et al. 1997), mammary epithelial cells (Weisz et al. 2000)
and renal cortex cells (Weisz et al. 1998). The MB-COMT amine terminal region is
composed of 50 amino acids, of which 20 are hydrophobic, and acts as a signal
sequence that directs the protein to the membrane (Lundstrom et al. 1995). This
restricts MB-COMT to the membranes and mainly to the rough endoplasmic
reticulum where it is orientated towards the cytoplasm (Ulmanen et al. 1997).

In mammals, the enzyme is broadly distributed in most tissues and the S isoform
usually found at levels more than three times higher than the MB (Karhunen et al.
1994). S-COMT has been detected in the liver, kidneys, lungs, adrenal glands,
mammary glands, spleen, stomach epithelium, duodenum, ileum, cerebral cortex,
hypothalamus, thalamus, cerebellum, pons and pituitary gland (Karhunen et al.
1994). In the brain it accounts for more than 60% of the dopamine degradation in
the prefrontal cortex (PFC), but for less than 15% in the striatum (Dauvilliers et al.
2015). MB-COMT is found in the liver, kidneys, brain, adrenal glands, lungs,
intestine, salivary glands and ducts, thyroid gland, retina, ciliated cells of the eye
and in the pancreas, especially in B-cells and 8-cells (Karhunen et al. 1994; Meister
et al. 1993). COMT activity has also been found in tissues such as epidermis,
dermis, placenta, uterus, parotid gland and cell types as keratinocytes, melanocytes,
adipocytes, erythrocytes, lymphocytes, macrophages and in the walls of the blood
vessels of the dental pulp (Nomura et al. 1996; Inoue et al. 1987, 1991; Inoue and
Creveling 1991).

In the brain, immunoreactivity for COMT has been observed in astrocytes
(including the terminations surrounding the capillaries), dendritic cells, oligoden-
drocytes, microglia cells, in the pia and arachnoid mater surface, epithelial cells of
the choroid plexus, hippocampus, neuroglia cells of the circumventricular organs,
cerebrovascular endothelial cells and, with less intensity, in some postsynaptic
spines of the parietal cortex, cerebellum and striate body (Helkamaa et al. 2007;
Matsumoto et al. 2003; Reenild et al. 1997; Myohénen et al. 2010). Although both
isoforms are present in neuronal and non-neuronal cells, S-COMT is more
expressed in glial cells and MB-COMT in postsynaptic neurons (Karhunen et al.
1995a, b). Turnbridge et al. detected the presence of 7 mRNA COMT variants
expressed in low abundance in the brain, resulting from insertions and deletions in
the primary transcript and probably representing splice variants differentially
expressed in different brain regions (Tunbridge et al. 2007).

In contrast with most tissues the MB isoform dominates in the brain and in the
adrenal gland medulla representing 70% of the COMT total protein content
(Ménnisto and Kaakkola 1999). In the rat and human species, the greatest activity
by decreasing order is found in the liver, kidney and brain (Bonifacio et al. 2000).
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1.3 Physiological Role

COMT seems to act as a physiological barrier at the blood—brain barrier, gastroin-
testinal tract and placenta (Ménnisto and Kaakkola 1999). During the first quarter of
pregnancy COMT protects the developing embryo and the placenta from the action
of active hydroxyl compounds (Ménnisto and Kaakkola 1999). In neural tissues, the
location of COMT indicates its role as a barrier that prevents dissemination of
catechol compounds between compartments (Karhunen et al. 1995b) and in partic-
ular from injured areas (Redell and Dash 2007). The enzyme also regulates levels of
dopamine (DA) and norepinephrine (NE) in several cerebral regions, inactivates
postsynaptic CA (Ménnisto and Kaakkola 1999) and protects dopaminergic neu-
rons from the free radicals generated by the oxidative metabolism of DA
(Matsumoto et al. 2003).

The main and the first described role of COMT (Axelrod and Tomchick 1958)
concerns the metabolism of CA, mainly NE and epinephrine (EPI), and most
importantly the inactivation of the latter (Eisenhofer et al. 1995). These CA are
released by the sympatho-adreno-medullary system in response to several endog-
enous and exogenous threats to homeostasis and can act locally at the terminals of
sympathetic neurons, mainly NE, or via the bloodstream, in the case of EPI (Brede
et al. 2003). Catecholamines are short acting bioactive compounds with a very short
half-life of 1-2 min (Fung et al. 2008). Among other functions, they generically
promote vasoconstriction, sphincter contraction, hepatic glycogenolysis and have
ionotropic and chronotropic effects in the heart (Guimaraes and Moura 2001).
Although vital for normal physiology of cardiovascular dynamics their protracted
actions, mainly when in excess, are deleterious and partially responsible for car-
diovascular disorders (Adameova et al. 2009).

The major oestrone (E1) and estradiol (E2) metabolites, the CE’s 2-hydroxyestrone
(estradiol) (2-OHE1(E2)) and mainly the 4-hydroxyestrone (estradiol) (4-OHE1(E2)),
have been shown to be carcinogenic in various tissues, including the kidney, liver,
uterus and mammary glands (Yager and Davidson 2006). E2 was specifically shown
to play a major role in the progression and growth of hormone-dependent breast
cancer (Siebert et al. 2011). In addition, these metabolites can be further oxidized to
electrophilic CE quinones, namely E2-3.4-quinones and E2-2,3-quinones (Zhang et al.
2007), and generate reactive oxygen species (ROS) and depurating DNA adducts that
may lead to cancer-initiating mutations (Zahid et al. 2006; Mailander et al. 2006). In
extra hepatic tissues, O-methylation by COMT is the main pathway for CE’s inacti-
vation, this neutralizes their oestrogen activity and prevents accumulation of oestrogen
quinones reducing the risk of DNA damage (Fig. 2) (Yager 2012).
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PAH Estrogens (E1/E2)

CYP1A1/ CYP1A2 CYP1A1/ CYP1A2

Catecholestrogens

PAH trans-dihydrodiols (2-OHE1(E2)/4-OHE1(E2))
AKRs Peroxidases/ P450
PAH o- CE-3,4-
quinones COMT «— quinones

I ~

Oxidative DNA damage

Fig. 2 Scheme of the pathways of polycyclic aromatic hydrocarbons (PAH) and oestrogen
metabolism that lead to the formation of PAH o-quinones and CE-3,4-quinones, respectively,
compounds with the ability to form depurinating DNA adducts and reactive oxygen species and
induce mutagenesis. COMT can intercept and prevent the deleterious effects of these compounds.
Cytochrome P450 1A1 (CYP1Al), cytochrome P450 1A2 (CYP1A2), aldo-keto reductases
(AKRs), cytochrome P450 (P450)

1.4 COMT Polymorphisms and Altered Function

Regarding its critical physiological roles, the regulation of COMT expression and
polymorphisms affecting enzyme activity have been gathering attention in face of
their potential effects on the pathophysiology and susceptibility to hormonally
influenced diseases including neurodegenerative (Lee and Song 2014; Jiménez-
Jiménez et al. 2014) and cardiovascular diseases (Chi et al. 2011; Voutilainen et al.
2007), oestrogen induced cancers (Li et al. 2014a; Xiao et al. 2013; Teng et al.
2013) and DA and NE dependent neuropsychiatric disorders (Gatt et al. 2015;
Lachman et al. 1996). The Vall58Met polymorphism (rs4680) is considered the
main cause for COMT activity variation. This single nucleotide polymorphism
(SNP), involving a G to A transition at codon 158, results in an amino acid change
and makes the enzyme prone to active-site distortion and protein aggregation at
physiological temperature, leading to a four times reduction in enzymatic activity
when in homozygosity for the Met allele (Rutherford et al. 2008; Bilder et al. 2004).
The Val/Val, Val/Met and Met/Met genotypes are associated with high, interme-
diate and low activity phenotypes of the enzyme, respectively. Individually, the
alleles are differently distributed among ethnic groups, being the low activity allele
found with a frequency between 54 and 49% in Caucasians, 49% in Southwest
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Asians, between 18 and 30% in East Asians, 2.6% in African Americans and
between 3.6 and 2.6% in Africans (Ameyaw et al. 2000; McLeod et al. 1994).
This difference in activity has also been suggested to occur due to a lower enzyme
concentration in the Met/Met genotype, as observed in human liver tissue (Doyle
et al. 2004), COS-1 and HEK293 cell lines (Shield et al. 2004), arising either from
alterations in transcription or shorter half-life from increased protein degradation.

Nonetheless, the inconsistent association between this polymorphism and some
disorders suggests the existence of other functional COMT polymorphisms or of
genetic epistaxis with several other genes (Smith et al. 2014b; Wang et al. 2014a;
Zhang et al. 2014). Studies involving the Ala22Ser (rs6267) and the Ala52Thr
(rs5031015) polymorphisms, respectively, responsible for a 30% lower activity and
a lower SAM affinity, have shown an association with some disorders (Rutherford
and Dagget 2009). Nackley et al. suggested the existence of 3 COMT haplotypes
formed by the combination of 4 SNPs, one positioned in the S-COMT promoter
region (rs6269) and three in the S and MB-COMT coding region at codons
His62His (rs4633), Leul36Leu (rs4818) and Vall58Met (Nackley et al. 2006).
The haplotype with the lowest activity showed an enzymatic activity 25 times lower
than the haplotype with the highest activity (Nackley et al. 2006). Supporting a
possible role for other SNPs, the Val allele was shown to be present in both low and
high activity COMT haplotypes suggesting an haplotype-specific secondary mRNA
structures change affecting the efficiency of protein synthesis (Diatchenko et al.
2005; Nackley et al. 2006). Curiously, it was observed that transcripts encoding the
high activity Val were expressed in lower levels, in the human brain, than those
encoding the low activity Met, suggesting a compensatory mechanism (Bray et al.
2003). A similar behaviour was observed by Tsao et al., with average pain sensi-
tivity haplotypes (characterized by lower COMT activity) exhibiting significantly
higher protein levels than wild-type low pain sensitivity haplotypes (characterized
by a higher COMT activity) (Tsao et al. 2011).

It would be interesting to observe if the inconsistencies commonly observed in
studies concerning the association between COMT polymorphisms and health
disorders would endure if COMT genetic variants other than Vall58Met were
considered. This would allow for a more precise evaluation of the effects of a
truly high, intermediate or low activity enzyme.

Epigenetic regulation of COMT expression by differential methylation of the S-
and MB-COMT promoters is also gaining attention with findings of hypo-
methylation of the COMT promoters in saliva (Nohesara et al. 2011) and the frontal
lobe (Abdolmaleky et al. 2006) of patients with schizophrenia and bipolar disease.
Methylation of COMT can be environmentally induced and is an important mech-
anism of gene expression regulation (Diwadkar et al. 2014). Stress (Ursini et al.
2011) and physical activity (Lott et al. 2013) are among the main environmental
factors believed to modulate DNA methylation of COMT and affect protein
expression and activity with measurable effects on prefrontal cortex DA levels
and cognition. Childhood adversities have also been proposed to promote an
epigenetic downregulation of the COMT gene (Green et al. 2014).
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2 COMT Role in Disease

2.1 Cancer

It has been hypothesized that a reduced COMT activity may increase the risk of
hormone-dependent diseases by enhancing the serum and tissue levels of E2,
promoting CE accumulation (Cordts et al. 2014). Postmenopausal women with at
least one Met allele (low activity) were shown to have higher E2 serum values 3 h
after E2 valerate administration (Worda et al. 2003). Inhibition of COMT activity
has shown to increase the amount of oxidative damage and depurating DNA
adducts in MCF-10F (Zahid et al. 2007) and MCEF-7 cells (Yamazaki et al. 2012).
COMT inhibition also leads to the occurrence of cytotoxicity in melanocytes (Smit
and Pavel 1995). Furthermore, multiple authors have reported anticarcinogenic
(Chang et al. 2012), antimitotic (Kuo et al. 2013), antiangiogenic (Quezada et al.
2013), antiproliferative (Siebert et al. 2011; Wu et al. 2015a), proapoptotic (Salama
et al. 2006b; Carothers et al. 2002) and anti-inflammatory (Shand et al. 2011)
properties for 2- and 4-methoxyestradiol, both products of CE’s methylation by
COMT. In addition, S-COMT selective presence in the nucleus may represent a
defence mechanism against an excess of CE (Weisz et al. 1998, 2000). COMT also
showed evidence of tumour suppression activity in a colorectal cancer cell line, to
modulate the PI3K/Akt pathway involved in the onset of human cancers, to
potentiate tumour suppressor genes such as p53, p27 and PTEN and to arrest the
cell cycle at the G1l-phase (Wu et al. 2015a). The modulation of the PI3K/Akt/
mTOR pathway was also observed in 3 cell lines models of pancreatic cancer,
where COMT overexpression was shown to downregulate p-Akt, mutant p53,
cyclin D1, anti-apoptotic p-Bad and upregulate p-GSK3-b, PTEN, proapoptotic
Bim and Bax and the invasion suppressor molecule E-cadherin (Wu et al. 2015b).
COMT silencing promoted cell growth and invasion, an increase in the S-phase cell
ratio and inhibited apoptosis (Wu et al. 2015b). A potential COMT protective effect
is suggested by the higher mean survival time of pancreatic cancer patients with a
high activity COMT genotype (Wu et al. 2015b). Decreased COMT mRNA and
protein levels were also observed in cell lines of renal cell carcinoma (Chang et al.
2012). COMT polymorphisms may also play a role on prostate cancer (Tanaka et al.
2006) and the prostatic regions more prone to cancer development were shown to
have decreased metabolization of CE by COMT (Cavalieiri et al. 2002). Sasaki
et al. observed the occurrence of methylation in the MB-COMT promoter in 78.3%
of the endometrial cancer samples studied, reporting an absence of methylation in
normal endometrial samples (Sasaki et al. 2003). Even though a role for a low
activity COMT polymorphism in the development of lung cancer was proposed
(Stabile et al. 2002), based on expression of oestrogen receptors by lung cancer cell
lines, only a probable increase in susceptibility was found by a recent meta-analysis
(Tan and Chen 2014).
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2.2 Pregnancy and Hormone-Dependent Diseases

COMT is suggested to regulate the uterine oestrogenic environment and oestrogen
dependent functions such as the uterine contractility pathways (Harirah et al. 2009).
The E2 COMT metabolite, 2-methoxyestradiol (2-ME), is considered to be part of
the ovarian physiological apparatus and crucial for proper placental vascular
development and maintenance (Salih et al. 2008b). COMT expression increases
with the pregnancy progression and peaks at delivery (Harirah et al. 2009) with a
1,000-fold increase in 2-ME levels (Pérez-Sepulveda et al. 2012). During labour,
COMT mRNA levels in the amnion layer suffer a ninefold increase, when com-
pared with non-labouring tissues obtained from elective caesarean section (Harirah
et al. 2009). Not only patients with premature ovarian insufficiency present fre-
quently with low COMT activity and 2-ME synthesis (Cordts et al. 2014), but 2-ME
levels are also found decreased in the serum of pregnant women suffering from
hypertensive disorders of pregnancy as preeclampsia (Shen et al. 2014b). Women
who developed preeclampsia were shown to present low 2-ME plasma levels, even
during the first trimester of pregnancy (Pérez-Sepulveda et al. 2012). COMT
protein levels and enzyme activity were found to be lower in the placenta of third
trimester preeclampsia cases (Zhao et al. 2011). The G675A polymorphism of
COMT was shown to associate with hypertensive disorders of pregnancy, particu-
larly in the presence of the MTHFR C677T SNP, and inhibition of COMT in
pregnant rats caused arterial hypertension, endothelial dysfunction and increased
embryo-to-placenta/decidua ratio (Vazquez-Alaniz et al. 2014; Kanasaki et al.
2008). In comparison to wild-type animals, pregnant COMT knockout mice exhibit
preterm delivering, higher fetal wastage, arteriopathy and proteinuria with glomer-
ular disease similar to women with preeclampsia (Kanasaki et al. 2008). Exogenous
2-ME corrects the embryo-to-placenta weight ratio, prevents proteinuria and ultra-
structural glomerular lesions and ameliorates the excessive fetal wastage and
vascular abnormalities (Kanasaki et al. 2008). Administration of 2-ME to the
COMT knockout pregnant mice also decreased the markers of hypoxia, the accu-
mulation of HIF-1a in the placenta, the plasma concentrations of sFLT-1 and
restored eNOS expression in the placenta (Kanasaki et al. 2008). Both exogenous
2-ME and COMT overexpression in human uterine leiomyoma cells promote
microtubule stabilization, attenuate nuclear receptors signalling, decrease HIF-1a
and antagonize the expression of CYP19 induced by TNF-a (Salama et al. 2009).
The low activity COMT haplotype was significantly associated with recurrent
preeclampsia and higher risk of preterm labour, fetal growth restriction and later
life cardiovascular disease (Roten et al. 2011). While the S-COMT promoter was
shown to suffer tissue specific unmethylation in the placenta, the methylation status
of the two COMT promoters was not observed to be significantly different between
normal or preeclamptic pregnancies (Zhao et al. 2011). Abnormal COMT activity
and 2-ME levels are thought to contribute to placental pathology by different ways
in different stages of the pregnancy (Roten et al. 2011). Women carrying the



12 P. Bastos et al.

Met allele were found to have a 20% higher risk of developing endometriosis and
adenomyosis (Tong et al. 2014).

COMT was also implicated in Ca?* homeostasis, namely affecting the expres-
sion of several Ca”* transporters in the duodenum, kidney and placenta of pregnant
mice, and COMT inhibition produced pathophysiological changes similar to pre-
eclampsia (Yang et al. 2015).

Early pubertal Caucasian girls carrying the low activity Met allele presented
higher height and skeletal size than girls with the high activity allele, with more
pronounced differences when in homozygosity, probably reflecting a more rapid
onset of oestrogen-regulated pubertal development (Eriksson et al. 2005).

2.3 Cardiovascular Disease and Related Disorders

CA mediate the cardiovascular effects of the sympathetic nervous system and
higher circulatory levels of these amines are associated with cardiovascular dis-
eases through their metabolic effects on the glucose metabolism and cardiovascular
physiology (Sun et al. 2012; Hall et al. 2016a). Compared with normotensives,
hypertensive subjects have higher levels of norepinephrine (NE) and lower levels of
normetanephrine, a COMT methylated product of NE, suggesting a lower COMT
inactivation of this CA (Sun et al. 2012). Expectedly, it has been shown that the
COMT Vall58Met polymorphism effects cardiovascular health (Hall et al. 2014)
with a higher risk of acute coronary events (Voutilainen et al. 2007), higher systolic
blood pressure (Chi et al. 2011), waist-hip ratio (Annerbrink et al. 2008) and
systemic atherosclerotic disease, the latter also in linkage with the rs4633(C>T)
variant (Ko et al. 2012). In agreement, the COMT Val allele was associated with
lower incidence of cardiovascular disease in women compared with higher inci-
dence among Met carriers (Hall et al. 2014) and Val/Val seems to confer further
protection (Hagen et al. 2007). A recent genome wide association study (GWAS)
linked the Val158Met SNP to variation on systolic blood pressure (Liu et al. 2016).
This association was previously reported by another GWAS, for both the
Vall58Met and the rs4633 SNPs, showing higher diastolic and systolic pressures
in Met/Met individuals (Miyaki et al. 2012). The Val158Met was also significantly
linked with hypertension while in linkage disequilibrium with the SNP-1187G>C
of COMT (Kamide et al. 2007). Likewise, spontaneously hypertensive rats (SHR)
exhibit not only a lower expression and activity of hepatic MB-COMT, but also a
decreased ability to methylate CA when compared with Wistar-Kyoto (WKY) rats
(Tsunoda et al. 2003). This difference in MB-COMT activity was also observed in
the cerebral cortex, being the NE concentrations in the cerebral cortex of SHR rats
significantly higher than in WKY rats (Masuda et al. 2006). Cardiac surgery
patients homozygous for the low activity Met allele had higher plasma levels of
CA as a possible result of lower COMT activity and decreased removal of the EPI
and NE released preoperatively (Haase-Fielitz et al. 2009). These patients had a
higher incidence of vasodilatory shock, acute kidney injury and prolonged hospital
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stay (Haase-Fielitz et al. 2009). During myocardial ischemia, CA accumulate in the
myocardial interstitium, especially NE, and COMT was found to be one of the
major pathways for CA clearance in this condition (Kuroko et al. 2005). A COMT-
dependent relationship between the consumption of coffee and coronary heart
disease has also been observed (Happonen et al. 2006). In Met/Met men, heavy
coffee intake was associated with higher incidence of acute coronary events when
compared with Val allele carriers (Happonen et al. 2006). Caffeine stimulates
adrenomedullary secretion of CA and it was hypothesized that a slower COMT
would promote CA accumulation and increase coronary risk (Happonen et al.
2006). In addition, caffeic acid directly inhibits COMT and caffeine promotes the
formation of SAH, a known COMT inhibitor (Happonen et al. 2006).

COMT activity may also play a role in the inverse relationship between the
intake of mineral rich waters and the cardiovascular risk (Catling et al. 2008). In
rats, drinking a mineral rich water increased COMT expression and activity in the
liver while decreasing expression without affecting activity in the adrenal glands
(Bastos et al. 2014). A decrease in the COMT-dependent CA catabolism may also
play a role in the inverse relationship between Q-3 polyunsaturated fatty acids
intake and cardiovascular mortality (Gomes et al. 2015).

In contrast, Eriksson et al. observed a lower incidence of myocardial infarction
in patients with a low activity (Met/Met) COMT genotype, suggesting a cardio-
protective effect for this enzyme, probably attributable to a lower degradation of
estradiol, being this effect particularly evident in the older patients, who have lower
and even critical estradiol levels (Eriksson et al. 2004).

Considering the CA influence on insulin and glucose metabolism, the Val allele
was linked with lower HbA . in the Women’s Genome Health Study (WGHS) and
showed a similar but borderline association with HbA . levels and type 2 diabetes
in the Meta-Analyses of Glucose and Insulin-related traits Consortium (Hall et al.
2016a).

COMT activity in the kidney may also contribute to its possible role in the
pathogenesis of hypertension (Ooshima et al. 2009). The enzyme activity is in the
range of the observed in the liver and besides being the main inactivation mecha-
nism for kidney derived DA, it may also contribute to the inactivation of CA in
general and modulation of renin release (Ibarra et al. 2005; Odlind et al. 2001;
Zhang et al. 2009). DA formed in the kidney plays an important role in the
regulation of Na' transport and excretion and decreases Na® reabsorption by
inhibiting the Na-K-ATPase and Na/H exchanger (Ibarra et al. 2005). COMT
knockout mice exhibit resistance to salt induced hypertension and have higher
urinary DA (Helkamaa et al. 2003) and NE excretion (Odlind et al. 2002). Com-
paring to normotensive rats, SHR and malignant stoke prone spontaneously hyper-
tensive rats exhibit a decrease in renal cortex expression of COMT, being lower in
the latter (Ooshima et al. 2009). A lower COMT-dependent metabolism of DA was
also associated with an increased susceptibility to diabetic kidney disease in rats
(Prasad et al. 2008).

To our knowledge, COMT was the first reported modifier gene for polycystic
kidney disease (PKD) and its selective inhibitor, tolcapone, was demonstrated to



14 P. Bastos et al.

prevent renal failure in PKD/Mhm COMT-overexpressing rats, animal models of
PKD (Boehn et al. 2013).

The variation in COMT activity has also been implicated in the chronic fatigue
syndrome, a debilitating condition characterized by unexplained long-lasting
fatigue, widespread muscle pain, cognitive impairment and orthostatic intolerance
(Hall et al. 2016b). Although the underlying disease mechanisms are still unknown,
the hypothalamic pituitary axis has been suggested to play a role in this condition
(Light et al. 2009) and this hypothesis is supported by the elevated NE and EPI
levels found at rest and an attenuated heart rate variability in these patients (Hall
et al. 2016b). Curiously, homozygosity for the Met allele is more prevalent in
patients with this syndrome (Lobel et al. 2015).

2.4 Other Peripheral Roles

The COMT O-methylation has also been proposed to be an important mechanism
for the inactivation of polycyclic aromatic hydrocarbon (PAH) o-quinones pro-
duced during the redox-cycling process of PAH, known tobacco carcinogens
suspected as causative agents in lung cancer (Fig. 2) (Zhang et al. 2011).

COMT polymorphisms and activity may also play an important role in gene—
environment interactions. The most abundant tea catechin, (—)-epigallocatechin-3-
gallate (EGCG), is an important exogenous COMT inhibitor (ICsq between 0.04
and 0.5 pM). It is readily absorbed after intake and reaches plasma concentrations
between 0.1 and 0.4 pM, being shown to inhibit the COMT O-methylation of CE in
human liver samples (Nagai et al. 2004). This effect may be more pronounced in
subjects with low activity haplotypes and women whose COMT activity is naturally
30% lower than men.

Although a role for COMT has not yet been proposed, high levels of CE are
being implicated in autoimmune diseases, namely rheumatoid arthritis (Khan and
Moinuddin 2011) and systemic lupus erythematosus (Khan et al. 2009), leading the
DNA damage to the induction of autoantibodies. Curiously, in an experimental
model of rheumatoid arthritis, 2-ME has shown to ameliorate the clinical and
histopathological signs, attenuating the macrophages and neutrophils infiltration
and the production of ROS (Stubelius et al. 2011). S-COMT activity is also reported
to be higher in patients with moderate to severe psoriasis (Souteiro et al. 2013), and
in psoriatic skin lesions, being the enzyme activity decreased by narrowband UVB
phototherapy (Magina et al. 2013).

2.5 Nervous System Physiological Role and Related Diseases

Numerous association studies on COMT polymorphisms, reporting strong, weak
and sometimes complex and opposite relations, have been conducted for cognitive
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function performance and cognitive disorders (Pap et al. 2012; Mier et al. 2010),
emotion processing and related disorders (Kilford et al. 2015; Opmeer et al. 2013),
sleep and related disorders (Dauvilliers et al. 2015; Valomon et al. 2014), creativity
(Zhang et al. 2014), impulsivity (Soeiro-De-Souza et al. 2013), anxiety and stress
related disorders (Papaleo et al. 2008; Kline et al. 2015), pain processing and
sensitivity (Lee et al. 2015; Martinez-Jauand et al. 2013), violent behaviours and
cognitive function in schizophrenia (Green et al. 2014; Singh et al. 2012), alcohol-
ism (Nedic et al. 2011; Wang et al. 2010) and risk of developing addictive
behaviours (Herman et al. 2013; Mione et al. 2015).

2.5.1 Cognition, Behaviour and Related Disorders

In recent years, COMT involvement in the neurobiology of cognition, emotion,
personality and related disorders has been actively researched due to its critical role
in the degradation of synaptic dopamine (DA) (Fig. 3) (Gatt et al. 2015; Frank and
Fossella 2011).

Tyrosine L-DOPA Norepinephrine
NH, HO, NH, HO, o
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Fig.3 The synthesis and degradation of DA. Enzymes involved in the synthesis and catabolism of
DA are represented in grey. Dopamine is synthesized from tyrosine via L-DOPA (the rate-limiting
step being the conversion of tyrosine to L-DOPA, mediated by tyrosine hydroxylase (TH)).
Dopamine can be converted to norepinephrine, via the action of dopamine p-hydroxylase (DBH)
or catabolized by the joint action of the enzymes COMT, monoamine oxidase (MAO) and
aldehyde dehydrogenase (AH). Other abbreviations: DDC dopamine decarboxylase, 3-MT
3-methoxytyramine, DHPA 3,4 dihydrophenylacetaldehyde, MHPA 3-methoxy-4-hydroxy-
phenylacetaldehyde (Laatikainen et al. 2013)
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Controversies apart, the Vall58Met polymorphism has been associated with
changes in the prefrontal cortex (PFC) function (Ira et al. 2013) and structure
(Sannino et al. 2015; Tian et al. 2013), affecting personality traits and the risk or
severity of several major mental disorders (Antypa et al. 2013; Harrison and
Tunbridge 2008) such as schizophrenia (Walton et al. 2014), psychosis (Collip
et al. 2011), anxiety and stress related disorders (Lee and Prescott 2014; Hernaus
et al. 2013), mood disorders such as bipolar disorder (Gutiérrez et al. 1997; Soeiro-
de-Souza et al. 2012) and depression (Du et al. 2014; Shen et al. 2014a), and
attention related disorders such as attention deficit hyperactivity disorder (ADHD)
(Lee and Song 2014; Cheuk and Wong 2006). Several studies suggest Vall58Met
modulates DA signalling in a way that the more active enzyme form (Val allele)
decreases synaptic DA levels and impairs PFC function and connectivity efficiency
(Jaspar et al. 2014; Tunbridge et al. 2013; Wu et al. 2012). The expression of
COMT is considered to display sexual dimorphism, with levels in the PFC shown to
be higher in males than females in both human and rodent brains, and to associate
with increased susceptibility to Val/Val effects in men (Kilford et al. 2015; White
et al. 2014). However, no association between Vall58Met and working memory
performance was found in a population-based cohort of healthy young adults
(Wardle et al. 2013).

In a recent study, Sannino et al. (2015) reported a remarkable interaction
between COMT genetics and gender on cortical morphometry and function
(Sannino et al. 2015). Overall, reduced COMT activity, either by COMT knockout
in mice or the Met allele in humans, was associated with increased cortical
thickness in the PFC and postero-parieto-temporal cortex, and with increased
neuronal density in the PFC of male healthy adult mice and humans, while no
effect on thickness and a decreased neuronal density was observed on females
(Sannino et al. 2015). Moreover, COMT genetics displayed divergent effects on
PFC-dependent working memory in both mice and humans, with low COMT
activity associated with better performance (Sannino et al. 2015). Another recent
work concluded that Val/Val male carriers may have lower cognitive control when
compared to Met allele male carriers (Val/Met and Met/Met) and women (Mione
et al. 2015). In addition, a meta-analysis on the neural substrates of pleiotropic
action of COMT genetic variation found that Val/Val subjects seem to have greater
activation on PFC for the same level of cognitive performance, implying a some-
how lower cognitive efficiency compared to other genotypes (Mier et al. 2010;
Tunbridge et al. 2013). Latest neuroimaging studies further confirm these effects on
neural substrates of working memory with Met human carriers benefiting from
enhanced cognitive stability and efficiency in memory interference paradigms
(Jaspar et al. 2014, 2015). Similar results on schizophrenic patients revealed a
poorer cognitive performance and reduction of temporal areas in association with
the Val allele, and also a reduction of frontal areas among Val/Val schizophrenics at
high risk for psychosis (Ira et al. 2013). Therefore, there is evidence for a poten-
tially protective effect of oestrogens on pathologies where the DA level is crucial,
such as in schizophrenia (Mione et al. 2015).



Catechol-O-Methyltransferase (COMT): An Update on Its Role in Cancer. . . 17

As aforementioned, COMT activity effects seem to be beyond the classical PFC
function and to involve many other cortical and subcortical areas and neuronal
networks, potentially modulating a wide range of behaviours (Frank and Fossella
2011; Dauvilliers et al. 2015). In fact, Val/Val carrying healthy young adults
showed greater intrinsic activity on the left para-hippocampal cortex when com-
pared with Met carriers (Zhang et al. 2015), and COMT was reported to modulate
functional coupling between PFC and hippocampus during retrieval of episodic
memories (Frank and Fossella 2011). Accordingly, tolcapone, a brain penetrating
COMT inhibitor, was recently shown to significantly increase DA levels in the
ventral hippocampus of rats, without an affect in other regions, nor on norepineph-
rine on all tested brain regions (Laatikainen et al. 2013). Tolcapone also affected
DA brain metabolism as shown by an overall effect in the levels of its metabolites in
all studied brain regions, with a greater impact on the PFC of female rats
compared to males (Laatikainen et al. 2013). It should be mentioned that COMT
activity did not associate with DA levels in the striatum (Huotari et al. 2002;
Laatikainen et al. 2013), though its absence in mice related with higher levels of
3,4-dihydroxyphenylacetic acid (DOPAC) in the dorsal striatum (Tammimaki
et al. 2010), a DA metabolite associated with increased behavioural activity and
stereotypy in rats (Nakazato and Akiyama 2002). Likewise, variations on O-
methylation of DA and DOPAC in the brain of mice may produce subtle nuances
on social behaviours (Tammimaki et al. 2010). There is also evidence of a
potential clinically relevant sexual dimorphism on behaviour and response to
COMT inhibitors in both rodents and humans (Laatikainen et al. 2013; White
et al. 2014). A curious study, comparing HIV-infected with HIV-uninfected
women, revealed a significant interaction between serostatus and Vall58Met,
reporting working memory deficits and altered PFC function only among
HIV-infected Val/Val carriers (Sundermann et al. 2015).

Notwithstanding, the predicted higher levels of DA in the PFC of Met allele
human carriers, which seems beneficial for working memory stability and reduced
distractibility, were associated with reduced cognitive flexibility and lower perfor-
mance on task-switching and cognitive adaptability when compared to Val/Val
carriers (Colzato et al. 2010; Frank and Fossella 2011). In agreement, Met/Met
male human carriers, while shown to outperform their Val/Val counterparts on a
working memory related task, displayed greater risk aversion, and tolcapone was
reported to remarkably reverse these genotype differences (Farrell et al. 2012).

Additionally, another meta-analysis, focusing on neuroimaging studies, con-
cluded that there is a significant association concerning COMT activity haplotypes
and PFC functional activation (Mier et al. 2010). Moreover, available data supports
a robust opposite effect of the Vall58Met on executive cognition paradigms
(favouring Met allele carriers) and emotional paradigms (favouring Val allele
carriers) (Mier et al. 2010; Frank and Fossella 2011). In opposition, Vall58Met
was reported to affect emotional information processing on depression, with Met
carriers displaying increased activity in limbic areas and PFC, but being also more
likely to respond better to antidepressants, compared to the Val carriers (Antypa
et al. 2013). In another study, Met/Met carriers were found to outperform Val
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carriers on manipulation of self-generated thoughts, being Val male carriers more
susceptible to affective distractors, compared to females (Kilford et al. 2015).
Furthermore, Vall58Met was shown to modulate the functional connectivity of
the executive control network (head of the caudate, anterior cingulate and frontal
cortical areas), with Val/Val carriers showing an increased resting connectivity
within the left ventrolateral PFC (Tunbridge et al. 2013). In opposition, lower DA
function was associated with decreased baseline activity in frontal regions impli-
cated in salience attribution (orbitofrontal cortex) and inhibitory control (anterior
cingulate gyrus), and functional disruption of these areas are known to result in
compulsivity and impulsivity (Volkow et al. 2011).

Despite some contradictory results, more recent data support a non-linear
inverted-U model of COMT activity and/or DA levels impact on executive perfor-
mance, PFC function and efficiency of connectivity of related neuronal networks
(Htun et al. 2014; Mier et al. 2010). In this model, intermediate levels of COMT
activity and/or DA signalling produce an optimized executive function, stable
enough to maintain optimal cognitive coherence, yet flexible enough to allow
optimal cognitive adaptability (Smith et al. 2014a; Farrell et al. 2012).

Expectedly, there is epistaxis between COMT polymorphisms and several other
genes related to cognition and behaviour. For instance, Vall58Met interacts with
the methylenetetrahydrofolate reductase (MTHFR) gene Ala222Val polymor-
phisms on cognitive function, with the COMT Met/Met and MTHFR Ala/Ala
genotype associating with a better performance (Wang et al. 2014a). Another
study found a non-linear inverted-U association between cognitive performance
and COMT Val158Met haplotypes ranked by predicted enzymatic activity, but only
in the presence of the MTHFR Ala/Ala and not found among MTHFR Val carriers
regardless of COMT haplotype (Htun et al. 2014). Also, a logistic regression model
on major depression among humans, adjusted for age and gender, found a signif-
icant COMT-MTHEFR epistaxis, so that the combination of COMT Val/Met and
MTHEFR Ala/Val caused the highest probability of suffering from depression (Shen
et al. 2014a).

The DA receptor D2 (DRD2) gene is another candidate for epistaxis with
COMT. The TaqlA polymorphism, located downstream of the actual gene, modu-
lates DRD2 density in the striatum in a way that the C/C carriers (or A2/A2) benefit
from higher striatal DA levels and better performance on working memory tasks
and error avoidance when compared with T-allele (or A1) carriers (Berryhill et al.
2013). However, here too, the COMT Vall58Met only seems to affect cognitive
function when associated with the DRD2 C-allele (Berryhill et al. 2013). Taken
together, these findings link better working memory performance with slower
dopaminergic metabolism in the PFC and greater density of DA receptors in the
striatum.

Epistaxis has also been reported between COMT and the protein phosphatase
1, regulatory (inhibitor) subunit 1B (PPP1R1B) gene, which modulates signalling
through the DA receptor D1 (DRD1), the dominant DA receptor in the frontal
cortex (Smith et al. 2014a). Data suggests that the T allele of PPP1R1B, which
associates with increased dopaminergic signalling, may correct the relative
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cognitive performance impairment associated with the presumable low frontal DA
levels of COMT Val carriers, while somehow impairing it among Met carriers,
which have putatively higher frontal DA levels (Smith et al. 2014a).

Finally, the metabotropic glutamate 3 receptor (GRM3) gene, namely its
rs6465084 intron polymorphism, interacts with COMT Vall58Met to modulate
the efficiency of cortical activation in PFC and its connectivity with the parietal
cortex (Tan et al. 2007; Xia et al. 2012). The GRM3 A/A or T allele carriers are
associated with reduced MRI markers of synaptic activity and tissue glutamate
levels (measured by N-acetylaspartate), mainly in the PFC, in association with
decreased executive function, while the G allele seems to be protective for cogni-
tion (Xia et al. 2012). The GRM3 A/A genotype associated with greater (therefore
inefficient) cortical activation and decreased cortical network connectivity when
combined with COMT Val/Val, but not Met/Met genotype (Tan et al. 2007).

Variation in the COMT expression has been extensively investigated in relation
to clinical phenotypes of depression, in parallel with neurocognitive processes
(Antypa et al. 2013). In fact, the Met allele has been associated with greater risk
for depression, in line with depressed patients showing a blunted reactivity to both
positive and negative stimuli, possibly, as a sign of anhedonia (Antypa et al. 2013).
Furthermore, Met/Met carriers were reported to be more prone to cognitive impair-
ment caused by acute stressors, which suggests that Met may be a risk allele for
depression under stress (Antypa et al. 2013). Accordingly, subjective stress
responses may be smaller in Val/Val, compared to Met carriers, which may be
more vulnerable to psychosocial stressors (Hernaus et al. 2013) and psychosis (van
Winkel et al. 2008). In mice, greater COMT activity leads to cortical cognitive
dysfunction and protects against stressful conditions, whereas lower COMT activity
enhances working memory processes at the cost of exaggerated stress reactivity
(Papaleo et al. 2008). In human populations, Met carriers were reported to be less
resilient to negative affective states, such as pain, to show a stronger response to
metabolic or psychosocial stress, and to be prone to anxiety and reduced extraver-
sion or novelty seeking (van Winkel et al. 2008). Even so, other studies support the
hypothesis of a hypodopaminergic PFC state on Val/Val carriers, which would
increase the risk of stress-induced psychotic experiences (van Winkel et al. 2008).
Additionally, COMT polymorphisms are proposed to contribute to inadequate
endocrine and psychological responses towards stress (Kvetnansky et al. 2009),
being lower levels of COMT mRNA also observed in high stressed pigs (Oster et al.
2014) and aggressive mice (Ginsberg et al. 2011).

Likewise, a recent meta-analysis of 27 studies (N = 15,979) found an association
between COMT Vall58Met and anxiety traits with ethnic and sex-specific effects
on phenotype variation (Ji et al. 2015). Compared to Met/Met men, Val carriers had
higher levels of neuroticism related anxiety in Caucasians and harm avoidance in
Asians, not seen in women (Ji et al. 2015). The Val allele was common across
schizophrenia and anxiety disorders (panic disorder in Caucasians), whereas the
Met allele was in common across bipolar disorder and anxiety disorders (obsessive
compulsive disorder in particular) (Gatt et al. 2015). However, there were some
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studies with conflicting null findings suggesting a possible impact of gender and
ethnicity (Gatt et al. 2015).

Gene epistaxis studies shed light on these inconsistences, with reactivity to
environmental stress and risk of psychosis associated with COMT Vall58Met,
depending on other gene polymorphisms (Collip et al. 2011). For instance,
COMT Vall58Met stress susceptibility phenotypes were only expressed in the
presence of the Val allele of the MTHFR Ala677Val (Peerbooms et al. 2012).
Besides stress, gender seems to be an important modulator of COMT expression
and its effects on neuropsychological, behavioural and clinical phenotypes (Antypa
et al. 2013). Available data support COMT as an environmentally modulated
subtract for genetic susceptibility to stress and neurocognitive vulnerability to
psychiatric disorders such as depression (Antypa et al. 2013; Gatt et al. 2015). As
aforesaid, COMT contribution to such disorders depends on genetic epistaxis
between several other dopaminergic and non-dopaminergic polymorphisms (Gatt
et al. 2015; Antypa et al. 2013).

Overall, the available literature points to an important role of COMT poly-
morphisms on cognitive control processes with complex and sometimes opposite
effects when pharmacologically manipulated (Smith et al. 2014a; Laatikainen et al.
2013; Farrell et al. 2012; Htun et al. 2014).

2.5.2 Pain Processing and Related Disorders

As abovementioned, functional genetic variants affecting COMT activity modulate
several psychological traits which influence the perception of pain in humans
(Diatchenko et al. 2007). Overall data supports an association between low
COMT activity with increased pain perception and higher risk of pain-related
disorders (Tammimé#ki and Mannisto 2012; Karling et al. 2011; Kambur and
Minnisto 2010).

In agreement, haplotypes coding for low COMT activity were shown to con-
tribute to gender specific pain behaviours in mice and pain ratings in humans, as
revealed by increased capsaicin-induced pain behaviour in female mice and pain
perception in women, with no effect on male mice or men (Belfer et al. 2013). In
accordance, two recent meta-analysis concluded that lower COMT activity, as
coded by the Met allele from the COMT Vall58Met polymorphism, associates
with increased risk and/or severity of fibromyalgia (Lee et al. 2015) and other
chronic widespread pains (Tammiméki and Minnisto 2012), especially when
comparing Met/Met with the Val/Val carriers (Lee et al. 2015). However, no
association was found with migrainous headache (Tammiméki and Minnisto
2012) and a recent study reported no influence of Vall58Met and another SNP on
migraine susceptibility or phenotype (De Marchis et al. 2015). Nonetheless,
Vall58Met may influence non-migrainous headache, especially among women,
with the Met allele as a risk factor (Hagen et al. 2006). Though without controversy
(Tammimaki and Minnisto 2012), the Met allele has also been associated with
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increased risk of temporomandibular and other musculoskeletal pains (Smith et al.
2014b).

On the other hand, anxiety, conscientiousness and gastrointestinal increased
perception seem to be favoured by the Val/Val genotype among patients with
irritable bowel syndrome (IBS) (Karling et al. 2011; Hall et al. 2015b). On a
different approach, IBS Met/Met patients were found to be more responsive to
placebo treatment that Val carriers, with similar results reported for another closely
linked SNP (Hall et al. 2012). Accordingly, the Met/Met genotype was associated
with higher levels of DA in the PFC, a region implicated in the placebo response
pathway (Hall et al. 2015a). Additionally, Met/Met human carriers shown stronger
pain-related functional MRI signals than Val/Val in several brain structures related
to pain processing after repeated high intensity pain stimuli (Loggia et al. 2011).
Finally, the prevalence of the Met allele was found to be higher among elder IBS
patients compared to controls, suggesting it is a risk factor, while Val may be
protective (Wang et al. 2014b). Curiously, in a seemingly unrelated study on
schizophrenia treatment, Val/Val carriers improved with tolcapone, while Met
carriers responded better when treated with placebo (Hall et al. 2015a).

It is suggested that reduced COMT activity increases catecholamines in the
peripheral and CNS which promotes pain by stimulation of f-adrenergic receptors
(B-AR) (Kline et al. 2015; Nackley et al. 2007). A recent paper concluded that
COMT inhibitors acutely increase anxiety and pain-related behaviours induced by
nociceptive stimuli of deferent modalities and localizations, an affect that could be
blocked by the non-selective antagonist of f-AR, propranolol (Kline et al. 2015).
Also, there is evidence that the nuclear factor-kappa B (NF-xB) inhibits COMT
expression in the peripheral and CNS, including forebrain and midbrain structures,
suggesting a COMT role in inflammatory pain in rodents (Tchivileva et al. 2009;
Hartung et al. 2015).

The effects of COMT polymorphisms on pain are bound to be complex and
polygenic, and several genes have been shown to modulate the phenotype of COMT
in a way that the Vall58Met may produce unexpectedly opposite effects (Smith
et al. 2014b). For instance, polymorphisms of the guanosine-5-triphosphate
cyclohydrolase 1 (GCH1) may modulate the Vall58Met phenotype by normalizing
COMT activity and increasing mechanical pain thresholds on Met carriers (namely,
the GCH1 rs10483639 minor G allele in homozygosity) (Smith et al. 2014b). On the
other hand, oestrogen receptor 1 (ESRI1) polymorphisms may impair COMT
activity, increase bodily pain and produce poorer self-reported health among Val
carriers (namely the ESR1 rs3020377 minor A allele) (Smith et al. 2014b). Such
data suggests that the ability to predict the downstream effects of genetic variation
on COMT activity may be critical to understanding the molecular basis of chronic
pain conditions.

Finally, COMT Val158Met may also affect the response to analgesic medication
on patients with chronic low back pain and migraine, depending on the mechanism
of action (Cargnin et al. 2013). The Met allele was found to be an independent
predictor for lower risk of poor analgesic response to intrathecal morphine in
chronic low back pain and for a higher risk of poor analgesic response to triptans
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in migraine without aura (Cargnin et al. 2013). Accordingly, low COMT activity
seems to increase opioid receptors and enhance opioid analgesia and side effects in
cancer related pain (Tammiméki and Ménnisto 2012). Rodent models also show
that COMT inhibitors seem to be pro-nociceptive, except for neuropathic pain
models (Tammimaéki and Ménnisto 2012). Moreover, the Met allele (Ahlers et al.
2013) and low activity alleles from other polymorphisms (rs6269, rs4633 and
rs4818) (Sadhasivam et al. 2014) have also been associated with increased overall
pain, postoperative pain perception and postoperative morphine requirements.
However, other authors studying all four polymorphisms found a strong association
between the Met allele and lower postoperative morphine requirements (De Gregori
et al. 2013). Moreover, there is good evidence suggesting that Vall58Met Met/Met
carriers are more likely to respond to morphine than Val/Val (Rakvag et al. 2008;
Reyes-Gibby et al. 2007). In accordance, the low activity and dominant Ser allele of
the COMT Ala72Ser SNP was also associated with increased pain, motor symp-
toms and depression among patients with Parkinson’s disease (Li et al. 2014b).

2.5.3 Sleep and Related Disorders

Sleep and sleep disorders are complex and highly variable phenotypes regulated by
many genes and environmental factors. As a major enzyme of catecholamines
catabolism, COMT is a logic candidate to modulate PFC activity, sleep—wake
cycle regulation and the phenotype of sleep pathologies (Dauvilliers et al. 2015).
Considering COMT Vall58Met, Val/Val human carriers, who presumably have
higher COMT activity, showed lower DA signalling in the PFC when compared to
carriers of the Met allele (Dauvilliers et al. 2015). A similar effect is observed on
electroencephalography (EEG) alpha oscillations after partial sleep deprivation;
and response to stimulate drugs, such as modafinil, with Val/Val healthy carriers
showing lower alpha oscillations power, compared with Met/Met, in both wakeful-
ness and sleep (Dauvilliers et al. 2015). Accordingly, COMT genotype may predict
inter-individual susceptibility to sleep rebound resulting from partial sleep depri-
vation in healthy individuals (Dauvilliers et al. 2015). Also, faster alpha-peak
frequency and higher upper alpha-band power have been associated with better
cognitive performance and independently associated with the Met/Met genotype
(Dauvilliers et al. 2015).

Sparse evidence exists suggesting that Val/Val and Met/Met carriers may pro-
long sleep when allowed (resting days), whereas heterozygotes do not (Valomon
et al. 2014). This is consistent with an inverted U-shaped relationship between
COMT genotype-dependent differences in DA levels in the PFC and build-up of a
sleep debt during the workdays (Dauvilliers et al. 2015). Curiously, COMT also
showed an association with body mass index (BMI), such that Val/Met individuals
had lower BMI than the homozygous (Valomon et al. 2014).

An interesting study found that narcoleptic women with Met/Met and Val/Met
genotypes had a multiple sleep latency test (MSLT) score twice as long as those
with the Val/Val genotype, while the opposite was observed for men (Dauvilliers
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et al. 2001). Independently from gender, COMT genotype also significantly
affected the presence or absence of sleep paralysis, sleep latency at night and the
number of sleep-onset REM periods during the MSLT (Dauvilliers et al. 2001). In
another approach, evidence exists that COMT genotype may modulate the subjects
response to stimulant drugs (Dauvilliers et al. 2015). As an example, modafinil was
shown to have a greater positive effect on vigilance and executive function during
sleep deprivation in healthy Val/Val carriers compared with other genotypes
(Dauvilliers et al. 2015). On the other hand, narcoleptics with presumably higher
DA function (Met/Met carriers) may have a similar response to modafinil as other
genotypes, but at a lower dosage (Dauvilliers et al. 2015). COMT has also been
suggested to affect the response to other psychostimulants, such as amphetamine
and methylphenidate, modulating the amplitude and direction of their effect, and
the pattern of their side effects (Dauvilliers et al. 2015).

2.5.4 Addictive Behaviour and Related Disorders

COMT has been implicated in addictive behaviours as DA plays a central role in
motivation and reward, while withdrawal from chronic drug abuse is believed to
associate with hypodopaminergia in the human mesocorticolimbic system (Jasinska
et al. 2014). Furthermore, the PFC plays an important role on addictive behaviour
(Volkow et al. 2011) and has been shown to be one of the brain areas where COMT
affects DA metabolism the most (Laatikainen et al. 2013).

In fact, COMT Vall58Met associates with abstinence-induced alterations in
working memory performance and brain activity in executive control regions,
including the PFC (Ashare et al. 2013; Loughead et al. 2009). For instance,
abstinent Val/Val smokers, but not Met/Met, exhibit less suppression in task-
negative brain regions, such as the posterior cingulate cortex, suggesting
abstinence-related working memory deficits and possible higher susceptibility to
nicotine dependency and smoking relapse (Loughead et al. 2009; Nedic et al. 2010).
However, other studies found that Met carriers could be at a higher risk of
becoming cigarette smokers (Suriyaprom et al. 2013). Notwithstanding, Val/Val
smokers, compared to Met carriers, experienced more severe withdrawal symp-
toms, with Val/Val female smokers reporting greater concentration difficulties and
irritability than men carrying Val/Val or Met (Herman et al. 2013). Interestingly,
the Val/Val genotype also associated with better performance on the math task and
greater systolic blood pressure (Herman et al. 2013). Male (but not female) alco-
holic suicide attempters, compared to male non-attempters, had a higher prevalence
of the Met/Met genotype or Met allele, also displaying higher aggression and
depression (Nedic et al. 2011). These results support the rationale of pharmacolog-
ically inhibiting COMT to aid with smoking cessation among Val/Val genotype
smokers. Studies on rats suggest that COMT inhibitors, like tolcapone, may be
capable of alleviating the extremely motivating or salient nature of stimuli associ-
ated with alcohol and suppress high seeking/drinking phenotypes (McCane et al.
2014; Loughead et al. 2009). Also, recent studies suggest that pharmacological
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cognitive enhancement may be a candidate strategy for treating drug addictions
(Sofuoglu et al. 2013).

2.5.5 Neurodegeneration and Related Disorders

To prevent the immediate peripheral inactivation of the L-DOPA (a DA precursor)
used to control the motor symptoms of Parkinson’s disease (PD), COMT inhibitors
are used as adjuvant drugs (Sozio et al. 2012), increasing its bioavailability, half-
life and efficacy, by allowing for an higher penetration through the blood—brain
barrier (Rivest et al. 1999). For similar motor severity, patients carrying the low
COMT activity haplotypes display greater nigrostriatal denervation, compared to
subjects with higher COMT activity, suggesting that the first may better compen-
sate for the neuronal loss by increasing DA bioavailability in the striatum (Muellner
et al. 2015). Accordingly, the polymorphism Vall58Met seems to be a genetic
modifier of the age of onset of PD, so that the COMT high activity haplotype
associates with an earlier onset, especially among men with idiopathic PD, com-
pared to women (Klebe et al. 2013). Additionally, the COMT low activity haplo-
type was also associated with greater risk of dyskinesia induced by in PD (de Lau
et al. 2012). Interestingly, the high activity of COMT Val/Val genotype was
associated with an increased risk of wearing-off, displaying significant epistaxis
with monoamine oxidase B (MAO-B), with no association with dyskinesia risk
(Hao et al. 2014). Finally, it should be stressed that a recent meta-analysis con-
cluded that COMT polymorphisms, and not only Vall58Met, may not be major
determinants for the risk of developing PD, nor of its clinical, pharmacological and
neurochemical features (Jiménez-Jiménez et al. 2014).

As for other neurodegenerative diseases, an extensive review concluded that the
COMT genotype is an unlikely independent risk factor for Alzheimer disease
(AD) (Xing et al. 2013). Nevertheless, the high activity Val allele, from the
COMT Vall158Met SNP, may have a synergistic effect with the apolipoprotein E
(ApoE) €4 allele on increasing the risk for cognitive decline and AD, especially
among women (Xing et al. 2013). Accordingly, a recent meta-analysis concluded
that the low activity Met allele may be protective against AD in Asians, but not in
Europeans (Lee and Song 2014).

3 Conclusion

Although the COMT function has been established for more than 50 years, new
roles in human physiology have been proposed in recent years and the COMT
impact in the neurobiology of neuropsychiatric disorders and in the genesis of
hormonally influenced diseases are currently domains of active study. Although not
yet established, the COMT function has also been gaining attention as a possible
contributor to the development of cardiovascular disorders. The COMT gene is
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probably not a gene for a particular disease but might have some critical effects on
prefrontal cognitive performance, behavioural profile, sleep architecture, sleep
EEG, vulnerability to sleep loss and response to stimulant treatment. Nevertheless,
it should be emphasized the importance of taking into account the combined effect
of gender and genetics on pharmacogenetic studies, diagnostic and therapeutic
strategies.
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Origin, Function, and Fate of Metallothionein
in Human Blood

Mohammad Tariqur Rahman, Nazmul Haque, Noor Hayaty Abu Kasim,
and Marc De Ley

Abstract Toxic heavy metals, toxic organic compounds, reactive oxygen species
(ROS), infections, and temperature are well-known metallothionein (MT) inducers
in human blood. The current review aims to summarize synthesis, function, and fate
of human blood MT in response to the known MT inducers. Part of the MTs that are
synthesized in different organs such as the liver, kidney, and spleen is transported
and stored in different blood cells and in plasma. Cells of the circulatory system
also synthesize MT. From the circulation, MT returns to the kidney where the
metal-bound MTs are degraded to release the metal ion that in turn induces MT
expression therein. The blood MTs play important roles in metal detoxification,
transportation, and storage. By neutralizing ROS, MTs protect blood cells from
oxidative stress-induced cytotoxicity and genotoxicity. Arguably, MTs are also
involved in immune suppression. Given the permeating distribution of blood MT
throughout the body as well as its diverse role in the protection against harmful
environmental factors and in metal homeostasis, MT could be better recognized as a
major public health protein.
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1 Introduction

Metallothioneins (MTs) are a group of cysteine-rich, low molecular weight metal-
binding proteins (Hamer 1986; Kagi 1991). During the investigation of the role of
cadmium (Cd), this protein was first identified in the equine renal cortex in 1957
(Margoshes and Vallee 1957). Later, MT was detected in microorganisms, plants,
and animals (Bagheri et al. 2009; Butt and Ecker 1987; Das et al. 2006; Doménech
et al. 2006; Leszczyszyn et al. 2013; Oh et al. 1999; Robinson et al. 2001; Robinson
2008b). To date, four major isoforms, namely, MT-1, MT-2, MT-3, and MT-4, have
been identified in humans. MT-1 and MT-2 were detected in all organs (Coyle et al.
2002; Moftatt and Denizeau 1997), whereas MT-3 was detected in the brain, lungs,
kidneys, and reproductive organs (Garrett et al. 1999; Moffatt and Seguin 1998;
Neal et al. 1996; Suzuki et al. 1994; Uchida et al. 1991; Werynska et al. 2013), and
MT-4 was found in differentiating stratified squamous epithelial cells (Quaife et al.
1994). Until to date, eight functional MT-1 isogenes (MTisp), namely, MT-1A,
MT-1B, MT-1E, MT-1F, MT-1G, MT-1H, MT-1M, and MT-1X, have been iden-
tified in various organs in humans (Mao et al. 2012; Moleirinho et al. 2011).

MT expression in humans is linked with stress and various inducers
(or initiators) such as heavy metals, endotoxins, cytokines, glucocorticoids (GC),
reactive oxygen species (ROS), and toxic organic compounds (Chang et al. 2009;
Karin and Herschman 1980; Karin et al. 1985; Nourani et al. 2011; Phillippi et al.
2009; Yamada and Koizumi 1991, 2001). Expression of MT in human tissues is
also induced during different pathological conditions (Boonprasert et al. 2012;
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Chang et al. 2009). Therefore, MTs are primarily involved in homeostasis (storage)
and transportation of essential metals such as zinc (Zn) and copper (Cu) and in the
detoxification of toxic metals, such as Cd and mercury (Hg) (Carpene et al. 2007,
Nordberg and Nordberg 2000; Rigby and Stillman 2006; Vasak 2005). MTs also
play important roles in neutralizing ROS, hence inhibiting oxidative stress-induced
cytotoxicity and genotoxicity. Arguably, MTs are also involved in immune sup-
pression. Notably, blood provides the avenue for MT, similar to many other bio-
molecules, in order to perform its roles in storage and transportation of essential
metals, defense against toxic substances, as well as in immune responses. However,
a comprehensive review on the origin, function, and fate of MT in human blood is
yet to appear. Therefore, the current review summarizes the synthesis, function, and
fate of MT in human blood. MTs that are synthesized in other organs, such as the
liver and kidneys, are eventually transported into the blood and are also discussed in
the review. Induced and upregulated expression of MT in nucleated blood cells in
response to various MT inducers is also summarized.

2 Sources of MT in Blood

Liver is considered to be the primary source of MT in blood, while plasma-MT may
have its origin both in the liver and in cells involved in the circulatory system
(Bremner and Beattie 1990; Zalups and Ahmad 2003). Necrosis or apoptosis of
hepatocytes caused by Cd toxicity results in Cd-MT mobilization from the liver to
plasma (Formigari et al. 2007; Zalups and Ahmad 2003). However, the precise
mechanism of the mobilization of Cu/Zn-MT from liver or other tissues to plasma
remained unexplained (Bremner et al. 1986).

Hidalgo et al. (1988) reported the permissive role of GC in mobilizing MT from
tissues to serum. Hence, MT mobilization from the tissue to plasma in response to
GC has been thought to be another major source of extracellular MT (Bremner and
Beattie 1990; Hidalgo et al. 1988; Sato et al. 1984). In nucleated blood cells, such as
PBL and monocytes, MTs are synthesized within the cells (Chang et al. 2006;
Pauwels et al. 1994; Vandeghinste et al. 2000). However, MTs that are detected in
anucleated cells, such as erythrocytes and thrombocytes, could be synthesized in
their nucleated precursors (Bagheri et al. 2009; Rahman et al. 2000; Rahman and
De Ley 2001, 2008; Tanaka et al. 1985) (Fig. 1).

Nakazato et al. (2014) reported that serum MT-1 plus MT-2 (MT-1/MT-2)
concentration in healthy human blood (# = 200) could be as low as 10 ng/mL
and as high as >90 ng/mL. Earlier, it was reported that the MT-1/MT-2 concen-
tration in human serum could be in the range of 10-30 ng/mL (Nagamine and
Nakajima 2013) with an average of 23 + 4.6 ng/mL (Nakajima et al. 2010).
However, an increased level of MT-1/MT-2 was detected in various liver diseases
such as chronic hepatitis, leading to liver cirrhosis and hepatocellular carcinoma,
and Wilson’s and Menkes diseases (Nakazato et al. 2014).
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Fig. 1 Metallothionein (MT) expression in nucleated blood cells. Metallothionein (MT) gene
contains metal (MRE), antioxidant (ARE), and glucocorticoid response elements (GRE) within its
promoter region. Stress induces the production of glucocorticoids (GC), causing it to bind to its
receptor, resulting in upregulated or induced expression of MT. MRE is activated by Zn-bound
MRE-binding transcription factor MTF-1. Other metals (M) such as Cu and Cd are also capable of
inducing MT expression. It is hypothesized that the M could replace Zn from Zn-bound MT
(Zn-MT) and produce respective metal-bound MT (M-MT). The free Zn then regulates MT
production with the help of MTF-1. Due to its antioxidant property, Zn-MT neutralizes reactive
oxygen species (ROS) by binding to them and releases Zn that regulates the expression of
MT. Meanwhile Zn unbound oxidized MT is degraded in the cytoplasm (Davis and Cousins
2000; Ruttkay-Nedecky et al. 2013). Reactive oxygen species (ROS) such as superoxide (O, )
and hydroxyl (HO) radicals can be directly neutralized by MT. At the same time, MT may be
involved in activation of the antioxidant agent glutathione (GSH). GSH degrades harmful hydro-
gen peroxide (H,0,) into water (H,O). During this process GSX is converted to its inactive
oxidized form, glutathione disulfide (GS-SG), that returns to its activation state (GSX) in the
presence of MT. ROS induce the expression of MT through regulation of ARE as well
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3 MT in Blood: Induced and Upregulated Expression

3.1 In Response to Metals

Human beings are often exposed to a number of metals at toxic level through
various industrial and environmental sources. Industries, such as jewelry, metal
plating, Zn and Pb refining, Cd and Pb smelting, and Ni-Cd batteries, remain the
major sources of human exposure to these metals at toxic levels (Wittman and Hu
2002; Qu et al. 2012). The common sources of Cd exposure also include foods
contaminated with Cd (Satarug et al. 2010; Wittman and Hu 2002) and tobacco
(Edwards et al. 2015; Sanchez-Rodriguez et al. 2015). Among the environmental
sources, dust and drinking water comprise the major sources of human exposure to
various toxic metals. For example, Cd, Pb, Co, Mn, and Cr through dust (Mohmand
et al. 2015) and arsenic (As) through drinking water are the major routes of
exposure of those metals into the human body (Carlin et al. 2016). Irrespective of
the source, many of these metals such as Cd, Zn, and As can induce MT biosyn-
thesis in blood circulation and in other organs, such as the liver and kidneys, which
then enter the circulation (Klaassen et al. 2009; Sabolic et al. 2010). These metals
effect MT biosynthesis in blood in different ways, as summarized below.

Transcription of MT (i.e., expression of MT mRNA) in PBLs was found
positively correlated with the Cd concentration both in blood (Cdg) and urine
(Cdy) of occupationally Cd-exposed workers (Lu et al. 2001). At the same time,
in vitro Cd treatment of PBLs harvested from the Cd-exposed individuals having a
lower level of urinary-acetyl-f-D-glucosaminidase, a marker of renal dysfunction,
showed an induced expression of MT mRNA (Lu et al. 2001, 2005). The level of
Cdp was also correlated with the isogene-specific expression of MT mRNA of
MT-IE, MT-IF, and MT-IX in PBL obtained from the occupationally Cd-exposed
individuals (Chang et al. 2009). Similarly, the expression of MT-IA mRNA in PBL
was also found to be positively correlated with increased Cdy level (Chang et al.
2009).

Dietary Zn supplement has shown to upregulate MT expression in human blood
cells (Table 1). A significant increase in monocyte MT expression was observed on
day 6 with a 50 mg consumption of dietary Zn supplement per day (Sullivan and
Cousins 1997). Similar increase in MT transcription in monocytes (on day 2) and
translation in erythrocytes (day 8) was also observed upon 50 mg of dietary Zn
supplement on a daily basis (Sullivan et al. 1998). A significant increase in MT
expression was also reported in monocytes and peripheral blood mononuclear cells
of human volunteers given 15 mg Zn supplement per day (Cao and Cousins 2000).
Notably, MT expression in human blood cells continues to increase as long as the
dietary Zn supplement continues. For example, erythrocyte MTs increase by
sevenfold at day 63 with the continuation of the dietary Zn supplement (50 mg
Zn/day); however, it reduces by 61% on day 14 after the withdrawal of the
supplement (Grider et al. 1990). In a recent review, Hennigar et al. (2016) reported
that human leukocyte MT decreases with Zn depletion (—39% change from
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Table 1 In vitro transcription of MT isogenes in blood cells
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Cell types/cell

lines Treatment | MT expression Reference
In vitro studies Upregulated Induced
transcription transcription
CD 61+ 7Zn 1A, 1B, 1E, 1G, |- Rahman and De Ley
megakaryocytes 100 pM, 1H, 1X, 2A (2008)
48 h
K562 (megakar- 7Zn 1A, 1B, 1E, 1F, |- Bagheri et al. (2009)
yocytic cell line) 50 uM, 1G, 1H, 1X, 2A
DAMI (megakar- | 24h 1A, 1F, 1H, 2A | IB, IE, 1G,
yocytic cell line) Zn 1X
MEG-01 (mega- | > MM 1A IF 1G, IH, | 1B, IE
karyocytic cell 24h 1X, 2A
line)
ELF-153 (mega- 1A, 1F, 1G, 1X, |-
karyocytic cell 2A
line)
Blast-forming 7Zn 2A 1E, 1G, 1X Rahman and De Ley
unit-erythroid 60 uM, (2001)
(BFU-E) 48 h
Zn 2A 1A, 1B, 1E, |Rahman et al. (2000) and
100 pM, 1G, 1H, 1X | Rahman and De Ley
48 h (2001)
7Zn 1E, 1G, 1X,2A | 1A, 1B, 1H Rahman and De Ley
100 puM, (2001)
96 h
Glycoprotein A+ Zn 1A, 1B, 1E, 1G |- Rahman et al. (2000) and
cells 100 pM, 1H, 1X, 2A, 4 Rahman and De Ley
CD71+ cells 48 h - (2001)
Monocytes Zn 1E, 1G, 2A 1H Pauwels et al. (1994)
200 uM,
16 h
Lymphocytes 1A, 1E, IF, 1G |- Vandeghinste et al. (2000)
1H, 1X,2A,3
Cd 1A, 1E, IF, 1G, |- Chang et al. (2006)
10 uM, 4/ | 1H, 1X
12/24 h
Cd
20 uM, 4/
12/24 h
Cd
40 uM, 4/
12/24 h
Cd
80 uM, 4/
12/24 h

(continued)
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Table 1 (continued)

Cell types/cell
lines Treatment | MT expression Reference
In vivo studies Upregulated expression
Monocytes 50 mg Zn/ | Significantly increased total Sullivan and Cousins
day MT-mRNAs detected on day 6 | (1997)
Significantly increased total Sullivan et al. (1998)
15mg Zn/ | MT-mRNAs detected on day 2 | Cao and Cousins (2000)
day
Erythrocytes 15 mg Zn/ | Significantly increased total Cao and Cousins (2000)
day MT proteins detected on day 8
50 mg Zn/ Sullivan et al. (1998)
day Sevenfold increase in total MT | Grider et al. (1990)
proteins detected on day 7
0.46 mg Significant reduction in total
Zn/day MT proteins detected on day 7

baseline, <5 mg Zn/day) and increases with Zn supplementation in a dose-
dependent manner (35%, 15-22 human beings are often exposed to a number of
milligram Zn/day, n = 7 studies; 267%, 50 mg Zn/day). However, erythrocyte MT
remains unchanged in regard to the Zn status (Hennigar et al. 2016).

Furthermore, in response to metal inducers, in vitro expression of MT, both at
transcriptional and translational level, can either be upregulated or induced in
various blood cell populations, such as erythrocyte and thrombocyte precursors,
lymphocytes, and monocytes (Table 1). In vitro MT expression is mostly observed
in a dose-dependent (Bagheri et al. 2009; Chang et al. 2006; Jonai et al. 1992) and
time-dependent (Chang et al. 2006) manner. In the absence of any inducer, the MT
expression (at basal level) is restricted in the nucleus and scarcely in the cytoplasm
of hematopoietic precursor cells, including immature and mature megakaryocytes,
while the induced level of MTs was mostly detected in the cytoplasm (Bagheri et al.
2009; Rahman et al. 2000; Rahman and De Ley 2001, 2008). Notably, MT-I is more
abundantly expressed, compared to MT-II in induced cultures of lymphocytes
(Jonai et al. 1992).

Studies on the changes in MT expression in response to As in human tissues are
scanty. In vivo and in vitro studies on the As inducible MT expressions in mammals
that are closely related to humans are mostly available using rodent animal models.
For example, Ronchetti et al. (2016) demonstrated increased expression of MT-1 in
the pituitary gland of mice given inorganic As. Induced MT expression in response
to As has been studied in various human cell lines such as (Falnoga et al. 2012;
Slusser et al. 2015; Zhou et al. 2005, 2006). Furthermore, in vitro upregulated
expression of MT at the cytoplasmic membrane of human peripheral blood leuko-
cytes was observed in response to As (Rahman and De Ley 2016).
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3.2 In Response to Intracellular ROS

Intracellular ROS are known to induce MT biosynthesis in different cells (Krezel
et al. 2007; Yang and Chitambar 2008). Factors that contribute to the generation of
intracellular ROS include radiation (ultraviolet, X-ray, and y-ray), ozone, toxic
emission from automobiles, industry (Gracy et al. 1999), smoking (Barua et al.
2003), alcoholic drinks (Ignatowicz et al. 2013), and excessive exercise (Shi et al.
2007). Physiological sources of ROS include mitochondria, NADPH oxidases,
other enzymes, and phagocyte superoxide bursts (Droge 2002; Holmstrom and
Finkel 2014; Kang 1999; Sato and Bremner 1993). Thus, once exposed to these
ROS inducers, intracellular ROS in the blood cells can induce MT therein (Fig. 1).

3.3 In Response to Hormones and Cytokines

Blood harbors a large number of hormones and cytokines. Synthesis, distribution,
and concentration of these circulatory molecules vary depending on the physiolog-
ical status of the individual. Among these circulatory molecules, GC — a stress
responsive hormone — was extensively studied for its potential role in MT biosyn-
thesis. In response to different types of psychological stress, the level of GC
increases in blood (Michel et al. 2007; Kavushansky et al. 2009; Mahbub et al.
2011) that in turn induces MT transcription in different cells (Haq et al. 2003; Kelly
et al. 1997; Quaife et al. 1986) including the GC receptors containing PBL
(Bartholome et al. 2004; Griese et al. 1988). At the cellular level, GC dissociates
heat shock proteins that are bound to the cytoplasmic GC receptors, resulting in the
formation of active GC receptor homodimers, which then translocate into the
nucleus and bind to glucocorticoid response elements (GREs) in the MT gene
regulatory region. Thus GC induces MT-1/MT-2 gene transcription (Collingwood
et al. 1999; Di Croce et al. 1999).

Among the hematopoietic cytokines, erythropoietin (EPO) and IL-3 were shown
to induce transcription of MT in erythrocyte progenitors (Abdel-Mageed et al.
2003; Rahman and De Ley 2001). Similar cytokines, including EPO, IL-3, IL-6,
and stem cell factor (SCF), are shown to induce MT biosynthesis in ex vivo
expanded erythrocyte progenitors (Fig. 2).

4 MT Inducer in Blood: Interplay of Zn

In animals, Zn-specific MTF-1 is the only transcription factor which binds to MRE
directly. Therefore, dietary Zn has a direct impact on the MT induction
(as discussed above). Induction of MT by Cd and Cu (Chang et al. 2006; Jonai
et al. 1992; Selvaraj et al. 2005; Smirnova et al. 2000) is also dependent on Zn
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Fig. 2 Metallothionein (MT) expression in response to hematopoietic cytokines. Ex vivo
expanded erythrocyte precursors were treated with either different hematopoietic cytokines (c—f)
or with 50 pM Zn (b). Parallel control cultures were maintained without any cytokine or additional
Zn (a). MT expression in the cells was detected by immunohistochemical staining using mono-
clonal anti-mouse MT (E9, Dako, Tielt, Belgium) after 48 h. The presence of MT expression is
revealed by the red color in the cytoplasmic area. An increased expression of MT was observed in
the cells treated with 5 ng/mL of IL-3 (¢), 5 ng/mL of SCF (e), or 3 U/mL of EPO (f) in comparison
to that in the parallel control cultures, treated with none of the cytokines or additional Zn (a).
Compared to the Zn-added cultures (b), MT expression seems to be similar to that in IL-3, SCF,
and EPO supplemented without any Zn addition. However, MT expression was considerably lower
than in the IL-6-supplemented culture (d) compared to that in the Zn-added cultures (b). These
observations indicated the MT-inducing capability of the IL-3, SCF, and EPO in the human
erythroid precursors. Erythroid precursors were separated using the same materials and stained
as described earlier (Rahman et al. 2000) at the Laboratory of Biochemistry, Department of
Chemistry, Katholieke Universiteit Leuven, Belgium

levels in blood. It was hypothesized that Cd and/or Cu displaces Zn from the
Zn-containing protein which in turn allows the free Zn to induce MT expression
by binding to the Zn finger of MTF-1 (Waldron et al. 2009; Zhang et al. 2003). The
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reduction of Cd toxicity on any cell types including blood cells depends on the level
of pre-synthesized MT within the cells. Pre-synthesized MT from Cd-MT complex
in the cytosol consequently reduces the amount of free Cd to other cellular
organelles (Klaassen et al. 2009).

Zn also mediates protection of blood cells from the adverse effect of ROS. Blood
cells such as erythrocytes are most likely to be exposed to ROS during the
transportation of oxygen (Tsantes et al. 2006), while in PBL, ROS is produced
during respiratory burst as a self-defense mechanism (Bulua et al. 2011; Robinson
2008a; Santos et al. 2012). ROS have cytotoxic and genotoxic effects that could
shorten the life span of erythrocytes and are also known for causing aging and DNA
breakdown within the PBL (Ghaffari 2008). Erythrocytes cannot produce protein;
hence they rely on the antioxidant proteins synthesized in their precursors for
the protection against ROS (Hattangadi and Lodish 2007). Zinc-induced
pre-synthesized MTs in erythrocyte precursors (Huber and Cousins 1993b) also
prevent their preterm death by neutralizing the ROS, whereas in PBL,
pre-synthesized MTs from their precursors or freshly synthesized MT induced by
the dietary Zn (Chang et al. 2006; Pauwels et al. 1994; Vandeghinste et al. 2000)
provide protection against apoptosis, necrosis, or DNA breakdown caused by ROS.
Zn supplementation may also help to prevent oxidative damage of DNA due to As
exposure by induction of MT expression (Qu and Waalkes 2015; Rahman and De
Ley 2016).

Several reports have shown the humoral immune suppression by exo-MT (Lynes
et al. 1990, 1993; Youn et al. 1995; Youn and Lynes 1999) originating from the
necrotic and apoptotic hepatocytes resulting from Cd toxicity (Zalups and Ahmad
2003). Dietary Zn prevents the Cd-induced necrosis by producing more MT
(El-Refaiy and Eissa 2012; Souza et al. 2004) and consequently may maintain
homeostasis of humoral immunity. However, higher expressions of endo-MT do
not ensure the T cell regulatory capability of tolerogenic DC (Spiering et al. 2012).
Transportation of MT to the cell membrane is necessary for their immunoregulatory
properties, where Zn is involved in transporting MT to the cell membrane and
regulating T cell (Spiering et al. 2014).

5 Regulation of MT Expression in Blood Cells

In blood, regulatory elements of MT genes such as metal (MRE), antioxidant
(ARE), and glucocorticoid (GRE) response elements in nucleated cells are induced
by the divalent heavy metals (e.g., Cd, Cu, Zn), ROS, and stress hormones such as
GC, respectively (Fig. 1) (Davis and Cousins 2000; Ruttkay-Nedecky et al. 2013).

Zn-bound MRE-binding transcription factors (MTF) activate MRE. After Zn
occupancy, MTF-1 binds specifically to the MRE sequence to initiate transcription.
Due to Zn specificity toward MTF-1, the dietary Zn pool has a direct influence on
the MT gene expression (Waldron et al. 2009). However, in vitro induction of the
MTEF-1 dependent MT expression was detected in the presence of Cu or Cd
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(Selvaraj et al. 2005; Smirnova et al. 2000). The mechanism of induction remains
elusive though. One possible mechanism of MT induction in response to Cu or Cd
might be linked to the presence of Zn in fetal bovine serum used for in vitro culture
(Chang et al. 2006; Jonai et al. 1992; Selvaraj et al. 2005; Smirnova et al. 2000).
The requirement of additional Zn for the binding of the MTF-1 with its promoter in
cell-free system attests the definitive role of Zn in MT biosynthesis (Zhang et al.
2003).

A number of steps might be involved in Cu- and Cd-induced expression of MT
genes. Firstly, Cd and Cu may displace Zn from the binding sites of Zn-containing
metalloproteins including MT (Fig. 1). Subsequently, free Zn may bind to the Zn
finger of MTF-1 and regulate the expression of MT gene (Waldron et al. 2009;
Zhang et al. 2003). GRE within the promoter region of the MT gene can act
independently to induce MT transcription in the presence of glucocorticoids, a
stress hormone (Hagq et al. 2003; Kelly et al. 1997; Quaife et al. 1986). ARE also
play an important role in the induced expression of MT in response to ROS, such as
hydrogen peroxide (Dalton et al. 1994; Haq et al. 2003).

6 Functions of MT in Blood

6.1 Protection Against Toxic Metals

A number of factors can cause human exposure to toxic metals such as Cd and As
which eventually are transported into the systemic circulation through the lungs or
intestines (Fig. 2). In blood, Cd mostly binds to albumin and is transported to the
liver where it induces MT synthesis (Zalups and Ahmad 2003). Erythrocytes also
take up a significant amount of circulatory Cd (Nordberg and Kjellstrom 1979;
Zalups and Ahmad 2003) (Fig. 2). Mature erythrocytes rely on the pre-synthesized
MT derived from their progenitor cells to detoxify Cd (Min et al. 1995). Notably,
Cd-MT complex in the hematopoietic progenitors including the erythrocyte pro-
genitors in the spleen (Min et al. 1995) and bone marrow (Oda et al. 2001) was
detected following the subcutaneous administration of CdCl,.

Qu and Waalkes (2015) recently reported on the role of MT in the prevention of
As-induced oxidative damage of DNA using transgenic mice embryonic cell lines.
Increased expression of MT in several cell lines, such as glioblastoma, skin cancer,
bladder cancer, as well as hematopoietic cell lines derived from multiple myeloma
in the presence of As, indicates the role of MT in acquiring resistance to
As-mediated cytotoxicity (Falnoga et al. 2012; Slusser et al. 2015; Zhou et al.
2005, 2006). Furthermore, the potential of MT to bind after neutralizing As also has
been reported by several studies (Irvine et al. 2013; Rahman and De Ley 2016;
Vasak and Meloni 2011). However, significantly lower levels of MT-1A and
MT-2A expression in the blood of arsenicosis patients compared to healthy subjects
indicate that less MT expression in human peripheral blood might increase As
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susceptibility (Liu et al. 2007). Nonetheless, whether MT provides protection
against As remains controversial as MT was not found to sequester inorganic As
especially in the condition of acute As toxicity (Garla et al. 2016).

6.2 MT Neutralizes ROS

The ROS scavenging properties of MT make it capable to protect cells from the
detrimental effect of ROS (Fig. 1). Several lines of evidence confirm the ability of
MT to scavenge free radicals, such as superoxides and hydroxyls, as well as organic
radicals (Irato et al. 2001; Thornalley and Vasak 1985). Thornalley and Vasak
(1985) elucidated the superoxide and hydroxyl scavenging mechanism of MT in
cell-free conditions. Free radicals that are produced by the in vitro xanthine/
xanthine-oxidase reactions, i.e., in cell-free conditions, target thiolate ligands of
MT and neutralize the reactive radical species by causing metal loss from protein
and thiolate oxidation (Thornalley and Vasak 1985).

Besides ROS scavenging capability, MT was shown to activate intracellular
antioxidant agents such as superoxide dismutase (SOD) and glutathione (GSH).
This notion was evident by the transfer of Zn or other divalent metal from MT to
SOD, while addition of apo-MT was shown to inactivate SOD (Koh and Kim 2001).
Glutathione peroxidase reduces H,0, into H,O by oxidizing GSH into glutathione
disulfide (GS-SG), which in turn returns to its activation state in the presence of MT
(Jiang et al. 1998; Maret 1994). MT in blood cells, such as macrophages (Irato et al.
2001) and NIH 3T3 cells transfected with murine MT-1 (Schwarz et al. 1994), was
shown to exert direct ROS scavenging capability.

Thus MT is expected to protect blood cells from the ROS-mediated cytotoxicity
and genotoxicity. In the terminally differentiated anucleated blood cells, such as in
erythrocytes and thrombocytes, the MT synthesized in their precursors might play a
crucial role in ROS neutralization. However, in terminally differentiated nucleated
blood cells, such as in lymphocytes and monocytes, both the MTs synthesized in
their precursors and in mature cells (Chang et al. 2006; Pauwels et al. 1994;
Vandeghinste et al. 2000) could be involved in protecting them against
ROS-induced apoptosis, necrosis, or DNA breakdown.

6.3 Immune Regulation by MT

Both endogenous (endo-) and exogenous (exo-) MT have immunomodulatory
properties. In vitro studies showed that exo-MT can induce moderate lymphocyte
proliferation. Furthermore, in the presence of concanavalin A or lipopolysaccha-
rides, MT inducible lymphocyte proliferation can be augmented (Lynes et al. 1990,
1993). An augmented proliferation of cytotoxic T lymphocytes (CTL) was also
observed in mixed lymphocyte reactions (MLR) in the presence of exo-MT (Youn
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and Lynes 1999). However, the exo-MT was known to suppress the proliferation of
CTL and expression of major histocompatibility complex Class I and CD8 by the
CTL (Youn and Lynes 1999). Increased proliferation of lymphocytes in MLR and
reduced proliferation of CTL treated with exo-MT indicated that exo-MT might
facilitate the proliferation of immature T cells but suppress their terminal differen-
tiation (Youn and Lynes 1999).

Macrophages treated with the in vitro exo-MT produces superoxide through
respiratory burst to destroy antigen (Lynes et al. 1993). At the same time, in vivo
antigen-specific IgG synthesis by the lymphocytes was reported to be decreased by
the exo-MT (Lynes et al. 1993). Again, a reduced proliferation of antigen-primed T
cell indicated the interference of exo-MT in the macrophage-T cell interaction
resulting in the decreased antigen-specific humoral immune responsiveness of B
cell in vivo (Lynes et al. 1993; Youn et al. 1995).

Higher expression of MT-1 protein has been seen in tolerogenic dendritic cells
(DCs) produced by treating mouse bone marrow DCs with dexamethasone
(Spiering et al. 2014) or carvacrol and thermal stress (Spiering et al. 2012).
Tollerogenic DCs were involved in the induction of regulatory T cells and suppres-
sion of pathogenic T cell responses (Spiering et al. 2012). Thus, the immunomod-
ulatory potential of endo-MT induction in tolerogenic DCs could be considered as a
possible therapeutic tool in the treatment of autoimmune diseases (Spiering et al.
2012).

6.4 MT in Hematopoiesis

Whether MT is directly involved in hematopoiesis is not fully understood. Never-
theless, a number of observations might lead to hypothesize the potential involve-
ment of MT in hematopoiesis. An upregulated expression of MT both at
transcriptional (Rahman and De Ley 2001) and at translational (Fig. 1) level in
response to hematopoietic cytokines such as IL-3, SCF, and EPO indicates cross
talk between hematopoiesis and MT biosynthesis. Again, Zn supplementation to
phenylhydrazine-induced anemic rats showed a higher concentration of marrow
MT compared to that of non-anemic control rats. Furthermore, induction of marrow
MT by Zn in non-anemic rats required prior treatment with EPO, while the marrow
MT was mostly abundant in erythroblasts (Huber and Cousins 1993a). These
experiments suggest that MT synthesis occurs in EPO-sensitive hematopoietic
precursors in the marrow in response to increased Zn accessibility.

7 Fate of Blood MT

The Cd-MT containing mature erythrocytes ends their life cycle in the liver and
spleen, where the MT of the Cd-MT complex will be degraded (Tanaka et al. 1986,
1987) (Fig. 3). The resulting free Cd will either form Cd-MT complex in new
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Fig. 3 Role of blood MT in metal detoxification. Toxic heavy metals (M) such as Cd transported
to blood from lung or intestine following inhalation or ingestion. After that, a large portion of M is
transported to the liver or taken up by blood cells. In erythrocytes (RBC), Cd binds to the MT that
originates from their precursors, and in peripheral blood leukocytes (PBL), Cd binds to the MT
coming from their precursors and/or newly produced MT following Cd induction. Elderly RBC are
decomposed in the liver and the spleen at the end of their life cycle and release Cd-MT complex.
The protein part of the Cd-MT complex is degraded there and Cd is released. From the spleen Cd is
recirculated through newly produced RBC, whereas in the liver Cd induces the MT synthesis and
forms Cd-MT complex. After that Cd-MT complex, which is less toxic compared to inorganic Cd,
is released from the liver to the plasma and transported to the kidney. Hemolysis also contributes a
portion of the plasma Cd-MT. In the kidney Cd-MT complex filtered through the glomeruli and
accumulates in the tubule cells throughout lifetime because of its longer half-life. Cells shown in
the center represent differentiated nucleated cells of the respective organ



Origin, Function, and Fate of Metallothionein in Human Blood 55

erythrocytes (in the spleen) or induce MT synthesis in hepatocytes (in the liver).
Consequently, Cd-MT complex of the hepatocytes will be released into the plasma
mainly from the necrotic or apoptotic hepatocytes (Zalups and Ahmad 2003).
Hemolysis of erythrocytes also contributes a small amount of Cd-MT to plasma.
Usually, the plasma Cd-MT is not transported back to the spleen but predominantly
transported to the kidneys (Min et al. 1995; Tanaka et al. 1981). In the kidney it is
efficiently filtered through the glomeruli and taken up by the tubule cells (Dorian
et al. 1992; Sabolic et al. 2010). Within the tubule cells, the protein component of
Cd-MT degrades rapidly and releases Cd which will then be accumulated through-
out the lifetime (Jarup and Akesson 2009; Nordberg and Kjellstrom 1979; Zalups
and Ahmad 2003) and could eventually cause renal toxicity (Dorian et al. 1992;
Sabolic et al. 2010). Notably, the Cd-MT complex that is transported from plasma
to the kidneys is less toxic than inorganic Cd (Groten et al. 1992, 1994; Prozialeck
et al. 1993). Thus the MT from the blood cells and plasma provides active and
passive protection to Cd-induced toxicity by taking up Cd and forming less toxic
Cd-MT complex and transporting Cd-MT to the kidneys (Fig. 2).

8 Conclusion

MT synthesized in the kidney, liver, bone marrow, and nucleated blood cells can be
transported in blood plasma. Blood MT provides primary protection to Cd toxicity.
At the same time, MT prevents apoptosis of blood cells by neutralizing ROS. In
blood, MT is also involved in immune regulation. Such diversified origin, distribu-
tion, and function of MT attest the importance of MT in blood, which can be
maintained by Zn supplementation in case of Zn deficiency. Given the permeating
distribution of blood MT throughout the body, it’s diverse role in the protection
against harmful factors, and homeostasis of essential elements, MT could be better
recognized as a major public health protein.
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Abstract Endocannabinoids are bioactive lipids that modulate various physiolog-
ical processes through G-protein-coupled receptors (CB1 and CB2) and other
putative targets. By sharing the activation of the same receptors, some phyto-
cannabinoids and a multitude of synthetic cannabinoids mimic the effects of
endocannabinoids. In recent years, a growing interest has been dedicated to the
study of cannabinoids properties for their analgesic, antioxidant, anti-inflammatory
and neuroprotective effects. In addition to these well-recognized effects, various
studies suggest that cannabinoids may affect cell survival, cell proliferation or cell
death. These observations indicate that cannabinoids may play an important role
in the regulation of cellular homeostasis and, thus, may contribute to tissue
remodelling and cancer treatment. For a long time, the study of cannabinoid
receptor signalling has been focused on the classical adenylyl cyclase/cyclic
AMP/protein kinase A (PKA) pathway. However, this pathway does not totally
explain the wide array of biological responses to cannabinoids. In addition, the
diversity of receptors and signalling pathways that endocannabinoids modulate
offers an interesting opportunity for the development of specific molecules to
disturb selectively the endogenous system. Moreover, emerging evidences suggest
that cannabinoids ability to limit cell proliferation and to induce tumour-selective
cell death may offer a novel strategy in cancer treatment. This review describes the
main properties of cannabinoids in cell death and attempts to clarify the different
pathways triggered by these compounds that may help to understand the complexity
of respective molecular mechanisms and explore the potential clinical benefit of
cannabinoids use in cancer therapies.
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1 Introduction

Cannabis sativa plant has a long social and medicinal history dating back thousands
of years. However, it was only in 1964 that Gaoni and Mechoulam discovered the
main psychoactive compound, the A9-tetrahydrocannabinol (A9-THC) (Gaoni and
Mechoulam 1964). Although it was initially suggested that A9-THC would elicit its
effects non-specifically, the synthesis and biological studies of A9-THC and its
synthetic analogues revealed that its principal pharmacological actions were
enantioselective and, in 1990s, cannabinoid receptors were discovered and cloned
(Devane et al. 1988; Matsuda et al. 1990; Munro et al. 1993). Two cannabinoid
receptors were described so far, CB1 and CB2, which are mainly distinguished by
their physiological actions and locations within the body. Although CB1 is widely
distributed throughout the brain, it is expressed in peripheral tissues, such as
vascular endothelium, intestine, liver and reproductive tissues (Fonseca et al.
2009a). Originally thought to be absent in the central nervous system, the CB2 is
primarily expressed in immune cells and the CB2 mRNA was also detected in
cerebellar granule cells (Skaper et al. 1996), in the brainstem (Van Sickle et al.
2005) and in other peripheral tissues (Fonseca et al. 2009a).

The term cannabinoid began to be used to characterize the terpenophenolic
constituents of Cannabis sativa plant, but currently, it has a more widely definition
including the molecules that interact with the cannabinoid receptors or present
structural similarities with A9-THC. Thus, among the cannabinoid “family”, there
are the endocannabinoids (eCBs), the phytocannabinoids and the synthetic canna-
binoids (Fig. 1).
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Fig. 1 Chemical structure of the main endogenous, synthetic and phytocannabinoids. (a) The
most relevant phytocannabinoids of cannabis plant (Cannabis sativa L.) consist of A9-tetrahydro-
cannabinol (A9-THC), cannabidiol (CBD) and cannabinol (CBN). (b) The best-known and well-
studied endocannabinoids are anandamide (AEA) and 2-arachidonoylglycerol (2-AG). (c)
Synthetic cannabinoids are functionally similar to A9-THC, though many of these compounds
are not structurally related to the so-called classical cannabinoids

1.1 Endocannabinoid System

The identification of cannabinoid receptors intensified the search for endogenous
ligand(s) that might mimic A9-THC actions. The first endocannabinoid to be isolated
was N-arachidonoylethanolamine (anandamide (AEA)) in 1992 (Devane et al. 1992),
followed by 2-arachidonoylglycerol (2-AG), which together constitute the best char-
acterized members of eCBs family (Mechoulam et al. 1995). Other minor compounds
that belong to the “endocannabinoid family” are 2-arachidonoylglycerylether (noladin
ether, 2-AGE), O-arachidonoylethanolamine (virodhamine), N-arachidonoyldopamine
(NADA) and N-arachidonoylglycine (NAGly).

Besides cannabinoid receptors and eCBs, the enzymes responsible for synthesis,
transport and degradation of eCBs comprise the endocannabinoid system. Recently,
the endocannabinoid biosynthesis and degradation was nicely reviewed by Ligresti
et al. (2016). The major biosynthetic pathway for AEA is through the transfer of
arachidonic acid (AA) from phosphatidylcholine to the head group of phosphati-
dylethanolamine by a Ca®*-dependent N-acyltransferase (NAT) to generate N-
arachidonoyl-phosphatidylethanolamine (NAPE), which is subsequently converted
into AEA via alternative enzymatic pathways. The well-studied and most important
path is the direct conversion, catalysed by an NAPE-selective phospholipase D
(NAPE-PLD) (Liu et al. 2006). Additionally, phospholipase C (PLC) and secreted
phospholipase A2 (sPLA2)-catalyse Ca>*-independent pathways. The hydrolysis of
NAPE by PLC yields a phosphorylated precursor (pAEA), which generates AEA
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through the action of phosphatases, including the putative tyrosine phosphatase
non-receptor 22 (PTPN22) and phosphatidylinositol-3, 4,5-trisphosphate
5-phosphatase 1 (INPP5D) (Liu et al. 2006, 2008). Alternatively, through sequen-
tial deacylations by sPLA2 and af-hydrolase (ABHD)-4, NAPE generates lyso-
NAPE and glycerophospho (GP)-AEA, which yields AEA by a metal-dependent
phosphodiesterase action (Simon and Cravatt 2006).

The biosynthesis of 2-AG occurs from phosphatidylinositol (PI) through a
two-step process with formation of 1,2-diacylglycerol catalysed by a phospholipase
such as PLC, which is then hydrolysed to 2-AG by either of two diacylglycerol
lipases (DAGLs), DAGLa or DAGLJ (Bisogno et al. 2003). An alternative path-
way involves the formation of 2-arachidonoyl-lyso PI by phospholipase A1 (PLA1)
and subsequent hydrolysis by a lyso-PLC (Higgs and Glomset 1994).

Despite the complexity and controversy on eCBs trafficking, it is still accepted
that eCBs are not stored in vesicles but are instead synthesized on demand. Then,
eCBs are released to extracellular space becoming available to activate cannabinoid
receptors (Gabrielli et al. 2015). In central nervous system, eCBs are released from
depolarized postsynaptic neurons, binding and activating CB1 receptors at
pre-synaptic terminals, and acting as retrograde messengers (Kano 2014). They
are then rapidly removed from the extracellular space by a selective cellular
reuptake mechanism followed by intracellular enzymatic hydrolysis.

Anandamide is predominantly degraded by the intracellular membrane enzyme,
fatty acid amide hydrolase (FAAH), whereas 2-AG is hydrolysed mainly by
monoacylglycerol lipase (MAGL) and to a lesser extent, also by FAAH, ABHD-6
and ABHD-12 (Deutsch and Chin 1993; Dinh et al. 2002). Endocannabinoids can
also be oxygenated by cyclooxygenase-2 (COX-2), lipoxygenases (LOXs) and
cytochromes P450 (CYP450s) (Snider et al. 2008; Muccioli 2010).

The endocannabinoid system is involved in the regulation of various biological
processes, including energy homeostasis, immune response, neurotransmission,
reproduction and cell choice between survival and death (Mechoulam et al.
2014). Thus, cannabinoids attracted significant attention in recent years. In partic-
ular, some cannabinoids may offer potential applications as antitumour drugs,
based on the ability to inhibit cell proliferation/induce cell death and a variety of
pathways are likely to contribute to these effects.

1.2 Cannabinoid Signalling

Cannabinoid receptors belong to the Class A of G-protein coupled receptors
(GPCRs) superfamily, which comprise seven transmembrane helices connected
by three intracellular and three extracellular loops with a N-terminal extracellular
domain and a C-terminal intracellular domain (Svizenska et al. 2008).

The activation of cannabinoid receptors primarily leads to the inhibition of
adenylyl cyclase via Gay,, resulting in the reduction of the cyclic
AMP-stimulated PKA activity, which impacts important cellular signalling events
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including voltage-dependent current flow at A-type K* channels (Wade et al. 2004),
tyrosine phosphorylation of focal adhesion kinase (FAK) (Derkinderen et al. 1996)
and RhoA/Rho-associated protein kinase (ROCK) signal pathway (Laezza et al.
2008). Also, via pertussis toxin (PTX)-sensitive Goy, proteins, the cannabinoid
receptors inhibit N- and P/Q-type voltage-gated Ca>* channels (Mackie et al. 1995;
Pan et al. 1996) and regulate the phosphorylation and activation of different
members of mitogen-activated protein kinases (MAPKs) pathway (Bouaboula
et al. 1995). It includes extracellular signal-regulated kinase (ERK), p38 MAPK
and c-Jun N-terminal kinase (JNK; also known as stress-activated protein kinase or
SAPK) (Pertwee 2000). It was also described that CB1 can induce the activation
of protein kinase B (PKB, also known as Akt) with the involvement of
phosphoinositide 3-kinase (PI3K) pathway and subsequent induction of Raf-1
translocation to the membrane and phosphorylation of ERK kinase (del Pulgar
et al. 2000; Sanchez et al. 2003).

Uncommonly, CB1 receptor has also been found to cause an increase in intra-
cellular Ca”* levels by coupling phospholipase C (PLC) involving the By subunits
from Gy, (Lograno and Romano 2004) or by a PTX-insensitive manner requiring
Gq/11 and PLC (Lauckner et al. 2005). It was also observed that cannabinoids may
modulate cell function, through heparin-bound epidermal growth factor receptor
(EGFR) (Preet et al. 2011).

On the other hand, there are also evidences that CB1 activation may stimulate
adenylyl cyclase via G, proteins, but with low efficacy compared to Go;, (Eldeeb
et al. 2016), emphasizing the complexity of CB1 transduction pathways. By
increasing concentrations of cannabinoids, the successive activation of G, and of
Gy, proteins may explain a biphasic concentration-response profile associated to
cannabinoids, allowing, for both, the fine-tuning and adaptation of diverse func-
tional responses elicited by CB1 activation. On the contrary, CB2 receptor activa-
tion does not couple G, protein and conflicting data have been reported about the
CB2-modulation of calcium channels or inward rectification of potassium channels
(Felder et al. 1995; Zoratti et al. 2003).

Cannabinoids can also modulate the intracellular levels of ceramide, which is a
ubiquitous sphingolipid second messenger with an important role in the control of
cell fate. Activation of CB1 can produce two peaks of ceramide. Short-term
ceramide generation involves sphingomyelin hydrolysis via sphingomyelinase
(SMase) activation through the adaptor protein FAN, acting on metabolic regula-
tion (Sanchez et al. 2001b). Long-term ceramide generation may occur via serine
palmitoyltransferase (SPT) induction and enhanced de novo ceramide synthesis
(Velasco et al. 2005; Herrera et al. 2006).

Moreover, besides these signalling pathways mediated by cannabinoid receptors
and directly involved in cell survival, proliferation and apoptosis, there are also
evidences that some cannabinoids may stimulate transient receptor potential
vanilloid subtype 1 (TRPV1) (Zygmunt et al. 1999) and peroxisome proliferator-
activated receptors (PPARs) (O’Sullivan 2007). In addition, inhibition of COX-2
may mediate the proapoptotic and antiproliferative effects of AEA and of some
synthetic cannabinoids.
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2 Cannabinoids and Cell Death

Numerous studies demonstrate that cannabinoids may affect cell proliferation and
death by a multitude of signalling pathways. The first works that were focused on
the classical cannabinoid receptor signalling involved adenylyl cyclase/cyclic
AMP/protein kinase A (PKA) pathway. However, this pathway does not suffi-
ciently explain the wide array of biological responses to cannabinoids. These
include growth — as well as death-promoting effects that are in part shared with
other receptors, such as TRPV1and PPAR receptors (Fig. 2).
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Fig. 2 Main signalling pathways involved in cannabinoid-induced cell death. Activation of
cannabinoid receptors results in the activation of JNK and p38 MAPK, which may induce the
release of cytochrome ¢ and activation of caspase-9 and -3/-6/-7. Cannabinoids may also signal via
ceramide generation engaging JNK/p38 MAPK pathway, resulting in apoptosis with mitochondria
involvement or leading to ROS generation and endoplasmic reticulum (ER) stress. On the other
hand, ER stress can also stimulate autophagy, which may be upstream of apoptosis in cannabinoid-
induced cell death. It may occur via upregulation of TRIB3 and subsequent inhibition of the
serine—threonine kinase Akt/mammalian target of rapamycin C (Akt/mTORCI) axis, or via
adenosine monophosphate-activated kinase (AMPK) via CaMKK. Activation of ERK1/2 leads
to the induction of cyclin kinase inhibitor p27/KIP1with modulation of cell cycle regulatory
molecules, resulting in cell cycle arrest and apoptosis. Inside the cell, cannabinoids can bind to
PPARy or TRPV1 receptor. The latter was shown to be the responsible for AEA-induced cell
death, coupled to oxidative stress, intracellular Ca®* increase and calpain activation



Cannabinoids as Modulators of Cell Death: Clinical Applications and Future. . . 69
2.1 Cannabinoid Receptors and Cell Death

There are various evidences about the cannabinoid capacity to modulate cell death
through activation of cannabinoid receptors. Although the majority of observations
indicate that cannabinoids induce apoptosis through CB1, there are also studies
showing similar effects via CB2 or non-CB1/CB2 activation.

A common pathway resulting from cannabinoids-induced apoptosis through
cannabinoid receptors involves phosphorylation of p38 MAPK followed by mito-
chondrial membrane depolarization and caspase activation as observed with syn-
thetic cannabinoids in lymphoma B-cells (Gustafsson et al. 2006), epidermal cells
(Casanova et al. 2003) and endothelial cells (Rajesh et al. 2010). Moreover, in
cerebellar granule cells, the synthetic cannabinoid WINS55,212-2 (WIN) has been
shown to induce apoptosis via CB1 and downregulation of the anti-apoptotic
Bcl-xL (Pozzoli et al. 2006).

Contrary to synthetic cannabinoids, A9-THC did not present effects on JNK or
p38 MAPK pathways. Instead, it may inhibit cell cycle progression or induce
apoptosis through down-regulation of ERK and PI3K/Akt survival pathways
(Greenhough et al. 2007; Jia et al. 2006; Do et al. 2004). Also in human breast
cancer cells, this phytocannabinoid reduces cell proliferation by blocking the
progression of the cell cycle and by inducing apoptosis, through activation of
CB2 receptor (Caffarel et al. 2006, 2008).

In line with the effects of synthetic and phytocannabinoids, eCBs have also been
shown to be involved in cell death modulation. In human breast carcinoma cells,
AEA inhibited cAMP formation and induced cell cycle arrest, through CB1 recep-
tor (De Petrocellis et al. 1998; Melck et al. 1999, 2000), whereas in prostate cancer
and decidual cells, eCBs activated the apoptotic pathway without modifying cell
cycle stage (Orellana-Serradell et al. 2015; Fonseca et al. 2010). Thus, by modu-
lating the balance among ERK, JNK and p38 MAPK activities, the CB1 receptor
activation might regulate cell proliferation, differentiation and death in response to
environmental stimuli.

The activation of CB1 by different cannabinoid members also leads to sphingo-
myelin breakdown through the adaptor protein FAN, independently of G;,, proteins
(Sanchez et al. 2001b). As shown in C6 glioma cells (Galve-Roperh et al. 2000;
Sanchez et al. 1998) and primary astrocytes (Blazquez et al. 2000), the sustained
increase of ceramide levels involves JNK/p38 MAPK phosphorylation resulting in
apoptotic cell death. Ceramide levels were also found to be increased in different
cancer (Velasco et al. 2005; Cianchi et al. 2008) and non-cancer cells (Fonseca et al.
2009b, 2013) in response to CB1 activation. The CB2 receptor was also involved on
sustained ceramide biosynthesis stimulation by A9-THC in human leukaemia Jurkat
(Herrera et al. 2006) and pancreatic tumour cells (Carracedo et al. 2006), resulting in
upregulation of p38 MAPK, ER stress-related genes and apoptosis. The involvement
of CB2 in cell death was also reported in macrophage J774-1 cells (Yamaori et al.
2013) and human cytotrophoblasts (Costa et al. 2014a, 2015a, b).
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Interestingly, CB1 receptor activation also presented protective roles in diverse
cell types. In fact, the modulation of PI3K/Akt pathway by WIN emerged as a
survival signalling pathway on glial cells (Gomez Del Pulgar et al. 2002). Never-
theless, a common event in cannabinoid-induced apoptosis is either the inhibition of
survival pathways or the activation of MAPKs interrelated signal transduction
pathways with consequent depolarization of mitochondria via cytochrome
c release (Jia et al. 2006; Greenhough et al. 2007).

The CBI1 can adopt multiple conformations and these apparent differences
triggered by cannabinoids are probably a result of conformational heterogeneity
of cannabinoid receptors that allows the binding of different ligands and interaction
with different intracellular effectors. Besides the recent work of Daniel Rosenbaum
et al. to determine the structure of bound-human CB1 receptor, additional structural
studies of cannabinoid receptors in different conformational states bound to ligands
will be necessary to clarify such peculiar receptors (Shao et al. 2016).

2.2 Cannabinoids-Induced Cell Death Through Non-CB1/
CB2 Receptors

Independently of cannabinoid receptors, TRPV1 receptor was shown to be respon-
sible for AEA-induced apoptosis in rat and human neurons (Kim et al. 2005;
Maccarrone et al. 2000), lymphoma cells (Maccarrone et al. 2000) and cyto-
trophoblasts (Costa et al. 2014b). Similarly, AEA induced apoptosis of human
epidermal melanocyte through a TRPV1-mediated pathway (Pucci et al. 2012),
though it also stimulated the activity of human melanocyte via CB1 receptor,
suggesting a potential protective role for eCBs via CB1 (Pucci et al. 2012).
Again, the stimulation of cannabinoid receptors was protective against the
TRPV1-mediated antiproliferative effects of AEA in neuroblastoma (Maccarrone
et al. 2000) and uterine cervix cancer cells (Contassot et al. 2004). Cannabidiol
(CBD), which shares with AEA the ability to activate the TRPV1, also induced
apoptosis of MDA-MB-231 human breast cancer cells via TRPV1, increasing
intracellular Ca®* levels and reactive oxygen species (Ligresti et al. 2006).
Cannabinoids may also induce apoptosis through PPARs independently of
cannabinoid receptor activation as observed in human hepatocellular carcinoma
cells by up-regulation of PPARy-dependent pathways (Hong et al. 2013; Vara et al.
2013). Moreover, in lung cancer cells, CBD increased COX-2—dependent prosta-
glandins (PGs), which caused a translocation of PPAR-y to the nucleus and
induction of apoptosis (Ramer et al. 2013). Previous observations identified that
2-AG was able to suppress IL-2 expression via a CB1/2 receptor-independent
activation of PPAR-y, suggesting that 2-AG may be able to directly activate
PPAR-y (Rockwell et al. 2006). However, these effects are still in debate as in T
cells, AEA or 2-AG suppresses IL-2 in a COX-2-dependent way (Rockwell et al.
2008). Moreover, it was also observed that AEA induces COX-2-dependent cell
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death in colon and keratinocytes cancer cells without cannabinoid receptor engage-
ment (Patsos et al. 2010; Van Dross 2009). Moreover, prostamides, resulting from
AEA-oxidative metabolism by COX-2, were shown to induce apoptosis of decidual
cells (Almada et al. 2015).

2.3 Cannabinoids Mediated Receptor-Independent Cell
Death

In PC12 and chondrocyte cells, AEA inhibited cell proliferation and activated
MAPK pathway independent of cannabinoid or vanilloid receptors (Sarker and
Maruyama 2003; Sarker et al. 2000; Gomez et al. 2014), similarly to A9-THC and
other phytocannabinoids in prostate cancer cells (Ruiz et al. 1999; De Petrocellis et al.
2013). Also in osteosarcoma cells, AEA induced apoptosis via intracellular Ca**
increase (Hsu et al. 2007) and, in rat neurons, it caused neurotoxicity involving calpain
activation in a receptor independent manner (Movsesyan et al. 2004), suggesting that
more sophisticated mechanisms should be involved in the regulation of cell death by
cannabinoids.

Potentially, AEA may exert its effects by direct inhibition of T-type Ca®*
channels (Chemin et al. 2001) and through membrane lipid rafts (Sarker and
Maruyama 2003). The phytocannabinoid CBD induces apoptosis of murine primary
microglial cells with marked activation of both caspase-8 and -9 and a significant
increase in hypodiploid cells and DNA strand breaks. The specific antagonists for
vanilloid and cannabinoid receptors did not counteract the apoptosis induced by
CBD, whereas methyl-p-cyclodextrin (MCD), a lipid raft disruptor, potently atten-
uated CBD-induced microglial apoptosis and caspase activation (Wu et al. 2012).

Some studies enhanced also COX-2 contribution to cannabinoid-induced apo-
ptosis in resistant colon cancer cells and tumourigenic keratinocytes (Patsos et al.
2010; Van Dross 2009), reinforcing the importance of eCBs-oxidative pathways.
For example, the treatment of human glioma cells with the stable analogue of AEA
(methanandamide) resulted in the induction of apoptosis via lipid raft-mediated
events with an increase in ceramide levels, induction of COX-2 and subsequent
prostaglandin E2 synthesis, involving p38 MAPK and ERK activation (Hinz et al.
2004a, b).

Moreover, it has been described that AEA may recruit the death receptor/ligand
Fas/FasL to lipid rafts implicating the death-inducing signalling complex (DISC)
formation and caspase-8 activation, culminating in the intrinsic apoptotic pathway
activation by a cannabinoid-receptor independent mechanism (DeMorrow et al.
2007).

More alternative mechanisms have also been identified. In activated hepatic
stellate cells CBD also induced apoptosis eliciting an endoplasmic reticulum
(ER) stress response characterized by changes in ER morphology and initiation of
RNA-dependent protein kinase-like ER kinase-, activating transcription factor-6-,
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and inositol-requiring ER-to-nucleus signal kinase-1 (IRE1)-mediated signalling
cascades. Furthermore, CBD caused downstream activation of the pro-apoptotic
IRE1/ASK1/INK pathway, leading to hepatic cell death (Lim et al. 2011). Also in
freshly isolated monocytes, CBD markedly enhanced apoptosis, while cultured
monocytes were insensitive, which was associated with the antioxidant capacity
of these cells (Wu et al. 2010). Interestingly, AEA and the synthetic cannabinoid
agonist HU 210 caused a decrease in cell viability of P19 embryonal carcinoma
cells, effect blocked by the antioxidants a-tocopherol and N-acetylcysteine
(Gustafsson et al. 2013), suggesting that the antioxidant capacity of the cells may
be relevant for cell protection independent from specific receptor activation.

2.4 Cannabinoids and Autophagy-Associated Cell Death

The effects of cannabinoids are not only associated with the canonical apoptotic
pathway and numerous studies reported a cannabinoid-induced autophagic mech-
anism in various cell types. Macroautophagy (hereafter referred to as autophagy)
is a conserved catabolic process through which cytoplasmic constituents are
nonselectively degraded in lysosomes. Although 2016 was recorded in science as
the “year of autophagy” due to the 2016 Nobel Prize in Physiology and Medicine
awarded to Yoshinori Ohsumi, the molecular regulation of autophagy remains an
important area of research.

On a molecular level, autophagy is mechanistically regulated by various protein
factors, recently reviewed by Kaur and Debnath (2015). Briefly, a family of more
than 30 autophagy-related proteins (Atgs) is involved (Nakatogawa et al. 2009).
These factors guide the selection and targeting of the cargo and control the growth
of the autophagosome. Then, this double membrane vesicle fuses with lysosomes
for degradation of its contents, releasing the recycled metabolites back into the
cytoplasm. The PI3K/Akt/mTOR axis and the adenosine monophosphate-activated
(AMP) kinase are the two major signaling pathways that lead to induction of
autophagy. While mTOR is a serine/threonine protein kinase whose activity is
inhibited by nutrient starvation, AMP kinase is activated by an increase in the
intracellular AMP/ATP ratio as a consequence of energy deficit (Cuervo and Wong
2014).

The cross-talk between apoptosis and autophagy is complex, and sometimes
contradictory, but critical to the overall cell fate. The role of cannabinoids in
autophagy is extensively studied and it was recently reviewed (Costa et al. 2016),
thus, this section will provide a brief overview of the main evidences of
cannabinoids-induced autophagy associated with cell death mechanisms.

The synthetic cannabinoid WINS55,212-2 induced G2/M cell cycle arrest and
programmed cell death in human osteosarcoma MG63 and Saos-2 cells (Notaro
et al. 2014). Similar effects were observed in colon cancer cell lines (Pellerito et al.
2014). Both these effects were accompanied by ER stress and conversion of the
cytosolic form of the autophagosome marker LC3-I into LC3-II. Furthermore, the
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A9-THC and the CB2 agonist JWH-015 also stimulated autophagy on hepatocel-
lular carcinoma cell lines through two different pathways (Vara et al. 2013). The
induction of ER stress requires the upregulation of the pseudo-kinase tribbles
homolog 3 (TRIB3) and subsequent inhibition of Akt/mammalian target of
rapamycin C 1 (Akt/mTORC1) axis, or the activation of AMPk via calmodulin-
activated kinase kinase (CaMKKf) (Vara et al. 2013). In glioma cells, A9-THC,
through CB1 receptor, stimulates ceramide de novo synthesis activating an early
ER stress response that leads to e[F2a phosphorylation and, then, induction of ER
stress promoting autophagy via TRIB3-dependent inhibition of Akt/mTORC1 axis
(Salazar et al. 2009). Also the combination of A9-THC with classical chemother-
apeutic drugs enhanced autophagy in glioma xenografts supporting the use of
combined therapies (Lonardi et al. 2005; Torres et al. 2011).

The phytocannabinoid CBD, the synthetic cannabinoid arachidonyl-2’-
chloroethylamide (ACEA) and AEA induced autophagy in a dose-dependent man-
ner in fully differentiated Caco-2 cells, a model of mature intestinal epithelium
(Koay et al. 2014). Whereas ACEA and AEA promoted canonical autophagy,
which was a CB1-mediated effect, CBD was able to bypass the CB1 receptor and
the canonical pathway to induce autophagy, albeit to a lesser extent. The CBD
induced-apoptosis of MDA-MB-231 breast cancer cells was also associated to ER
stress, with subsequent inhibition of Akt and mTOR signalling, as demonstrated by
decreased levels of cyclin D1 and phosphorylated mTOR and 4EBP1 (Shrivastava
etal. 2011). The authors also showed a cross-talk between autophagy and apoptosis,
though these effects were independent of cannabinoid or TRPV1 receptors
(Shrivastava et al. 2011).

3 Cannabinoids as Anticancer Agents

In addition to the well-known palliative effects on some cancer-associated symp-
toms, the ability of cannabinoids to limit cell proliferation and to induce tumour-
selective cell death may offer a promising strategy in cancer treatment. The
antitumour effects of cannabinoids were firstly shown by Munson et al. (1975),
though the ability of cannabinoids to regulate the cellular signalling pathways
critical for cell growth and survival only advanced after the characterization of
cannabinoid receptors.

In addition to the above-described cell death promoting effects, cannabinoids as
anticancer agents may also involve restriction of cell growth and regulation of
extracellular proteases activity and respective inhibitors, preventing, in this way,
the invasiveness of different types of cancer cells (Blazquez et al. 2008; Ramer and
Hinz 2008). Moreover, cannabinoids have also been shown to have antiangiogenic
effects by down-regulating the active forms of VEGF receptors (VEGFR1 and
VEGFR?2), induce apoptosis of vascular endothelial cells, and constrain migration
and proliferation of these cells (Casanova et al. 2003). As most of the information of
cannabinoids effects in cancer is derived from pre-clinical studies, next section will
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only discuss recent findings from clinical studies, which are mainly based in
cannabinoid-licensed pharmaceuticals as well as from studies with cannabis.

3.1 Rationale and Possible Clinical Applications

Cannabinoid-derived medicines have been on the market for more than 30 years.
Dronabinol or synthetic THC is sold as an oral medication under the brand name
Marinol®. Dronabinol is well tolerated and effective for treating chemotherapy-
induced nausea and vomiting and their clinical efficacy was recently reviewed (May
and Glode 2016). Also nabilone (Cesamet™), a synthetic cannabinoid, is approved in
the United States and other countries for the prevention of chemotherapy-induced
nausea and vomiting in cancer patients. Sativex”, an oromucosal spray containing
A9-THC and CBD as well as minor cannabinoids, was later approved for multiple
sclerosis spasticity in 28 countries. Clinical trials showed Sativex™ to be efficacious
for pain relief in patients with advanced cancer (Johnson et al. 2010). Currently, in
Canada, it is additionally approved as an adjuvant analgesic for cancer pain.

Interestingly, A9-THC or cannabis extract was unsuccessful for treating patients
with cancer-related anorexia-cachexia syndrome in a clinical trial phase III (Strasser
et al. 2006). However, in Australia, a new clinical trial (ACTRN12616001036404) is
enrolling participants to study the ability of oral THC/CBD cannabis extract to
control emesis and nausea in patients receiving chemotherapy.

Thus, despite the emergence of preclinical data, the use of cannabis-based
medicines in the clinical practice is restricted to palliative use and the clinical
studies evaluating cannabinoid efficacy for treating cancer are limited (Table 1). In
2006, a pilot clinical study indicated that A9-THC administered intratumourally to
patients with glioblastoma that had previously failed standard therapy was effective
and safe (Guzman et al. 2006). Notably, the A9-THC anticancer action in vivo also
implicated the molecular mechanisms observed in vitro, namely stimulation of
autophagy and apoptosis, inhibition of cell proliferation, decreased VEGF signalling
and extracellular proteases activity (Guzman et al. 2006). Clinical trials are also
evaluating the use of CBD alone (NCT02255292) and dexanabinol (NCT01489826;
NCT01654497), a synthetic cannabinoid, in patients with advanced tumours, though
no data has been released yet. Also the effects of smoked cannabis (CBD:A9-THC) in
pain and inflammation are being evaluated in lung cancer patients (NCT02675842).

Combined therapies also demonstrated to inhibit tumour growth with auspicious
results. The combined treatment of A9-THC with classical chemotherapeutic drugs,
such as the alkylating agent temozolomide (TMZ; Temodar™), produces a strong
anticancer action in xenografts generated with glioma cells (Lonardi et al. 2005),
even in TMZ-resistant tumours (Torres et al. 2011). More recently, it was observed
that cannabinoid agonists acted synergistically with gemcitabine in pancreatic
cancer cells (Donadelli et al. 2011) and increased the antineoplastic activity of
paclitaxel (Miyato et al. 2009) and of 5-fluorouracil (Gustafsson et al. 2009) to
reduce cell viability in gastric and colorectal carcinoma cells, respectively. This
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further supports the use of combined therapies of cannabinoids with the classical
chemotherapeutic agents. The safety and efficacy of Sativex®™ (NCTO01812603;
NCTO01812616) and of dexanabinol (NCT02423239) in combination with standard
chemotherapies in patients with recurrent glioblastoma and hepatocellular or pan-
creatic cancer is being evaluated and may provide important information about
adverse effects, disease progression and overall survival in cannabinoid-combined
therapies.

Considering all the available evidences, cannabinoids-related drugs present
reasonable safety profile, especially with respect to toxic adverse effects associated
to current chemotherapeutics, though the use of cannabinoids for medicinal pur-
poses is largely limited due to their psychotropic effects. However, non-
psychotropic compounds and combined therapy of cannabinoids with classical
cytotoxic drugs may enhance the efficacy of current cancer treatments with lower
side effects.

The main evidences about the potential therapeutics of cannabinoids still result
from preclinical data, thus, new clinical studies may help to determine the benefits
from cannabinoids use alone or in combination in cancer, for other than their
palliative effects.

3.2 Perspectives, Obstacles and Future Directions

The current data points to cannabinoids as important molecules modulating various
physiological processes, including the restriction of cancer cells growth, supporting
the therapeutic actions of cannabinoids and specifically their potential as anticancer
agents. Although many drugs used today can cause addiction and are misused and
abused, the social concerns of cannabinoid medicines persist, particularly after the
CB1 antagonist rimonabant, used for weight loss, induced serious neuropsychiatric
effects (Di Marzo and Despres 2009). Nevertheless, clinical evidences of cannabi-
noids benefits are accumulating and cannabinoid derived drugs are available, in
some countries for specific conditions.

Despite such promising pre-clinical studies, an emerging strategy to block
tumour growth in vitro is the increase in eCBs levels through manipulation of the
endocannabinoid system. This strategy was efficiently used in colorectal cancer
cells and in thyroid carcinoma cells by preventing eCBs cellular reuptake with
VDM-11 or by inhibiting enzymatic degradation with arachidonoyl-serotonin
(AA-5-HT) (Ligresti et al. 2003; Bifulco et al. 2004; Izzo et al. 2008). Also the
inhibition of FAAH, by the entourage compound palmitoylethanolamide (PEA),
enhanced the anti-proliferative effects of AEA on human breast cancer cells
(Di Marzo et al. 2001). More recently, it was observed that pharmacological
inhibition of 2-AG degradation with URB602, a MAGL inhibitor, also attenuates
the experimental colon carcinogenesis (Pagano et al. 2017). Although promising,
the effective manipulation of endocannabinoid system to enhance eCBs tone
requires development of more selective molecules and further in vitro and in vivo
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assays. Additionally, and besides the difficulties targeting such inhibitors in vivo, it
is also important for the evaluation of short- and long-term toxicities resulting from
the inhibition of eCBs degradation. The unanticipated severe adverse events of an
experimental FAAH inhibitor, BIA 10-2474, used in a phase 1 trial show the
importance of more studies in this class of compounds (Kerbrat et al. 2016).
Although the underlying mechanism of this toxic cerebral syndrome remains
unknown, it is now clear that alternative eCBs-metabolic pathways are exacerbated
when primarily routes are inhibited, giving rise to several compounds, that may
have a harmful effect (Almada et al. 2015). Thus, the oxidative metabolism of eCBs
potential/complications is demanding further investigation. Likewise, the eCBs
precursors are also intermediates for synthesis of other mediators and, thus, their
levels may be affected as a result of manipulating the main eCBs metabolic
pathway.

Also the influence of medicinal cannabis on the pharmacokinetics of common
anticancer agents must be evaluated. Although a clinical study observed that
coadministration of medicinal cannabis, as herbal tea, in cancer patients treated
with irinotecan or docetaxel does not significantly influence the plasma pharmaco-
kinetics of these drugs (Engels et al. 2007), there is still a major lack of long-term
pharmacokinetic data and information about the interactions of cannabis-derived
drugs with anticancer agents.

In cannabinoid-resistant glioma cells, midkine (MDK), which encodes a
secreted heparin-binding growth factor, played a direct role in the resistance to
A9-THC action through stimulation of anaplastic lymphoma kinase (ALK)
(Lorente et al. 2011). Similarly, increased amphiregulin expression was associated
with increased ERK activation, which mediated the resistance to A9-THC by
blunting the expression of p8 and trb3-two genes involved in cannabinoid-induced
apoptosis of glioma cells (Lorente et al. 2009). Pharmacologic inhibition of ALK or
silencing of either MDK or amphiregulin rendered the resistant tumour xenografts
sensitive to cannabinoid antitumoural action (Lorente et al. 2009, 2011). Neverthe-
less, TMZ-resistant tumours benefit from the combined treatment of A9-THC with
the chemotherapeutic TMZ (Torres et al. 2011). Recently, Velasco et al. (2016)
reviewed the molecular mechanisms of cannabinoids as antitumour agents, partic-
ularly the resistance mechanisms and opportunities for their use in combination
therapy. These strategies that enhanced cannabinoid action in resistant tumours
provide a rationale for combination therapies capable of increasing cannabinoid
antineoplastic activity.

Likewise, other potentially interesting strategies to enhance cannabinoid anti-
cancer action could be the combination of cannabinoids with ER stress or
autophagy inducers (or both) or with inhibitors of the mTORC1 axis. This strategy
has not been attempted with cannabinoid but previous studies observed that in some
circumstances, classic anticancer drugs may benefit from combination with ER
stress inducers and autophagy inhibitors (Xu et al. 2014; Sui et al. 2013).
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4 Concluding Remarks

The last years were rich in the expansion of scientific knowledge regarding
endocannabinoid system, particularly its biochemical, physiological and pharma-
cological effects. Recent investigations have shown that besides its well-known
anti-inflammatory, analgesic and antiemetic properties, cannabinoids may also
induce cell death and anti-proliferative effects by receptor independent or depen-
dent pathways. Thus, our knowledge about cannabinoid properties encompasses the
identification of endogenous ligands and their entire metabolism as well as the
signalling pathways through which cannabinoids exert their action.

Besides the emergence of medicinal cannabis use as anticancer agents in several
countries, the manipulation of endocannabinoid system may constitute an appella-
tive target, contributing to the development of new drugs. Although contradictory
results have been shown, CB1 and CB2 are upregulated in various cancer cells. In
human biopsies from astrocytoma and glioblastoma, upregulation of CB2 was
directly related to tumour malignancy (Sanchez et al. 2001a; Ellert-Miklaszewska
et al. 2007). Furthermore, as observed in colorectal (Ligresti et al. 2003) and
endometrial cancer (Guida et al. 2010), eCBs levels are often more abundant than
in non-tumoural tissues, which may indicate a compensatory mechanism to coun-
teract tumour cell proliferation.

Current evidences indicate that the modulation of several components of signal
transduction pathways, including ceramide biosynthesis, MAPKs and Akt/mTORCI
axis by cannabinoids might support important effects on cell homeostasis control.
Moreover, the recent insights into the molecular mechanisms of cannabinoids action
and resistance increased our understanding about their potential as anticancer drugs
and highlighted combined therapy approaches.

Various clinical assays are underway and, besides the clinical outcome, they may
provide important information about cannabinoids tolerability, safety and adverse
effects in cancer treatment. Moreover, with a well-defined endocannabinoid system
manipulation and development of selective drugs acting directly on the components
of this system, more clinical studies to clarify cannabinoids efficacy will be expected.
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