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Abstract

Klotho, encoded by the KL gene, is a single-pass transmembrane protein and a circulating factor that plays a key role in cellular
metabolism and body homeostasis and has been associated with age-related diseases. Alterations of this protein seem to influence
the development of serotonergic neurons and could play a role in major depression in the elderly. Pretreatment of neurons with
Klotho protein can avoid neuronal injury related to the toxic amyloid-f3 and glutamate, centrally related to the pathogenesis of
Alzheimer’s disease (AD), in order that Klotho protein could play a neuroprotective role in AD patients. Late-life depression,
mild cognitive impairment, and dementia are different nosological entities but share common neurobiological facets and could
represent a clinical continuum. Enhancement of Klotho levels in the early stages of the disease could represent a therapeutic
strategy to prevent further deterioration and to ameliorate the outcome of elderly AD patients with or without major depression.
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Introduction

Alzheimer’s disease (AD) is the most common neurodegener-
ative disorder worldwide and the most frequent cause of de-
mentia associated with aging, especially considering the form
with no specific family history of dementia, called sporadic
AD (SAD). According to the Global Burden of Disease from
the Institute for Health Metrics and Evaluation (IHME),
University of Washington [http://www.healthdata.org/gbd],
SAD is expected to exponentially increase with aging of the
general population. About 5.3 million Americans are
diagnosed with SAD, accounting for 60-80% of all
dementia cases in US and in European countries. Currently,
one out of every five elderly persons aged 65 years and over is
predicted to develop SAD in his lifetime [1]. SAD patients

P4 Gianluigi Mazzoccoli
g.mazzoccoli@operapadrepio.it

Department of Medical Sciences, Geriatrics Unit and
Gerontology-Geriatrics Research Laboratory, IRCCS Scientific
Institute and Regional General Hospital “Casa Sollievo della
Sofferenza”, San Giovanni Rotondo, Italy

Department of Medical Sciences, Division of Internal Medicine and
Chronobiology Unit, IRCCS Scientific Institute and Regional
General Hospital “Casa Sollievo della Sofferenza”, San Giovanni
Rotondo, Italy

@ Springer

may also show depression, one of the most common mental
disorders in late life [2]. Late-life depression (LLD) is a het-
erogeneous disorder with a major public health impact, given
the progressive aging of the general population [3]. LLD re-
fers to depressive syndromes arising in adults older than
65 years [3], encompassing both late-onset cases as well the
cases with onset before the age of 60 years that recur or con-
tinue into later years of life [4]. Furthermore, there is a general
consensus on a syndromic approach to LLD, to identify symp-
tom clusters, such as major depressive disorder (MDD) [3].
Estimates of the prevalence of clinically significant LLD vary
widely from 4.5 to 37.4%, according to the population stud-
ied, sample size and non-psychiatric co-morbidity [5, 6], with
a pooled prevalence of 7.2% [6] and an incidence rate of 0.2—
14.1 per 100 person years of late-life MDD [7]. In a
community-based older sample, the rate of clinically signifi-
cant LLD was 14.7% and one-quarter of these patients had
late-life MDD (3.7%) [8]. More recent data indicates a prev-
alence of LLD of 54.14% and a prevalence of late-life MDD
of 17.85% [9]; however, LLD prevalence will probably in-
crease with world population aging, becoming a major public
health concern for the future [10, 11].

A huge amount of studies over the last several years have
revealed that depression and AD have in common neurobio-
logical and clinical features. Depression represents a risk fac-
tor for AD development and the progression of mild cognitive
impairment (MCI) into AD is bolstered by the occurrence of
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depressive symptoms [12]. Depression and AD share analo-
gous pathophysiological processes, comprising neuroinflam-
mation with an anomalous tumor necrosis factor-o« (TNF-x)
signaling and a weakened brain-derived neurotrophic factor
(BDNF) and transforming-growth-factor-31 (TGF-$1) sig-
naling [12]. TGF-1 is a cytokine with anti-inflammatory
capacity and neuroprotective action opposed to neurodegen-
eration provoked by amyloid-f (A). In MDD patients,
TGF-f1 plasma levels are decreased and correlate with de-
pression severity and treatment resistance in MDD [12]. An
initial process in AD pathogenesis is the deficiency of Smad-
dependent TGF-f31 signaling, which takes part in
inflammaging and cognitive decline in AD [12].
Antidepressants such as selective serotonin reuptake inhibi-
tors (SSRIs) augment TGF-31 release from astrocytes playing
a significant neuroprotective role in experiments performed in
animal models of AD and decrease the risk of AD in patients
with depression upon long-standing therapy [12].

Recently, a family of proteins with anti-aging property
encoded by the Klotho (KL) gene at locus 13q12 have been
evidenced to protect neurons from degeneration [13].
Pretreatment of neurons with KL can prevent neuron death
in the presence of the toxic A3 protein and glutamate, so that
therapeutic approaches increasing Klotho levels might prevent
further deterioration if started at the beginning of the disease
and advance the outcome for AD patients [14—16].

KL encodes a circulating and a type | membrane protein
related to beta-glucosidases, which controls the insulin/
insulin-like growth factor (IGF)-1 signaling (IIS) pathway,
among other functions. In the past, alterations in its levels
were associated in mice to premature aging and in men to
increased risk of diseases, such as osteoporosis, atherosclero-
sis, and cognitive decline, including behavioral disorders such
as depression [16—18]. This gene is now known as one of the
key players to significantly extend life expectancy [19]. In
addition, animal models and patients with polymorphisms of
the KL gene show reduced cognitive abilities [20, 21], as well
as reduced life duration [22, 23].

The Klotho Proteins

The KL gene encodes a family of transmembrane proteins (oc-
Klotho, (3-Klotho, and KL-related protein, Klrp) expressed in
various organs, including the brain and involved in multiple
biological functions [24-27]. KL proteins play a key role as
co-receptors, binding their related endocrine fibroblast growth
factor (FGF) receptors (FGFR) to cooperate for their biologi-
cal activities. FGFs are renowned as hormones that control
different metabolic processes. FGF19 is secreted from intes-
tine upon feeding and restrains hepatic bile acid synthesis.
FGF21 is secreted from liver upon fasting and props up lipol-
ysis in adipose tissue. FGF23 is secreted from bone and holds
back phosphate reabsorption and vitamin D synthesis in

kidney [28]. «-Klotho is described as an anti-aging protein
as well as a soluble factor in serum and a co-receptor for
FGFR3 to respond to FGF23, involved in the control of min-
eral ion and vitamin D homeostasis [24, 29]. «-Klotho is also
expressed in the choroid plexus, where it is released into the
cerebrospinal fluid [30]. The 3-Klotho protein is a type I
membrane protein related to (3-glucuronidases, whose over-
expression is associated with life extension and up until now
no secreted form has been revealed [18, 19, 24]. 3-Klotho is
mainly expressed in liver and adipose tissue and is entailed in
metabolic regulation, glucose uptake, bile acid synthesis, and
fatty acid metabolism [24].

The mechanisms of KL action are not entirely clear, even if
it has been described that «-Klotho increases synaptic and
cognitive functions, and it may also influence various struc-
tures and functions during central nervous system maturation
and aging [25]. The mouse «-Klotho gene has two transcripts,
one encoding a transmembrane isoform (m-KL), and the other
a putative secreted isoform (s-KL) [24]. Unfortunately, little is
known about the secreted «-Klotho isoform, since available
antibodies cannot discriminate s-KL from the KL1 domain
cleaved from the transmembrane isoform. The KL transcript
produced by alternative splicing generates a stable protein
(70 kDa), which differently from the transmembrane Klotho
isoform is ten times more abundant in the brain than in the
kidney, suggesting that the two isoforms may have different
functions [24]. Klotho expression in the central nervous sys-
tem is influenced by aging, AD, or a healthy lifestyle, such as
voluntary moderate continuous exercise: experiments per-
formed in wild-type and 3xTg-AD model of AD evidenced
a strong correlation between high expression levels of the two
KL transcripts and the healthy status of the animals. In partic-
ular, KL expression in brain areas declined more rapidly in the
3xTg-AD model of AD than in healthy animals, while mod-
erate continuous exercise in adulthood prevented the waning
in both KL transcripts expression [31].

The single-pass transmembrane protein consists of 1014
amino acids; it contains a presumed signal sequence to the
N-terminal and a single transmembrane domain near the C-
terminal portion; these features identify KL as type I mem-
brane protein [13]. The extracellular domain of the protein
consists of two internal repetitions, KL.1 and KL2, each of
450 amino acids that share a 20-40% homology of amino acid
sequence with the enzyme (3-glucosidase of bacteria, with the
enzyme lactase of archaea and with the enzyme
glucosilceramidase of mammals [13, 32]. However, the glu-
cosidase activity is absent in the recombinant protein KL, and
a glutamate residue, which is essential in the active center of
the enzyme (3-glucosidase, is replaced with asparagine and
alanine, respectively, in KL1 and KL2. The analysis of the
cDNA revealed that the KL gene also encodes a secreted form
of 549 amino acids, lacking the repetition KL2, and the
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transmembrane and intracellular domains, due to alternative
RNA splicing [13].

Possible Biological Roles of Klotho Protein

KL protein is implicated in different biological mechanisms,
so there are many hypotheses about the biological role played
by KL in the regulation of the process of aging and in
neurodegeneration.

Klotho: Regulator of Calcium and Phosphorus

The pathophysiological mechanisms underlying neurodegen-
erative diseases and in particular AD remain hard to pin down.
Progress in molecular biology and live imaging techniques
highlighted a significant role for calcium (Ca2+), an omni-
present second messenger managing a huge assortment of
cellular processes, including neuronal excitation and commu-
nication [33, 34]. The concentrations of serum calcium is
tightly regulated by the coordinated actions of parathyroid
hormone (PTH), calcitonin (CT), calcium, phosphorus, and
vitamin D (1,25-(OH)2D) [35-37]. PTH and CT positively
regulate the synthesis of 1,25-(OH)2D through transcriptional
activation of CYP27B1, the gene encoding 1o-hydroxylase
[38—40]. On the other hand, 1,25-(OH)2D inhibits its synthe-
sis through a negative feedback regulation on the activity of
lx-hydroxylase and through a positive setting on the activity
of 24-hydroxylase [41, 42]. The KL mutant (k/ ") mouse
showed an altered homeostasis of calcium and phosphorus
and an increase in serum concentrations of 1,25-(OH)2D,
while serum concentrations of PTH and CT were normally
regulated in response to calcium levels [43]. The serum levels
of other vitamin D derivatives were found to be lower than
those in WT mice, suggesting that in k&'~ mice, the precursor
is preferentially converted to an active form of vitamin D. This
is an unexpected response in the presence of high levels of
calcium in serum, as the synthesis of 1,25-(OH)2D is normally
inhibited when calcium levels are increased in the serum [44].
The discrepancy in the serum levels of 1,25-(OH)2D between
WT mice and k7 /" mice is the first discovery that could justify
an alteration in the metabolism of calcium and phosphorus
[43]. Serum levels of 1,25-(OH)2D are regulated by the bal-
ance of the expression of 1o-hydroxylase and 24-hydroxy-
lase, the rate limiting enzyme in the metabolism of vitamin
D. The expression of CYP27B1 was significantly increased in
kI~ mice, and this is probably the cause of elevated serum
1,25-(OH)2D levels. As previously stated, PTH and CT pos-
itively regulate the expression of the 1o-hydroxylase gene
[38—40], while 1,25-(OH)2D exerts a negative control [41,
42]. In normal conditions, the negative regulatory signals pre-
dominate over the positive control. In &/~ mice, the expres-
sion of CYP27BI is still positively regulated by PTH and CT,
and even in this case, 1,25-(OH)2 can dominantly inhibit the
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positive signals from PTH and CT [43]. This shows that the
regulatory functions performed by PTH, CT, and
1,25-(OH)2D are not altered in A</ /" mice. Therefore, the
overexpression of CYP27B1 indicates that KL is part of a
new route of negative regulation of the expression of this gene
and thus of calcium homeostasis [43]. The alteration of vita-
min D endocrine system can participate in many of the phe-
notypes reported in &/ /" mice because of toxicity due to in-
creased levels of calcium, phosphorus, and 1,25-(OH)2D [43].
The increased activation of vitamin D, due to altered regula-
tion of 1x-hydroxylase, may therefore, be the main cause
responsible for the multiple abnormalities in &7~ mice [43].
There may be two kinds of phenotypes: those due solely to the
toxic action of increased calcium, phosphorus, and
1,25-(OH)2D, and those that require additional loss of KL.
In the latter case, KL would play another role as well as that
of regulator of calcium homeostasis. The lack of KL protein,
in fact, may result in morphological and functional cell dete-
rioration causing severe tissue damage along the toxic action
of the increase in the concentration of calcium, phosphorus,
and 1,25-(OH)2D in serum. To explain how KL regulates
CYP27Blexpression, it must be assumed that the function of
KL protein is, at least in part, mediated by intercellular or
paracrine mechanisms. In fact, CYP27B1 is expressed in a
wide region of the renal tubule cells [45], while the expression
of KL is restricted to cells of the distal convoluted tubule in the
kidney [13]. As aforementioned, there are two types of KL
protein, a membrane form, with a single transmembrane do-
main, and a secreted form, so that KL protein might potential-
ly operate on the membrane and/or as a secreted factor. In this
regard, many possible molecular actions of KL protein have
been proposed. In the secreted or membrane form, KL might
interact with a presumed receptor as a ligand and induce signal
transduction required for CYP27B1 regulation [46].
Alternatively, KL could serve as a receptor complex to medi-
ate the signals required for the synthesis and/or secretion of
humoral factors that critically control CYP27B1 expression
[46]. Furthermore, KL. could convert an inactive precursor
molecule into an active one that participates in the regulation
of 1 a-hydroxylase [46]. To determine the ultimate role of KL
protein, further studies will be required, considering that re-
cent data pinpoint its involvement in the regulation of phos-
phorus balance, as well as hormone secretion and circadian
behavior.

The Role of Klotho in the Regulation of Insulin/IGF-1
Signaling

AD is characterized by progressive neurodegeneration leading
to loss of cognitive abilities and ultimately to death. In an
animal model of AD, weakened insulin-like growth factor
(IGF)-1/insulin receptor substrate (IRS)-2 signaling averted
premature death and deferred amyloid accumulation [47].
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Besides, clinical and experimental data propose that augment-
ed serum insulin and IGF-1 levels do not unavoidably associ-
ate with neuronal insulin/IGF-1 receptor signaling upregula-
tion [47, 48]. IGF-1 receptor (IGF-1R) haploinsufficiency as
well as neuronal deficiency of the insulin receptor (IR) or IGF-
IR in mice crossed with mouse models for AD causes de-
ferred amyloid (A)p accumulation [48]. In addition, IRS-2
knockout mice show reduced A3 levels in an Alzheimer back-
ground. Moreover, postmortem investigations showed re-
duced expression of cerebral IGF-1R and IRS proteins in pa-
tients with AD and brains of AD patients were insulin and
IGF-1 resistant, suggesting potential therapeutic implications
of modulating cerebral insulin/IGF-1 signaling [47, 48].
Overall, these data imply beneficial effects of decreased neu-
ronal insulin/IGF-1 signaling on AD pathology.

KL overexpression slows down the process of aging, ex-
tending life in mice by a surprising mechanism, the induction
of insulin resistance [49]. In particular, it was observed that
male mice genetically modified to overexpress KL, have a
survival greater than average (20-30.8%) compared to con-
trols, while the survival of transgenic females shows smaller
increase (18.8-19.0%) [49]. Many genetic data demonstrate
that a negative regulation of insulin and IGF-1 signaling ex-
tends lifespan of different animal models (Caenorhabditis
elegans, Drosophila melanogaster, Mus musculus) [50]. It
has been shown that mice lacking expression of KL gene have
reduced levels of glucose and insulin in the blood coupled
with increased insulin sensitivity [13, 51]. Transgenic male
mice that overexpress KL, however, have higher levels of
insulin in the blood compared to wild-type male mice, sug-
gesting that they are insulin resistant; transgenic female mice,
moreover, are significantly resistant to IGF-1 [49]. This con-
firms that KL overexpression induces resistance to insulin and
IGF-1 signaling. KL protein, in its soluble form, functions as a
circulating hormone that binds to a cell membrane receptor
and inhibits the intracellular signaling of insulin and IGF-1
[24-27]. In particular, it has been observed that KL in vitro
does not inhibit insulin or IGF-1 binding but suppresses
ligand-stimulated autophosphorylation of the insulin and
IGF-1 receptor. In addition, KL reduces the activation of sig-
nal transduction downstream of the activation of the receptor,
including the phosphorylation of IRS-1 and IRS-2 and their
association with the phosphatidylinositol 3-kinase (PI3-K)
p85 regulatory subunit [52]. Since the inhibitory effect of
KL on insulin signaling is almost immediate, it is unlikely that
the reduction of the signal, which starts from the insulin and
IGF-1 receptor is due simply to receptor loss. KL protein
could inactivate the active insulin receptors that had previous-
ly been phosphorylated on tyrosine under the stimulus of in-
sulin itself. In general, KL may inhibit the activation of insulin
and IGF-1 receptors and may suppress the activated insulin
and IGF-1 receptors. A possible role of KL might be to pre-
vent cellular lipid overload by reducing the availability of

glucose as lipogenic substrate, which occurs in response to
insulin. In addition, lipid-rich cells are vulnerable to pro-
grammed cell death induced by lipids (lipoapoptosis), so that
a reduction of KL-mediated intracellular lipid content could
increase the apoptotic threshold and extend cell lifespan [53].
Indeed, lipoapoptosis is prevented by eliminating lipid excess
or blocking the formation of potentially harmful fatty acid
derivatives, such as ceramide and reactive oxygen species
(ROS). The “healthy” type of insulin resistance mediated by
KL is in contrast with the “unhealthy” insulin resistance found
in obesity, a component of the metabolic syndrome, which is
rather a consequence of lipid overload [54]. The lipid-rich
cells are vulnerable not only to lipoapoptosis, but also to other
apoptotic insults. This is probably due to an increased produc-
tion of ROS and of ceramide and a reduced antiapoptotic
protection by antioxidants superoxide dismutase and catalase.
The cells devoid of lipids, in contrast, are remarkably resistant
to damage induced by cytokines, toxic, and immune-mediated
events. If KL extends lifespan by regulating cellular lipid ho-
meostasis, it is clear that other longevity genes may reduce fat
overload, and that other liporegulatory hormones, preventing
fat overload, may extend the life span. It was also demonstrat-
ed that exercise and calorie restriction lower the intracellular
lipid content and extend the life span [55, 56]. The hormones
leptin and adiponectin lower tissue lipid content by stimulat-
ing the oxidation of fatty acids through the activation of
AMPK, and could therefore extend life span [55, 56]. The
effects on lipid lowering and life extension induced by exer-
cise and caloric restriction have been confirmed in various
species, and it is believed to be mediated by members of the
sirtuin family, which also reduce the intracellular lipid content
[55, 56]. Hyper-nutrition increases the activity of insulin and
IGF-1, leading to an increase in cellular lipid content probably
by phosphorylating and then expelling from the nucleus the
FOX (Forkhead box) transcription factors that reduce lipid
content. KL may prevent their expulsion blocking their phos-
phorylation, through the suppression of signals located down-
stream of insulin and IGF-1 [55, 56]. Another cause of lipid
lowering due to blocking of insulin signaling induced by KL
is the reduced translocation of GLUT4 to the plasma mem-
brane. This excludes glucose by certain cells, thus limiting the
formation of malonyl-CoA, the first intermediate of the
lipogenic pathway and a potent inhibitor of fatty acid oxida-
tion [57]. If the ability of KL to inhibit insulin and IGF-1
signaling extends survival by delaying senescence, manipula-
tions that inhibit insulin and IGF-1 signaling can improve
some of the phenotypes similar to aging in KL~ mice. To
assess this hypothesis, a loss of function mutation of IRS-1 has
been transported in KL~ mice [49]. Survival was improved
in KL~ mice heterozygous for the IRS-1 null allele (KL~
IRS-1%) compared to control KL mice. In addition, KL~
IRS-1* mice showed improvements in many pathological
signs of age, typical of KL/, including atherosclerosis,
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ectopic calcification, atrophy of the skin, pulmonary emphy-
sema, and hypogonadism [49].

[3-Klotho, encoded by kIb gene, is a divergent structural
member of the glycosidase I superfamily, is primarily
expressed in the liver and pancreas, with lower expression in
adipose tissue, and assists fibroblast growth factor 21
(FGF21). FGF21 is a hepatokine that acts as a regulator of
insulin-independent glucose transport in adipocytes, plays a
role in the regulation of body weight, and regulates ketogen-
esis and adaptive responses to starvation to modulate fuel
partitioning and metabolism and repress growth [58]. FGF21
complexes with (3-Klotho in the suprachiasmatic nucleus of
the hypothalamus and the dorsal vagal complex of the hind-
brain and signals through a heteromeric cell-surface receptor
composed of one of three FGF receptors (FGFR1c, FGFR2c,
or FGFR3c) [59, 60]. Over and above its recognized action on
peripheral metabolism, FGF21 augments systemic glucocor-
ticoid levels, restrains physical activity, and changes circadian
behavior. Mice deficient in K/b in the abovementioned regions
are resistant to these effects, as well as those on metabolism,
insulin, and growth [59, 60].

Klotho as a Humoral Factor in the Circulation

Higher plasma KL concentrations were found associated with
lower risk of significant reduction and smaller average decline
in mini-mental state examination (MMSE) [61]. Accordingly,
cerebrospinal fluid KL concentrations were lower in patients
affected by AD, and in particular in females compared with
males, as well as in older versus younger adults [15].

Since a defect in the KL gene leads to systemic degenera-
tion that depends on age, it could be argued that KL protein
functions as a humoral factor in the circulation, regulating the
natural process of aging [13]. This has been hypothesized on
the basis of the observation that, in spite of the evidence that
KL mutant mice exhibit a phenotype of systemic aging, only
some organs express the gene KL endogenously [62]. On
these premises, how may KL be involved in major depression
in the elderly? Depression is the most common mental disor-
der in community settings. In fact, the Global Burden of
Disease Study suggests that depression will be second only
to cardiovascular disease as a cause of disability by 2020 [63].
A well-known factor that is influenced by the treatment with
SSRIs, usually the first-choice medication for depression, is
brain-derived neurotrophic factor (BDNF). Furthermore, the
inflammatory system, the serotonin system, the dopamine sys-
tem, and the hypothalamic—pituitary—adrenal (HPA) axis in-
teract causing indirect effects. The downregulation of proin-
flammatory cytokines plays a key role in mediating the anti-
depressant effects of SSRIs treatment by inhibition of the HPA
axis and influencing the synthesis and reuptake of serotonin
(5-HT) and dopamine (DA). For years, research on depression
focused on extracellular mediators of the stress response, such
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as corticotrophin-releasing hormone (CRH), cortisol, mono-
amine neurotransmitters [64, 65], and vascular endothelial
growth factor (VEGF) [66, 67]. Recent data have expanded
considerably our knowledge in the fields of research on stress,
depression, and AD also considering epigenetic factors as in-
ducers of aging-related changes [68], in addition to inflamma-
tory and oxidative stress at the cellular level as associated with
structural changes at the level of the central nervous system.
During stress and depression, metabolic changes are activated
to provide “fuel” for the brain. These adjustments consist of
the development of insulin resistance in association with the
activation of the HPA axis and the sympathetic nervous sys-
tem [69-71]. Besides, there is an activation of the immune
system, perhaps as a response to the threat of a possible ad-
verse event. Neurogenesis in the adult has been described
several decades ago [72, 73] and KL directly contributes in
the regulation of adult hippocampal neurogenesis and hippo-
campal dependent cognition [74]. A clear cellular effect of
different antidepressants is the induction of neurogenesis in
the dentate gyrus of adult rodents and neurogenesis in re-
sponse to antidepressants has been reported in several animal
models [75-79]. The mechanisms by which neurogenesis
might promote antidepressant effects are unknown.
Although various forms of stress reduce neurogenesis in the
hippocampus [75-79], decrease of neurogenesis by itself does
not induce anxiety or depression-like behaviors [80]. Until
now, the role of two closely interdependent stress-related pro-
cesses in LLD, parainflammation and endoplasmic reticulum
(ER) stress, as well as the role of three potential modulators of
these processes, i.e., insulin at the level of the central nervous
system, peroxisome proliferator-activated receptor-y
(PPAR-y), and KL, is unknown or at least underestimated
[81]. CNS insulin, PPAR-y, and KL are not only closely re-
lated to para-inflammation and ER stress, but also firmly in-
terdependent. If possible, they should contribute to oppose
stress-induced parainflammation and ER stress and reduce
the harmful effects of inflammatory and metabolic alterations
linked with depression to support an adaptive response to
treatment [81].

KL is highly expressed in the choroid plexus and neurons,
especially in the hippocampus, as well as in the reproductive
organs and kidney [13], but its function in the brain is unclear.
As already said, KL is a type I transmembrane protein adher-
ent to cell membrane ADAM10 and ADAM17 [82, 83] and is
detectable in serum and cerebrospinal fluid (CSF) [84].

Among the well-known functions of KL are included the
regulation of fibroblast growth factor (FGF) 23 signaling, the
suppression of the insulin/IGF-1 signaling pathways, and the
regulation of calcium and phosphate homeostasis [85]. On the
contrary, none of the downstream effects of KL in CNS has
been studied and little is known about the mechanism of signal
transduction by which KL operates in the CNS. Considering
the distribution of KL expression in the CNS and its
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abovementioned effects at the cognitive level, KL is perfectly
positioned to influence a wide variety of structures and func-
tions involved in brain development and aging. KL knockout
mice have a reduction in synaptic density in the hippocampus,
reflecting an increase in oxidative stress in the hippocampus
itself [86], and important memory deficits that can be
corrected by the administration of KL [20]. KL knockout mice
also show a strong deficiency of nitric oxide system with a
consequent widespread endothelial disease that can, however,
be reversed by administration of KL [87]. Furthermore, KL
knockout mice have a generalized increase in the global bur-
den of oxidative stress in the CNS [49]. KL exerts antioxidant
and anti-inflammatory effects in the brain [20, 86]. KL de-
creases parainflammation, improves the efficiency of the ER
stress response and modulates the metabolism of calcium at
the level of the CNS, in part through the mediation of calcium
transport through the blood-brain barrier [88]. KL also acts on
the transient voltage potential receptors of the brain involved
in the formation of CSF [89]. In the CNS, KL is produced
exclusively from the apical ependymal cells that are adjacent
to the subventricular zone [90], which is one of two sites that
produce neural stem cells. Finally, KL is secreted directly into
the CSF, which is the communication path for its biological
actions in the brain. Interestingly, ROS production causing
oxidative damage and neuronal cell death is crucial in AD
and other neurodegenerative disorders pathogenesis [91]. KL
protein works out neuroprotection opposing neuronal damage
related to neurodegeneration and oxidative stress [91].
Pretreatment of rat primary hippocampal neurons and mouse
hippocampal neuronal cell line HT22 with recombinant KL
shielded these cells from glutamate and oligomeric amyloid-(3
(0A)-induced cytotoxicity [91]. Moreover, primary hippo-
campal neurons derived from KL-overexpressing mouse em-
bryos were less susceptible to both cytotoxic insults, gluta-
mate and 0Af3, respect to neurons obtained from wild-type
littermates [91]. An antioxidative stress array analysis of neu-
rons treated with KL showed that KL significantly augments
the expression of the thioredoxin/peroxiredoxin (Trx/Prx) sys-
tem with the maximum achievement on the stimulation of
Prx-2, an antioxidant enzyme, whose augment was corrobo-
rated at the mRNA and protein levels [91]. KL-induced phos-
phorylation of the PI3K/Akt pathway, playing a key role in
apoptosis and longevity, was coupled with unrelenting inhib-
itory phosphorylation of FOXO3A and was indispensable for
Prx-2 induction [91]. Prx-2 expression downregulation rough-
ly totally eliminated the capacity of KL to salvage neurons
from glutamate-induced death and significantly, but not en-
tirely, hindered cell death induced by Af3, hinting Prx-2 as
vital modulator of neuroprotection [91]. These data revealed,
for the first time, the neuroprotective role of KL and disclosed
a novel mechanism underlying this effect [91].

Accordingly, increase of KL expression reduces premature
mortality and alleviates network dysfunction in human

amyloid precursor protein (hAPP) transgenic mice, which re-
produces crucial features of AD [16]. KL levels amplification
avoided diminution of N-methyl-D-aspartate (NMDA) recep-
tor (NMDAR) subunits in the hippocampus and improved
spatial learning and memory in hAPP mice [16]. Besides,
KL increase in hAPP mice boosted the quantity of the gluta-
mate [NMDA] receptor subunit epsilon-2 (GluN2B) subunit
of NMDAR in postsynaptic densities and NMDAR-
dependent long-term potentiation, which is decisive for learn-
ing and memory, suggesting that augmenting wild-type KL
levels or activities advances synaptic and cognitive functions,
and may be of therapeutic benefit in neurodegenerative dis-
eases, such as AD and other cognitive disorders [16].

Besides, peripheral delivery of an o-klotho protein frag-
ment (xKL-F) in young, aging, and transgenic «-synuclein
mice provoked cleavage of the GluN2B subunit of NMDAR
increasing NMDAR-dependent synaptic plasticity and stimu-
lated cognitive improvement as well as neural resilience not-
withstanding impermeability to the blood-brain barrier [92].

As well, experiments performed in 10-month-old
senescence-accelerated mouse prone-8 (SAMPS8) mice
showed that KL increased the therapeutic effect of ligustilide
against AD-like neuropathologies and memory impairment in
aging [14]. Ligustilide treatment decreased memory deficits,
amyloid-f3 (1)-42 accumulation, tau phosphorylation, and
neuron loss, augmented mitochondrial manganese-
superoxide dismutase and catalase expression and activity,
and reduced malondialdehyde, protein carbonyl, and 8-
hydroxydesoxyguanosine levels in the brain [14]. Ligustilide
upregulated KL expression in the cerebral choroid plexus and
serum, reduced Akt and FOXO1 phosphorylation. Besides,
ligustilide restrained the IGF-1 signaling pathway and induced
FOXO1 activation in 293T cells in conjunction with KL up-
regulation [14]. An inverse correlation was found between KL
expression and the AD phenotype, suggesting that KL might
be a novel therapeutic target for age-related AD, and KL up-
regulation might contribute to the neuroprotective effect of
ligustilide against AD [14].

Interestingly, KL interacts with the p16(INK4a) and the
expression levels of «-klotho and p16(INK4a) are oppositely
correlated during aging [93]. The tumor suppressor
pl16(INK4a) inhibits «-klotho promoter activity by blocking
the functions of E2Fs and plays a well-known role in the
realization of cellular senescence in stem/progenitor cells, a
process that takes part in organismal aging [93]. Differently
from what happens in «-klotho knockout mice (k7 ), in kikl/
kl) mice, mutant animal models homozygous for a
hypomorphic allele of the o-klotho gene, pl16(INK4a) abla-
tion recovers the accelerated aging phenotypes, implying that
pl6(INK4a) is an upstream regulator of «-klotho expression

(Fig. 1).
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Fig. 1 Scheme illustrating the
signaling pathways impacted by
Klotho. Continuous lines ending
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Functional Variants of the Human KL Gene

To isolate a human homolog of the KL gene, a human kidney
cDNA library was screened using a mouse restriction frag-
ment. The cDNA of the isolated human KZ coded for a protein
of 1012 amino acids and showed 86% amino acid identity
with the mouse KL protein. In addition, as the mouse KL
gene, human KL gene encodes both the membrane form and
the secreted form; however, the secreted form predominates in
humans [94, 95]. The human KL gene was found to be local-
ized in a band of the long arm of chromosome 13 (13q12)
[94], where genes responsible for the syndrome of premature
aging or related disorders have not yet been identified.
However, in the human KL locus, seven single nucleotide
polymorphisms (SNPs) were detected, and it has been hypoth-
esized that these SNPs are associated with reduced bone min-
eral density and other disorders associated with aging [46].
Then, to verify that indeed the KL gene was involved in hu-
man aging, a population-based association study was per-
formed [18], which allowed to establish that the KL locus is
associated with human survival, defined as the hope of post-
natal life, and then is connected to longevity, defined as life
expectancy after 75 years of age. It was therefore identified an
allele, called KL-VS, containing six SNPs in complete linkage
disequilibrium, that when homozygous is associated with a
decrease in survival. Subsequent studies have shown that this
functional variant of KL is also associated with coronary ar-
tery disease [22]. However, the risk of onset of illness imposed
by KL-VS is influenced by other risk factors, including hy-
pertension, smoking status, and levels of HDL cholesterol.
The most recent studies on the functional KL variant KL-VS
allowed to determine that the KL-VS allele is associated with
an increased risk of cardiovascular disease and premature
mortality [23]. Another study, however, showed that the KL-
VS variant is associated with higher cognitive function in
heterozygous carriers. Transgenic mice with systemic overex-
pression of KL showed better performance in tests of learning
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and memory, and had the best long-term potentiation [19]. A
role for KL in human aging and in cardiovascular disease was
initially postulated based on the observation that mice defi-
cient in KL exhibit phenotypes resembling human premature
aging [13]. In addition, they exhibit impaired endothelium-
dependent vasodilation [87] and impaired angiogenesis [96],
suggesting that KL protein can protect the cardiovascular sys-
tem through the production of NO by endothelial cells.

This topic is particularly relevant considering that numer-
ous studies have documented the key role played by vascular
pathology in AD and that cardiovascular disease is ever-
increasingly acknowledged as a fundamental risk factor for
AD [97].

Late-Life Major Depressive Disorders

MDD is a common disease that involves complex interactions
between genes and environment, and is now the largest social
burden of non-fatal diseases in different countries [98]. In
developed countries, depression is on the second place among
the global diseases, and the fourth worldwide. As a result of
the impact of widespread depression, antidepressants are the
second class of drugs prescribed in the USA, second only to
analgesics including non-prescription drugs, such as aspirin.
Depression found in the elderly, defined LLD, may cause an
increased risk of hospitalization, an increased burden of assis-
tance, an increased use of medical care and greater physical
disability [99]. However, despite these negative conse-
quences, only a minority of depressed elderly are treated prop-
erly for this condition. Estimates suggest that less than 10% of
patients with depression in old age have an official evaluation
and specific treatment for this condition [100]. Moreover, the
relationship between age of onset and variability of clinical
response and treatment of LLD is not fully understood. Only
recently there has been increased attention on the course and
outcome of depression in the elderly, with the hope that
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putting more emphasis on the study of this disease may lead to
an increase in the percentage of old patients who eventually
undergo appropriate treatment. The MDD is an independent
factor that doubles the risk of coronary heart disease [101],
and increases of 60% or more the risk of developing type 2
diabetes [102]. The overall mortality rate in patients with ma-
jor depression at any age is doubled [103], leading to a loss of
7—11 years of life [104]. The causes that lead to depression are
still unclear. Initially, there were two opposing currents of
thought, one which attributed greater importance to biological
and genetic causes, the other to environmental and psycholog-
ical causes. At present, the available data suggest that depres-
sion is a complex combination of genetic, biological, environ-
mental, and psychological factors [105]. Family factors and
genetic components are involved. Studies performed on
monozygotic and dizygotic twins and on adopted subjects
have shown some heritability of depressive disorder, although
in a less consistent way compared to bipolar disorder. The rate
of heritability for depressive symptoms is around 76%.
Depression, then, like many other psychiatric illnesses, does
not follow a model of direct transmission, but a model where
multiple genes are involved. Inheritance is, however, less like-
ly for mild forms of depression, and seems to play a role more
strongly in early-onset depression: 70% of depressed children
have, in fact, at least one parent who has a mood disorder
[105]. This may be due in part to the fact that a depressed
parent establishes a not favorable relationship with their child,
already genetically vulnerable, which increases the chance for
the child to develop a mood disorder [105]. Many experimen-
tal evidences have demonstrated that depressive symptoms are
associated with a functional impairment of the serotonin (5-
hydroxytryptamine, 5-HT) system, which is involved in reg-
ulating mood in humans. For example, many antidepressants
in current use are direct inhibitors of receptors and enzymes of
this system [106], a delay of serotonin neurotransmission from
tryptophan depletion induces a rapid worsening of depressive
symptoms [107, 108], and in the brains of depressed patients
abnormalities in the serotonin transporter and receptor func-
tion have been found [109, 110]. As a result, the genes in-
volved in the synthesis, transport, and degradation of seroto-
nin have gained much attention in the effort to explain the
genetic basis of depression.

Pharmacological Treatment of LLD

Depression medications are administered to normalize the al-
tered balance of neurotransmitters. Their effectiveness, how-
ever, is minimal in patients with mild or moderate depression
but significant in patients with very severe disease. A meta-
analysis showed a weak correlation with genetic variations
that would help to determine individual differences in re-
sponse to antidepressants. In children and adolescents, the

Cochrane survey of 2012 did not show the superiority of the
“relative effectiveness” of psychotherapy respect to drug ther-
apy or a combination of the two types of intervention [111]. In
the elderly population, the long-term treatment benefits of
antidepressants for the prevention of depressive relapse and
recurrence are not clear, and recommendations for this kind of
treatment cannot be easily made, as suggested by a recent
meta-analysis [112]. Depression medications include mono-
amine oxidase inhibitors (MAOISs), tricyclic antidepressants
(TCAs), tetracyclic antidepressants (TeCAs), the SSRIs, and
serotonin-norepinephrine reuptake inhibitors (SNRIs). The
guidelines of the National Institute for Health and Clinical
Excellence (NICE) recommend SSRIs as first-line drug treat-
ment for moderate and severe depression. The main goal of
SSRI treatment is the serotonin transporter. The blockade of
this transporter causes an increase in extracellular levels of
serotonin and subsequently increased activation of serotonin
receptors and their downstream signaling pathways. SSRIs,
however, can also activate other neurotransmitter systems
through a low-affinity binding with other carriers and may
influence neurogenesis [113] and the inflammatory system
by means of a downregulation of cytokines [114]. In addition,
the activity of the HPA axis, which is involved in the control
of the stress response, is downregulated and other processes,
such as the regulation of hunger and reproduction, are affected
by treatment with SSRIs [114]. To sum up, SSRIs positively
affect neuroplasticity and exert anti-inflammatory and antiox-
idative effect, possible additional mechanisms of action of
these antidepressants [113, 114].

Klotho Single Nucleotide Polymorphisms,
Cognitive Impairment, and Response to SSRIs

A most important problem in aging is represented by cogni-
tive abilities diminution and the KL gene could play an impor-
tant role for the functioning of the central nervous system in
late adulthood. Besides, the role of KL gene in the response to
SSRIs treatment in LLD is not well defined. In a study con-
ducted on Danish people (1.480 subjects aged between 92 and
100 years), 19 tagging KL gene variants were studied in rela-
tion to 2 measures of cognitive function, a composite cogni-
tive test score (summing up 5 test items targeting several dif-
ferent cognitive domains) and the MMSE. Heterozygotes for
the KL-VS showed lower cognitive function compared to
noncarriers [115]. Two other variants, rs398655 and
rs562020, positioned at the 5" end of the gene, were associated
with superior cognitive function independently of KL-VS,
with the common AG haplotype associated with inferior cog-
nition, consistently across two cognitive measures in two co-
hort strata [115]. The haplotype effect was stronger than that
of KL-VS. Two variants, 12283368 and rs9526984, were
significantly associated with cognitive decline over 7 years,
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hinting an age-dependent effect of KL and the possibility that
multiple gene variants in KL gene are important for cognitive
function among the oldest old participants [115]. The likely
association between G-395A polymorphism in the promoter
region of the KL gene and cognitive impairment was evaluat-
ed among Chinese nonagenarians and centenarians as a sec-
ondary analysis of the Project of Longevity and Aging in
Dujiangyan (PLAD) study, including 706 community-
dwelling Chinese people aged 90 years or older (68.0% fe-
male; mean age 93.5+ 3.6 years) [116]. G-395A (rs1207568)
genotyping in the promoter region of the KL gene was per-
formed using the TagMan allelic discrimination assay and
cognitive function was assessed with the MMSE. The KL
G-395A polymorphism genotype frequencies for the whole
sample were 2.0% AA, 30.3% GA, and 67.7% GG, respec-
tively. The GG genotype frequencies for the cognitive impair-
ment and control groups were 70.2 and 62.7%, respectively
[116]. Cognitive impairment prevalence was significantly
lower in the GA + AA group than in the GG genotype group
and GA + AA genotype subjects had a significantly lower risk
of cognitive impairment respect to GG genotype subjects after
adjusting for age, gender, and other relevant risk factors, sug-
gesting that KL G-395A polymorphism associates with re-
duced cognitive impairment in a sample of Chinese nonage-
narians and centenarians [116]. In consideration of the impor-
tance of the functions and the role of the signaling pathways in
which KL is involved, the hypothesis that KL gene variants
could influence the response to SSRIs in elderly patients with
depressive disorder deserved evaluation. Three SNPs of KL
were genotyped in 329 older patients with diagnosis of late-
life MDD, treated with SSRIs and evaluated with the
Hamilton Rating Scale for Depression 21-items (HRSD-21)
at baseline and after 6 months [117]. The statistical analysis
showed a significant difference in the distribution of KL ge-
notypes between responding patients, low responders and
non-responders, in particular for the SNP rs9536314, with a
statistically nonsignificant trend for the SNP rs1207568 [117].
Patients with at least one mutated allele in rs1207568 showed
a significantly higher response to treatment with SSRIs com-
pared to carriers of both wild-type alleles, whereas patients
homozygous for the mutation in rs95363 14 showed a signif-
icantly worse response to treatment with SSRIs compared to
carriers of at least one wild-type allele [117]. Consequently,
the SNP rs1207568 follows a pattern of dominant inheritance,
while the SNP rs95363 14 follows a recessive pattern of inher-
itance. These results were confirmed by considering the pre-
post differences of Hamilton scores as a continuous variable,
and checking how it behaves in different patterns of genetic
inheritance for the three SNPs [117]. A significant improve-
ment after treatment was evidenced in patients carrying at
least one mutated allele in rs1207568 and a worse response
in patients homozygous for the mutant allele in rs9536314
[117]. In addition, following the dominant model of
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inheritance, there was a statistically significant greater reduc-
tion in the HRSD-21 score from baseline to end of SSRIs
treatment for the patients who showed at least one mutated
allele in rs1207568 compared to carriers of both wild-type
alleles [117]. As well, following the model of recessive inher-
itance, there was a statistically significant lower reduction in
the HRSD-21 score for patients homozygous for the mutation
in 159536314 compared to those with at least one wild-type
allele. These results suggest that the T allele of the SNP
rs1207568 may be a protective factor that induces a greater
response to treatment with SSRIs, while the G allele for the
SNP rs9536314 may be a risk factor that hinders the response
to treatment with SSRIs [117]. So, the patients carrying the
double mutant allele in rs1207568 (T/T) and noncarriers of the
double mutation in 1s95363 14 (not G/G) would respond better
to treatment with SSRIs. In contrast, patients without double
mutation in rs1207568 (non-T/T) and carriers of the double
mutant allele in rs9536314 (G/G), can be considered a class of
patients who will respond worse to treatment with SSRIs
[117].

Conclusions

Late-life depression, mild cognitive impairment, and dementia
are different nosological entities but share common neurobio-
logical facets and could represent a clinical continuum. AD is
the most frequent cause of dementia in people over 65 years of
age [118, 119]. A number of preclinical and epidemiological
studies associated AD pathogenesis to metabolic risk factors,
but at this time, therapeutic strategies for AD are merely
symptomatic and do not avoid or hold up disease evolution
[118, 119]. Klotho proteins, encoded by the KL gene, play a
key role in cellular and tissue homeostasis and have been
associated with age-related diseases, such as AD and major
depression in the elderly. In recent times, the neuroprotective
role of KL has been identified and therapeutic interventions
impacting on KL levels may prevent further deterioration if
started early on to hold back disease evolution in AD patients
[120-122]. A possible role for the KL gene in the complex
path of the response to SSRIs in elderly patients with major
depression has been suggested. Although there is a lack of
reliable evidence in the literature about specific predictors of
response to antidepressants, a method for optimizing drug
prescription to patients based on their genetic characteristics
would improve therapy effectiveness. Pharmacogenomics and
personalized medicine would allow physicians to plan AD
and depression treatments more effectively and KL could rep-
resent a valuable and reliable genetic profiler and biomarker.
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